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Editorial on the Research Topic
 Nutrients, Gut Microbiome, and Intestinal Inflammation




Introduction

The meticulous skills and interest in lens making of Antonie van Leeuwenhoek eventually extended human observation capability beyond the edge of sight into the world of microbes that he called animalcules (1). The original observation that diarrhea caused by the use of antibiotics in human patients could be treated with intestinal bacteria from healthy donors led scientists to appreciate the roles of gut microbiome in the general health of the host (2). The gut microbiota is the most complex and largest micro-ecosystem of archaea, bacteria, and eukaryotes residing in the lumen, and plays critical roles in growth, metabolism, immunity, environmental adaption, and behavior of the host. The developments of technologies in molecular biology, various omics, and computation allow efficient and accurate analysis of data derived from DNA sequence, metabolites and proteins from the gut microbiota. With the first use of high-throughput 16S rRNA sequencing to characterize fecal bacteria in 1996, microbiota-centric research related to health and diseases has grown tremendously (3).

The establishment of a gut microbiota goes through colonization, succession and replacement, which increases abundance and diversity, and results in a relatively constant α-diversity microbial structure in the host. Bacteria accounts for 99% of the gut microbiota, whereas archaea, fungi, viruses and protists compose the remaining 1%. There are 39 trillion bacteria in the human gut, and their total number of genes is about 150 times that of human genes (4, 5). A dynamic equilibrium relationship of mutual restriction and interdependence has been formed among the gut microbiota, host, and environment. The diversity of mammalian gut microbiota within and among species is influenced by factors such as host phylogeny, genetics, diet, and environment. Therefore, understanding of gut microbiota potentially benefits the disease diagnosis, lifespan, growth, prevention and treatment of chronic diseases. The Research Topic of “Nutrients, Gut Microbiome, and Intestinal Inflammation” has attracted interest from the community and captured the complicated interactions among the nutrients, microbiota, and hosts. This Research Topic included 34 papers that explored the effects of nutrients, phytochemicals, bioactive compounds, probiotics and dietary patterns on the growth performance, intestinal health, immunity and chronic diseases via regulating the gut microbiome.



The contribution of gut microbiota to animal growth performance

Animal growth performance, a key part of agriculture, is influenced significantly by the gut microbiota. The papers included in this Research Topic demonstrate that the gut microbiota and dietary factors interact with each other to regulate nutrition, metabolism, immunity, and nervous system in livestock and experimental animals. As shown in Figure 1, the environmental factors such as nutrients, bioactive molecules, plant extracts, probiotics and dietary pattern can affect the microbiota, which in turn alter their impacts on the hosts. In addition, probiotics and dietary pattern can also influence the gut microbiota, and interaction between the host and gut microbiota, which modulates the health outcomes. The metabolites derived from the microbe such as short-chain fatty acids (SCFAs) and lipopolysaccharides (LPS) can enter the host circulation and regulate its functions. Biomarkers from the gut lumen and host circulation can be identified for the purpose of diagnosis. All these affect body weight and feed digestibility, risk of infection and autoimmune diseases, and the body's response to cancer treatment drugs.


[image: Figure 1]
FIGURE 1
 The complex connections among dietary factor, gut microbiota, and hosts. SCFAs, short-chain fatty acids; LPS, lipopolysaccharides.


The colonization preference of gut microbiota in the gastrointestinal (GI) tract is region-specific and may be determined by changes in physicochemical parameters in the gut lumen, such as pH, nutrient availability, dissolved oxygen, bile acids, antimicrobials, mucins et al. Furthermore, the microbial diversity within a gut segment may vary between the lumen and villus crypts. For example, Firmicutes and Bacteroidetes predominate in the cecum, while the crypts are mainly colonized by Proteobacteria and Deferribacteres (6). The Firmicutes and Bacteroidetes are the most prevalent phylum in ruminant animal's rumens, with Prevotella being the most abundant genus. The higher the Firmicutes to Bacteroidetes (F/B) ratio, the more energy will be obtained from the diet (Shao et al.). In the lactating dairy goats, dietary supplementation of bovine lactoferrin at 200 mg/kg/day for 42 days increased serum lactoferrin levels without affecting feed intake and milk yield, which is associated with the increase in the phylum ratio of F/B and decrease in the abundance of Prevotella genus in the rumen (Shao et al.). The results of human clinical trials also suggest that higher caloric intake leads to weight gain via the increased F/B ratio (7). On the contrary, caloric restriction may lower the risk of cardiometabolic disease by changing proportions of gut microbiota such as Akkermansia, Desulfovibrionaceae, Ruminococcaceae and Hydrogenoanaerobacterium (8). Akkermansia muciniphila can thicken the intestinal mucus layer, improve metabolism, and facilitate more energy usage in the host, which has become a popular weight loss probiotic, and prebiotics targeting Akkermansia may be developed (9). Therefore, to promote livestock growth performance and alleviate obesity and related chronic metabolic diseases in humans, it is helpful to identify specific gut microbiota and promote the establishment of healthy microbial community.

The feed in the rumen is processed by microorganisms and digestive enzymes. The resulted products are used by the microbes and host. SCFAs, such as acetate, propionate, and butyrate from fermentation of dietary polysaccharides by the gut microbiota, and other bioactive ingredients released from the feeds can enter the host body. SCFAs are important energy sources and signaling molecules. Certain gut microbiota such as Faecalibacterium prausnitzii, Clostridium butyricum, Butyricicoccus pullicaecorum, Roseburia and Anaerostipes ferment dietary fiber, resistant starch, and undigested diets to generate SCFAs (10). The high SCFAs concentrations in the cecum and proximal colon become energy sources for colonocytes and enter the portal vein into the peripheral circulation to act on the liver and peripheral tissues. These SCFAs regulate host metabolism, immune system, and cell proliferation (3). Papers in this Research Topic show that supplementations of odd- and branched-chain fatty acids (Xin et al.), Aspergillus oryzae culture (Guo L. et al.), lauric acid (Wu Y. et al.), coated zinc oxide (Sun Y. et al.), and Clostridium butyricum (Li H. et al.) boost the energy supply from SCFAs. Butyrate, one of the SCFAs, has a variety of physiological functions. Using ruminal fluid from male small-tailed Han sheep in an in vitro experiment, it has been shown that the increase in sugar to starch ratio leads to elevation of butyrate production without reduction of pH, which is associated with the change of abundance of certain bacterial strains (Dong et al.). It is unclear whether this beneficial effect is produced by butyrate itself and/or in combination with other metabolites produced after fermentation.

In this Research Topic, studies show that dietary supplementation of selenium (Zheng et al.), bovine lactoferricin (Shao et al.), odd- and branched-chain fatty acids (Xin et al.), amylose and amylopectin with different ratios (Gebeyew et al.), barley starch (Ma X. et al.), soluble protein (Zhang et al.), isopropyl ester of 2-hydroxy-4-(methylthio)-butyrate acid (Qin X. et al.), sodium butyrate (Yang et al.), and Aspergillus oryzae culture (Guo L. et al.), benefit growth performance, GI tract health and nutrient digestibility by changing rumen and gut microbiome composition and diversity in ruminants. In addition, supplementation of phospholipids changes the intestinal microbiome, promotes intestinal integrity, and improves growth performance in largemouth bass larvae (Wang et al.). In the fattening Hu sheep, feeding of low-protein diets for 5 weeks reduces the amino acid metabolism pathways, and increases the synthesis of unsaturated fatty acids in the rumen without affecting the growth performance (Zhang et al.).



The impacts of gut microbiota on aging

The gut microbiota forms along with the birth of an animal and maintains a high degree of consistency throughout adulthood. The analysis of the nature and origin of the gut microbiome community (enterotype) in four pig breeds in China shows significant variations of intestinal micro-environment, which is attributed to the host genotypes, but not dietary patterns (Ma N. et al.). In Holstein cow-calf, the bacteria involved in the digestion are mainly maternally derived (Zhu et al.). However, as one ages, the lifestyles, physiology, immune systems, and properties of guts change, which leads to alterations of gut microbiomes. Aging is associated with changes of microbial diversity, suggesting roles of gut microbiota and microbial metabolites in the lifespan. The specific changes in the microbiota are mainly associated with Bacteroides, Clostridium, Bifidobacterium and Lactobacillus populations (3).

In this Research Topic, two papers discussed the relationship of aging and gut microbiota. The effects of short-term administration of nicotinamide mononucleotide orally on the fecal microbiota and metabolomes are investigated in pre-aging male mice. Significant reduction of the fecal bacterial diversity with increases in Helicobacter, Mucispirillum, and Faecalibacterium, and decrease in Akkermansia were observed (Niu et al.). The restriction of methionine in the diet for 3 months reshapes the diurnal changes of microbes that cause inflammation, and corrects the integrity of the GI tract in aged (15 months old) male C57BL/6J mice (Ren et al.). This restriction appears to decrease the inflammation-related microbiota (such as TM7-3, CW040, Staphylococcaceae, Desulfovibrionales, and Ruminococcaceae), and increases the abundance of SCFA-producing microbiota (such as Prevotella, Bacteroidales, Bacteroides, Lachnospiraceae, and Sutterella) and potential life span-promoting microbiota (such as Escherichia coli, Akkermansia, and Bifidobacterium) (Ren et al.).

Rumen microbes appear to maintain circadian rhythms that correlate with the melatonin profile in lactating cows (Ouyang et al.). Centenarians and supercentenarians had higher levels of Christensenella, Akkermansia and Bifidobacterium, indicating potential benefits in longevity (11). It appears that improvement of gut microbiome through dietary interventions, prebiotics and probiotics, and fecal transplant may help to prolong lifespan and slow down aging.



Gut microbiota and diseases

As a dynamic and critical part of the GI tract, the gut microbiota has been linked to various diseases related to metabolism, GI tract, inflammation, and internal organs. For example, gut microbiota abundance and diversity are inversely associated with obesity, meaning that individuals with low microbiota abundance were at increased risk of obesity, insulin resistance and dyslipidemia, as well as low-grade systemic inflammation (3).


Chronic metabolic diseases

Obesity, as a chronic metabolic disease, has become a global public health issue. The development of obesity is associated with changes of gut microbiota, and elevated production of LPS and inflammatory responses, which leads to metabolic disturbances (12). Both the diversity of the gut microbiota and ratio of Bacteroides to Firmicutes in the obese subjects are reduced when compared with that in the lean controls (7). There are two possible mechanisms by which the gut microbiota affects body weight and metabolism in overweight and obese individuals. First, SCFAs derived from fermentation may regulate energy metabolism of the intestinal epithelium and the body. Second, metabolites from gut microbiota such as LPS from Gram-negative bacteria may enter the blood circulation due to weakened tight junctions of the GI tract, and result in immune responses, inflammation, macrophage infiltration and insulin resistance in metabolic active tissues and cells. Dysregulation of the gut microbiota may increase intestinal permeability to gut microorganisms while also increasing the synthesis of toxic microbial metabolites, worsening lipid dysmetabolism and leading to obesity and disorders including diabetes and non-alcoholic fatty liver disease (13). As the gut microbiota plays a role in the control of obesity and metabolism, it has been considered as a therapeutic target for obesity treatment.

Studies included in this Research Topic show that modulation of the gut microbiota can improve obesity and other metabolic diseases. Plant extracts containing active phytochemicals can control obesity via the gut microbiota (Weng e al.). The treatment with the instant dark tea (product after the fermentation of Eurotium Cristatum) for 12 weeks modulated obesity and lipid metabolism disorder in high fat diet-treated rats by reducing oxidative stress, improving lipid metabolism and glucose metabolism, and enhancing beneficial Akkermansia in the gut (Qin S. et al.). Oxidative stress and lipid metabolism were significantly correlated with seven important genera of gut microbiota, which could be potential biomarkers. These genera include Akkermansia, Clostridiales, Lachnospiraceae, Lachnospiraceae UCG-010, Ruminiclostridium 9, Ruminococaceae-UCG-005, and Ruminocuccus 1 (Qin S. et al.).

The growth in the number of overweight and obese people in the world has led to the development of a metabolic condition known as metabolic syndrome (MetS). The pathogenesis seems to be mostly linked to an imbalance in the redox signaling pathways, gut microbiota, and lipid and glucose metabolism. The benefit of vine tea extract, a product containing significant amount of dihydromyricetin (DHM), has been reviewed and is attributed to raising the relative abundance of Akkermansia muciniphila and upregulating the ratio of F/B (Zhou et al.). However, the effects of DHM changing gut microbial composition on gut function, immunity, and inflammatory development are yet to be investigated.

For the glycemia and lipid metabolism, polysaccharides from pumpkin seeds are also able to change the microbiome and reduce blood glucose in mice with type 2 diabetes (Wu H. Q. et al.). The treatment with pumpkin polysaccharides lowered Erysipelotrichaceae and increased Akkermansia abundance, and reduced the harmful species such as Clostridium, Thermoanaerobe, Symbiotic bacteria, Deinococcus, Vibrio haematococcus, Proteus gamma, and Corio (Wu H. Q. et al.). The treatment with β-glucan from Baker's yeast, Saccharomyces cerevisiae, for 30 days appears to delay the onset of type 1 diabetes (T1D) and suppresses gut inflammation in 2 week-old non-obese diabetic mice, which is attributed to the modulation of the structure and functions of gut microbiota (Taylor and Vasu). T1D is an autoimmune disease leading to disruption of pancreatic β-cells that are responsible for insulin production. In comparison to the control mice, mice treated with β-glucan had increased Bacteroidetes abundance and decreased Firmicutes and TM7 levels (Taylor and Vasu).



Inflammatory bowel disease

Inflammatory bowel disease (IBD) including ulcerative colitis (UC) and Crohn's disease (CD) is an idiopathic intestinal inflammatory disease affecting the ileum, rectum, and colon with clinical manifestations including diarrhea, abdominal pain, and even bloody stools. UC is a continuous inflammation of the colonic mucosa and submucosa, which usually begins from the rectum and gradually spreads to the entire colon. CD can involve the entire digestive tract and is a discontinuous inflammation, especially in the terminal ileum, colon and perianal (14). The development of IBD in humans is associated with changes of diversity and relative abundance of certain gut bacteria, which has practical implications in the disease treatment and diagnosis (Guo X. et al.; Jiang M. et al.). The microbial markers (anti-Saccharomyces cerevisiae, ASCA, ASCA IgG, ASCA IgA, anti-mannobioside carbohydrate IgG antibodies, AMCA, anti-chitobioside carbohydrate IgA, ACCA and Anti-I2) from human gut can be used to differentiate CD and intestinal tuberculosis, which share clinically similar symptoms and endoscopic characteristics (Jiang M. et al.). The advantages and disadvantages of utilizing conventional and microbiota biomarkers to evaluate disease severity and treatment results, and possibilities of adopting microbiome-focused therapies during IBD therapy have been discussed in this Research Topic. The relative abundance of Proteobacteria in IBD patients is higher than that in the healthy controls, but the relative abundance of Bacteroides, Eubacterium, and Faecalibacterium are lower (Guo X. et al.). According to the MRI-based radiomic signature, a new nomogram was developed and validated to ease the diagnosis of secondary loss of response to infliximab in CD patients (Feng et al.).

Microbes may be directly used for the treatment of IBD. Saccharomyces cerevisiae, a yeast strain, has been engineered to produce lactic acid using glucose, and this strain protects dextran sulfate sodium-induced UC in mice (Sun S. et al.). This probiotic inhibits macrophage pyroptosis, decreases intestinal immune response and modifies the gut microbiota, which is attributed to the regulation of histone modifications by lactate (Sun S. et al.). Bacillus amyloliquefaciens 40, a probiotic isolated from Jinhua pig, efficiently ameliorated intestinal structure damages, decreased inflammatory responses, and balanced gut microbiota in mice challenged with Clostridium perfringens (Jiang Z. et al.). The pretreatment of Clostridium butyricum for 15 days attenuated the Escherichia coli K88-induced oxidative damages in the gut and altered the colon microbiome in mice (Li H. et al.). Clostridium butyricum can strengthen antioxidant capacity and ameliorate oxidative damages by markedly lowering malondialdehyde (MDA) levels and significantly increasing superoxide dismutase (SOD) and glutathione peroxidase levels in the mouse serum. Furthermore, the SCFA concentrations in the cecum of ETEC K88-infected mice elevated after the enrichment of Clostridium disporicum and Lactobacillus (Li H. et al.).




The interactions among environment, host genome and the gut microbiota

Many drugs are derived from natural sources. For example, three of 7 statin drugs approved by the Food and Drug Administration in the US, lovastatin, simvastatin, and pravastatin are identified from fungi (15). Therefore, bioactive compounds are used to prevent diseases and enhance the functions of the human or animal body. The dietary phytochemicals are absorbed differently by the host. Some phytochemicals are fermented and metabolized by bacteria in the colon, which can regulate the gut microbiota structure, and their fermentation metabolites can be absorbed into the body and contribute to anti-oxidation, anti-inflammatory, immune regulation, modulations of glucose and lipid metabolism as shown in the papers of this Research Topic (Jing-Wei et al.; Li L. et al.; Qin S. et al.; Robinson et al.; Weng et al.; Wu H. Q. et al.; Zhao et al.; Zhou et al.). In the pig production practice, phytochemicals are considered an ecologically friendly and safe alternative to antibiotics in the feed to promote animal growth and health. Those phytochemicals influence the animal's energy metabolism, increase anti-oxidant activities, alter gut microbiome and modulate immunity (Li L. et al.). Butyrate, a SCFA, and forskolin, a phytochemical with host defense peptides-inducing, barrier-protective, and anti-inflammatory properties, have the potential to be developed as innovative antibiotic alternatives for disease management and prevention in poultry and probably other species (Robinson et al.).

In addition to pure compounds, extracts from plants including mulberry leaf extract, policosanol, cortical moutan, green tea, honokiol, and capsaicin, can also affect gut microbiome and regulate fuel metabolism in humans (Weng et al.). In lactating Chinese Holstein dairy cows, the supplementation of 30 g/d bamboo leaf extract for 7 weeks is able to increase milk protein, and alter relative abundance of metabolites and microbiome compositions in the milk, which is attributed to the antibacterial activity of extract (Jing-Wei et al.). The relative abundance of Probacteria is increased, whereas that of Firmicutes, Corynebacterium_1, Aerococcus and Staphylococcus in the treated group are decreased compared to that in the control group (Jing-Wei et al.). Furthermore, natural plant essential oils offer strong anti-inflammatory properties. The treatment with lemon essential oil and d-limonene decreased the contents of MDA, myeloperoxidase, and inflammatory factors such as tumor necrosis factor 1α, interleukin 1 (IL-1), and IL-6, and increased the contents of SOD in Escherichia coli-infected mice (Zhao et al.).

The interaction between foreign microbes and the host has attracted a significant deal of attention, and the discovery of novel probiotics seems to be the way to enhance the health of humans and animals. Lactobacillus amylovorus SLZX20-1, was isolated from the feces of Tibetan weaned piglets as a probiotic, and its treatment for 14 days improved feed intake and changed the composition of intestinal microbes in mice (Shen et al.). The increase of feed intake was attributed to its role in the digestion of starch in the ileum and colon (Shen et al.). Whether those probiotics can be used in humans and what the underlying functional mechanisms remain to be investigated.

The gut microbiota interacts closely with the host mainly through small-molecule metabolites. An integrated metabolome-microbiome technique is developed to investigate the link between a host's metabolism and the microbiota found in the gut. At the molecular level, microbiome research is categorized into three levels, microbial, DNA and mRNA. Corresponding research techniques include culture group, amplicon, metagenome, metavirome, and metatranscriptome (16). In this Research Topic, four papers combine 16S and non-targeting metabolomics technique to analyze the relationship between gut microbiota and host metabolism (Gebeyew et al.; Jing-Wei et al.; Niu et al.; Wu Y. et al.). The results reflect the metabolic state of gut microbiota and discover new directions for microbiology research. Taking bamboo leaf extract supplementation as an example, using Spearman's correlation coefficients, clear correlations between the significantly altered milk microbiota (at the genera level) and metabolite composition were identified. When examining feed additives like bamboo leaf extract for their influences on animal health, milk supply, and quality, the findings illustrate the importance of studying the links between an animal's microbiota and detectable metabolic changes of the host (Jing-Wei et al.). Metagenome combined with microbiome data can screen for key microorganisms that affect specific metabolites.



Conclusions and future perspectives

The development of technology platforms for DNA/RNA, protein, and metabolite detection and advances in computational techniques have transformed the field of microbial community analysis research. Now, the gut microbiota in the host GI tract can be determined and evaluated after gene sequencing, and the interactions among the host, microbiota and the environmental factors can be analyzed after a combination of metagenome, metabolomics, metatranscriptomics, and metaproteomics and a collection of clinical/environmental data. The papers collected in this Research Topic demonstrated the complex relationships among the gut microbes and environmental factors, and their impacts on the host health and aging. Specific biomarkers and metabolic pathways that promote growth, immunity and health, and disease diagnosis, prevention and treatment have been proposed.

The data show that the host and the environment factors can affect the composition and quantity of the microbiota. On the other hand, the gut microbiota also produces various metabolites with potent signaling functions, such as derivatives of bile acids and amino acids. It should be emphasized that the gut microbiota structure and composition vary widely among species, even within the same species, microbial profiles are often inconsistent due to genetics, age, geolocation, dietary patterns and nutritional composition. It is interesting to note that the nature and origin of the gut microbiome community (enterotype) in pigs is attributed to the genotypes rather than dietary patterns (Ma N. et al.). Therefore, a key goal of the gut microbiota research is to identify a “core microbiome” as a universal microbial taxonomic signature of all individuals that remains largely unchanged.

Just like research progresses in other fields, many unsolved questions remain. Extracts from Chinese herbal medicines and medicinal foods are of great significance for maintaining lipid homeostasis and preventing obesity. However, the regulatory effectiveness of plant extracts from various sources and conditions, the mechanisms of plant extracts affecting gut microbiota, and the anti-obesity benefits of plant extracts in various animals and humans under various metabolic situations can be different. More work should be done to reveal the functions of plant extracts in the host lipid metabolism, so that better dietary strategies can be developed to reduce obesity and maintain the health at individual and community levels.

Another important challenge is to determine the exact role of SCFAs in patho/physiology states of the host and to clarify their mechanisms of actions. The difficulty may lie in the different roles of SCFAs in different tissues, and in different cell types of the same tissue or differentiation states. SCFAs may play a role in many organs, and understanding the spatiotemporal concentrations of metabolites and their functions will help to elucidate the mechanisms by which microbial metabolites affect the host health.

To further analyze the action mechanisms of nutrients, drugs or bioactive compounds in the host through key gut microbiota-metabolites, technology advances in the microbiome, metabolome and target organomics should be integrated and probably co-evolve with artificial intelligent to analyze ever-accumulating big data. Complete understanding of how the experimental conditions affect the composition and functions of the gut microbiota, and then affect the productions of metabolites that act in the target organs of the host will not only benefit human and animal health but also economic development as well. Of course, this is anticipated in the foreseeable future.
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High levels of starch is known to have positive effects on both energy supply and milk yield but increases the risk of rumen acidosis. The use of sugar as a non-structural carbohydrate could circumvent this risk while maintaining the benefits, but its effects and that of the simultaneous use of both sugar and starch are not as well-understood. This study aimed to evaluate the effects of different combinations of sugar and starch concentrations on ruminal fermentation and bacterial community composition in vitro in a 4×4 factorial experiment. Sixteen dietary treatments were formulated with 4 levels of sugar (6, 8, 10, and 12% of dietary dry matter), and 4 levels of starch (21, 23, 25, and 27% of dietary dry matter). Samples were taken at 0.5, 1, 3, 6, 12, and 24 h after cultivation to determine the disappearance rate of dry matter, rumen fermentation parameters and bacterial community composition. Butyric acid, gas production, and Treponema abundance were significantly influenced by the sugar level. The pH, acetic acid, and propionic acid levels were significantly influenced by starch levels. However, the interactive effect of sugar and starch was only observed on the rate of dry matter disappearance. Furthermore, different combinations of starch and sugar had different effects on volatile fatty acid production rate, gas production rate, and dry matter disappearance rate. The production rate of rumen fermentation parameters in the high sugar group was higher. Additionally, increasing the sugar content in the diet did not change the main phylum composition in the rumen, but significantly increased the relative abundance of Bacteroidetes and Firmicutes phyla, while the relative abundance of Proteobacteria was reduced. At the genus level, the high glucose group showed significantly higher relative abundance of Treponema (P < 0.05) and significantly lower relative abundance of Ruminobacter, Ruminococcus, and Streptococcus (P < 0.05). In conclusion, different combinations of sugar and starch concentrations have inconsistent effects on rumen fermentation characteristics, suggesting that the starch in diets cannot be simply replaced with sugar; the combined effects of sugar and starch should be considered to improve the feed utilization rate.

Keywords: sugar, starch, rumen fermentation parameters, bacterial-community composition, in vitro


INTRODUCTION

Starch and sugar are non-structural carbohydrates (NSCs), and are the main energy source for ruminants. Starch is the primary source of NSC in the diets of lactating dairy cows (1). High concentration NSC diets are fed to ruminants to promote short-chain fatty acid production within the rumen, consequently increasing the energy supply. Sánchez-Duarte et al. (2) conducted a high NSC diet experiment with starch and found that the daily milk yield in the 27%-starch group was more than 3.1 kg/d with less 0.35% fat content than that in the 21%-starch group. Besides, the rate of body weight gain in the high starch groups was over 2 kg/d during the finishing period (3). NSC levels are usually increased by increasing starch levels, which in turn increases the risk of rumen acidosis (4). Sugar is another major component of NSC, and its supplementation may also be used as a method to increase NSC levels. Sugars comprise monosaccharides (glucose, fructose, and galactose) and disaccharides (sucrose, maltose, and lactose), which are water-soluble carbohydrates that can be fermented quickly and easily in the rumen (5). The Cornell Net Carbohydrate and Protein System shows that the degradation rate of sugar (including sugar beet and molasses) is 0.40, and that of starch is 0.10–0.35, indicating that the degradation rate of sugar is faster than that of starch (6). Therefore, it is predicted that sugar can quickly produce volatile fatty acids (VFAs) that reduce ruminal pH and increase the risk of rumen acidosis (5). However, most studies have shown that increasing the sugar level in the diet cannot significantly reduce the pH of the rumen fluid (7), while it can significantly increase the concentration of butyric acid in the rumen (8–10). Münnich (11) conducted an experiment with feeding sugar beet pulp and noted that a high-sugar diet increased the yield and concentration of milk fat without affecting the fat composition in milk.

There are few studies on the effect of the combination of sugar and starch, and their interaction in diets. Therefore, the aim of the present study was to assess the effect of different combinations of sugar and starch on ruminal fermentation in vitro, and examined whether the different combinations can change bacterial community composition.



MATERIALS AND METHODS


Animals and Experimental Design

Ruminal fluid for this experiment was obtained from three male small-tailed Han sheep (body weight 45 ± 2 kg; age 12 ± 1 months) fitted with a ruminal fistula. Animals were kept in individual rearing cages and were given free access to clean water. All experimental procedures were according to the Guidelines for the Care and Use of Experimental Animals of Jilin Agricultural University.

The experiments were conducted in vitro using a 4 ×4 full factorial experimental design comprising a total of 16 groups of rations (Supplemental Table 1). Three replicates were examined for each group. Ingredients and chemical composition of the experimental diets (% of dry matter) are as shown in Supplemental Table 2.



Collection of Rumen Fluid, Measurement of Dry Matter (DM) Digestibility, and in vitro Experiment

Before feeding in the morning, a polyvinyl chloride tube was used to collect rumen fluid from different points in the rumen of the sheep via the ruminal cannula. The rumen fluid was filled in thermos bottles (pre-heated to 39°C, filled with CO2 gas), the bottle cap was covered immediately, and the bottles were returned to the laboratory quickly. A 5 L beaker was preheated in a 39°C water bath, and the collected rumen fluid was filtered into the beaker through four layers of cheesecloth. CO2 was passed to ensure an anaerobic environment, and the rumen fluid filtrates of the three sheep were mixed well to obtain the rumen inoculum. In vitro digestibility of samples was measured using the Ankom DaisyII Incubator system (Ankom Technology Corp., Fairport, NY). The weight of each F58 filter bag was measured (pore size = 10 μm; Ankom Technology Corp) and recorded as W1. Then, 1 g of the sample (W2) was weighed and placed directly into the filter bag. The bags were sealed using heat (model #AIE-200, American International Electric, City of Industry, CA) and were placed in the DaisyII Incubator digestion jar. Three sealed blank bags were included in each digestion jar for correction factor (C1). The incubation jars were pre-heated to 39°C before beginning the experiment. The buffer was prepared anaerobically as described by Menke and Steingass (12), and each incubation jar was filled with 1,200 mL of the buffer and 400 mL of rumen inoculum. Then, the digestion jar was filled with CO2 gas for 30 s while ensuring that the lid was secure. Then, triplicate samples from each group were collected after incubation for 0.5, 1, 3, 6, 12, or 24 h, followed by rinsing in fiber bags with clean water until the water was clear and drying in a convection oven at 105°C to constant weight. The in vitro weight post the experiment was recorded as W3. Thereafter, the In Vitro True Digestibility (IVTD) was determined based on the following equation.

[image: image]

Where, W1 = Bag tare weight;

W2 = Sample weight;

W3 = Final bag weight after in vitro experiment;

C1 = Blank bag correction (final oven-dried weight/original blank bag weight).

The ANKOM RFS gas production system (Ankom Technology Corp., Fairport, NY) was used for the in vitro experiment. Two grams of the different diets (the ingredients and chemical composition of the diets are as presented in Table 1) was placed in the bottles and filled with 40 mL ruminal inoculum and 80 mL buffer, followed by continuous filling of the bottle with CO2 for 30 s. All fermenters were then incubated at 39°C in an air bath with shaking at 80 rpm. Simultaneously, the GPM software was used to monitor and record gas production, which was determined based on the following equation.

[image: image]


Table 1. Comparison of DM digestibility (g/kg), pH, and gas production (mL) in each group.
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The fermenters were taken out at 0.5, 1, 3, 6, 12, and 24 h post incubation and the bottle cap was opened instantly. The fermenters were then placed in cold water to stop the fermentation. Next, 5 mL of the samples was collected and stored in a −20°C refrigerator for measuring ammonia nitrogen (NH3-N). Additionally, 1 mL of sample was collected and mixed with 200 μL of metaphosphoric acid and stored in a −20°C refrigerator for determining VFAs. The remaining sample was preserved at −80°C for bacterial-community composition analyses.



Chemical Analysis

A Sanxin MP523-04 pH meter (Shanghai Sanxin Instrumentation, Inc., Shanghai, China) was used to determine the ruminal pH, and a Shimadzu UV-1201 spectrophotometer (Shimadzu, Kyoto, Japan) was used to measure the NH3-N concentration, as described by Chaney and Marbach (13). VFAs were analyzed using an Agilent 7890B Gas Chromatograph (Agilent Technologies, Santa Clara, California, USA).



Model Fitting

Origin (version 2018) software was used to fit sigmoidal curve. The logarithmic model equation fitting degree (R2) was >0.95, the Gompertz model equation fitting degree (R2) was >0.90 (gas production, DM digestibility, butyric acid, propionic acid), and the Logistic model equation fitting degree (R2) was >0.83 (TVFA, acetic acid).



DNA Extraction and 16S rDNA Gene Sequencing

Total DNA was extracted using the repeated beads and column method (14), and DNA was quantified using a Nanodrop. The quality of DNA was determined using 1.2% agarose gel electrophoresis. The V3–V4 region of the 16S rDNA gene was amplified using the forward primers 338F (5′-ACTCCTACGGGAGGCAG-CA-3′) and reverse primers 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The amplified PCR products were purified using magnetic beads and then used for fluorescence quantification using the Quant iT PicoGreen dsDNA Assay Kit and a microplate reader (BioTek, flx800). The TruSeq Nano DNA LT Library Prep Kit of Illumina company was used to prepare the sequencing library. The purified PCR products were pooled and sequenced using the Illumina MiSeq platform with a MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



Processing of Sequencing Data

Microbiome bioinformatics were mainly performed with QIIME 2 2019.4 (15). While operational taxonomic unit (OTU) clustering was done using the Vsearch pipeline (v2.13.4), as described previously (16). Briefly, raw sequence data were demultiplexed using the demux plugin followed by primer cutting with cutadapt plugin (17). The sequences were then merged, filtered, and dereplicated using functions of fastq_mergepairs, fastq_filter, and derep_fulllength in Vsearch. All the unique sequences were then clustered at 98% (via cluster_size) followed by removing of chimera (via uchime_denovo). Finally, the non-chimera sequences were re-clustered at 97% to generate OTU representative sequences and OTU table. The Greengenes database and QIIME2 classify-sklearn algorithm were used: For the representative sequence of each OTU, use the pre-trained Naive Bayes classifier to enter the species annotation. PICRUSt analysis was used to predict functional profiles of rumen bacterial communities. Then according to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, predicted genes were summarized. The alpha-diversity metrics [Chao1, Chao (18)], observed species, and Shannon (19, 20) and Simpson (21) indices were estimated using the diversity plugin. Principal coordinates analysis (PCoA) was performed to reveal the differences in the bacterial communities across the four treatments based on Bray–Curtis dissimilarity matrix. The composition of bacteria at the genus level was shown using Circos (http://circos.ca/). Spearman correlations between specific bacterial genera, rumen fermentation parameters, and Dry matter digestibility was generated using the R program heatmap package. The sequences underlying the study is available in NCBI (PRJNA741061).



Statistical Analysis

All groups were analyzed for DM digestibility and rumen fermentation parameters. The four groups st1su1 (Hl: 270 g/kg + 60 g/kg), st1su2 (Hh: 270 g/kg + 120 g/kg), st4su1 (Ll: 210 g/kg + 60 g/kg), and st4su4 (Lh: 210 g/kg + 120 g/kg) were further analyzed for the abundance of bacterial communities after fermentation for 24 h. All data were analyzed by two-way analysis of variance (ANOVA) using the General Linear Model Repeated Measure of SPSS software version 22.0. Data were analyzed using the model: Yijk = μ+ Fi + Vj + Fi×Vj + eijk, where μ is the overall mean, Fi is the effect of starch (i = 1–4), Vj is the effect of sugar (j = 1–4), Fi × Vj is starch × sugar level interaction, and eijk is the residual effect. Duncan contrasts were used to test the significance level for the effects of starch, sugar, and their interactions (starch × sugar), with P < 0.05 defined as statistical significance. The rumen fermentation parameters values were subjected to model curve fitting using origin 2018 software. At the same time, each parameter value in these model equations was calculated and the theoretical maximum yield, theoretical inflection point (maximum generation rate), and time for theoretical inflection point were calculated.




RESULTS


Analysis of Rumen Fermentation Parameters

The effects of starch and sugar on rumen fermentation parameters are presented in Tables 1–3. DM digestibility was affected by sugar (P < 0.01) and the interaction of starch and sugar (P < 0.01). pH was significantly affected by starch (P < 0.01). Gas production was significantly affected by starch in the later period of culture and by sugar after 3–24 h of cultivation. Acetic acid was significantly affected by starch after 1–3 h and 12–24 h in vitro and by the interaction between starch and sugar. Propionic acid was significantly affected by starch at 1–6 and 24 h in vitro, and was significantly affected by sugar at 6 h in vitro. Both butyric acid and total volatile fatty acid (TVFA) contents were significantly affected by sugar after 1–24 h in vitro. TVFA was significantly affected by starch in the early stage of culture (0.5–6 h). The ratio of acetic to propionic acid (A/P ratio) was significantly affected by starch after 6 h and by sugar after 6–12 h.


Table 2. Comparison of VFA concentration (mmol/L) in each group.

[image: Table 2]


Table 3. Comparison of TVFA concentration (mmol/L) and ratio of acetic acid to propionic acid (A/P) in each group.

[image: Table 3]



Model Fitting

These results indicated that these three equations have high fitting degrees (R2 > 0.83; Supplementary Tables 3–5); the model curves are shown in Figures 1–8. Specifically, the accumulation amounts of fermentation index differed between groups at 24 h. Moreover, the maximum production rate and its production time also differed among groups with similar accumulation amounts. When the starch concentration in the diet was 25%, the accumulation of acetic acid among the groups with different sugar content was similar, but the maximum production rate differed by 3–4-fold. Increasing the sugar concentration in the diet could increase the production rate of fermentation products and advance the time of maximum production rate.


[image: Figure 1]
FIGURE 1. Fitting model curve of pH. (A) Logarithmic model fitting curve. (B) Derivative of Logarithmic model.



[image: Figure 2]
FIGURE 2. Fitting model curve of DM digestibility. (A) Gompertz model fitting curve. (B) Derivative of Gompertz.



[image: Figure 3]
FIGURE 3. Fitting model curve of gas production. (A) Gompertz model fitting curve. (B) Derivative of Gompertz.



[image: Figure 4]
FIGURE 4. Fitting model curve of acetic acid production. (A) Logistic model fitting curve. (B) Derivative of Logistic.
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FIGURE 5. Fitting model curve of propionic acid production. (A) Gompertz model fitting curve. (B) Derivative of Gompertz.



[image: Figure 6]
FIGURE 6. Fitting model curve of butyric acid production. (A) Gompertz model fitting curve. (B) Derivative of Gompertz.




Rumen Bacterial Community Composition

Table 4 presents the Chao1, Simpson, and Shannon indices; these were not significantly affected by starch, sugar, or the starch × sugar interaction. Notably, the Simpson and Shannon indices were higher in the Ll diet than in the Hh diet groups (P < 0.05).


Table 4. Effects of different combinations of sugar and starch on the alpha diversity of ruminal bacterial communities in vitro.

[image: Table 4]


Bacterial Relative Abundance

Amplicon sequencing of the partial 16S rDNA gene generated a total of 1,234,738 high-quality sequences and an average of 102,894 sequences per sample, which were assigned to 6,019 OTUs. Taxonomic analysis identified that the sequences belonged to 22 bacterial phyla and 97 bacterial genera. The predominant bacterial phyla encompassed 10 taxa (with the relative abundance being > 0.10% in each sample), with Bacteroidetes (50.02%), Firmicutes (18.86), Proteobacteria (12.92%), Tenericutes (2.30%), and Verrucomicrobia (2.18%) being the most abundant. The predominant bacterial taxa at the genus level (with relative abundance being > 0.10% in each sample) consisted of 34 genera, with unidentified_ Bacteroidales (20.57%), Prevotella (20.17%), Ruminobacter (10.54%), CF231 (8.15%), and Ruminococcus (3.12%) being the most abundant (Table 5).


Table 5. Comparison of rumen bacterial genera in each group (%).

[image: Table 5]

At the phylum level, the relative abundance of Bacteroidetes, Proteobacteria, and Spirochaetes was significantly influenced by sugar, and the levels of Bacteroidetes and Spirochaetes in Hh and Lh were higher than those in Ll and Hl groups, whereas the reverse was true for the relative abundance of Proteobacteria (Figure 7). At the genus level, the relative abundance of Ruminococcus and Pseudobutyrivibrio was affected by starch (P < 0.05), with Ruminococcus being the prominent genus in the H starch groups. Sugar had effects on the relative abundance of BF311, unidentified_Bacteroidales, Streptococcus, unclassified_Clostridiales, Ruminobacter, and Acinetobacter (P < 0.05). Furthermore, unidentified_Bacteroidales1, Oscillospira, and BF31 were distinguished as prominent genera in H sugar groups, while the relative abundance of Ruminobacter was the lowest in these groups. The relative abundances of both p-75-a5 and Sphaerochaeta were affected by the interaction of starch and sugar. Furthermore, the relative abundance of unidentified_[Paraprevotellaceae], unidentified_S24-7, and Pseudobutyrivibrio was higher in the Hh group than in the Ll group (P < 0.05), while that of Acinetobacter was significantly lower in Hh group than in the Ll group (P < 0.05).


[image: Figure 7]
FIGURE 7. Circos showed Bacterial phyla of 4 the groups.




Beta Diversity

Patterns of variation in the bacterial community composition were observed among groups with different starch and sugar levels using principal coordinates analysis (PCoA). Analysis of similarity based on Bray-Curtis dissimilarity showed significant difference in bacterial clusters between the 4 groups (Figure 8, PERMANOVA: P < 0.01; Adonis: R2 = 0.54, P < 0.01). Analysis of similarity also showed that bacterial clusters in the L and H starch groups were distinct, but there were some overlaps in the l and h sugar groups. The results indicated that starch content may have a greater impact on bacterial clusters than the sugar content in the diets.


[image: Figure 8]
FIGURE 8. Principal coordinates analysis (PCoA) revealing bacterial genera in groups with different combinations of sugar and starch levels based on Bray–Curtis (Hl, Diet of high starch and low sugar; Lh, Diet of low starch and high sugar; Hh, Diet of high starch and high sugar).





The Relationship Between Rumen Fermentation Parameters and Microbiota

Pearson correlation analysis showed that the relationship between the relative abundances of the differential bacterial at the genus and rumen fermentation parameters within each group (Figure 9). In the Ll diet, pH was negatively correlated with the relative abundances of unidentified_[Paraprevotellaceae] (P < 0.05), unclassified_Clostridiales, and Sphaerochaeta, and gas production was positively correlated with the relative abundance of Ruminobacter (P < 0.05). In the Lh diet, DM digestibility was positively correlated with the relative abundance of p-75-a5 (P < 0.05); acetic acid was positively correlated with the relative abundance of Acinetobacter (P < 0.05); propionic acid and A/P were positively correlated with the relative abundance of Ruminococcus (P < 0.05), which were negatively correlated with the relative abundances of Pseudobutyrivibro (P < 0.05). In the Hl diet, pH was positively correlated with the relative abundances of unidentified_[Paraprevotellaceae] (P < 0.05), DM digestibility was positively correlated with the relative abundance of Pseudobutyrivibro (P < 0.05). And propionic acid and A/P were negatively correlated with the relative abundance of Sphaerochaeta (P < 0.05). In the Hh diet, the relative abundance of p-75-a5 was positively correlated with gas production, acetic acid, propionic acid and A/P (P < 0.05); the relative abundances of Pseudobutyrivibro were positively correlated with acetic acid, propionic acid and A/P (P < 0.05). The relative abundances of Succinictasticum was positively correlated with butyric acid (P < 0.05), but were negatively correlated with pH (P < 0.05).


[image: Figure 9]
FIGURE 9. Spearman correlations between specific bacterial genera, rumen fermentation parameters, and Dry matter digestibility. (A) Spearman correlations within diet of diet of low starch and low sugar. (B) Spearman correlations within diet of diet of low starch and high sugar. (C) Spearman correlations within diet of diet of high starch and low sugar. (D) Spearman correlations within diet of diet of high starch and high sugar. *P < 0.05; **p < 0.01.




Differential Functions of the Rumen Microbiome Among Different Combinations of Sugar and Starch

The KEGG pathway database is a biological metabolic pathway analysis database. Based on KEGG analysis profiles, 11 endogenous second-level pathways belonged to the following the first-level categories “Metabolism” were considered as potential rumen microbial metabolic pathways (Figure 10).


[image: Figure 10]
FIGURE 10. (A) Predicted KEGG secondary functional pathway abundance map. The abscissa is the abundance of the functional pathway (unit: KO per million), the ordinate is the functional pathway of the second classification level of KEGG, and the rightmost is the first-level pathway to which the pathway belongs. Shown here is the average abundance of all samples. (B) Comparison of rumen microbial KEGG. Significantly different modules in each significantly different level 2 pathway (Lh, light blue; Ll, navy blue; Hh, pink; Hl, red) were presented.


In the six first-level categories, rumen microbial metabolic pathways were mainly enriched in the “Metabolism” category, with Metabolism of cofactors and vitamins (5,657.03 KO/million), Carbohydrate metabolism (5,463.19 KO/million), Amino acid metabolism (5,152.41 KO/million), Metabolism of terpenoids and polyketides (3,802.71 KO/million), and Metabolism of other amino acids (3,110.50 KO/million) being the most abundant. The second level categories all belonged to “Metabolism.” These pathways in the Metabolism among the four groups were further analyzed and found that the relative abundance of Amino acid metabolism, Energy metabolism, Glycan biosynthesis and metabolism, Metabolism of other amino acids, Nucleotide metabolism in the Ll and Lh were significantly high than those in the Hl and Hh (P < 0.05). The relative abundance of Biosynthesis of other secondary metabolites in Lh was higher than that of Hh (P < 0.05). And the relative abundance of Metabolism of terpenoids and polyketides in Lh was higher than that of Hl (P < 0.05). The results revealed that different combinations of starch and sugar affected microbial metabolism, and sugar could increase metabolism, which showed that sugar could not completely replace the role of starch in rumen fermentation.




DISCUSSION


Ruminal Fermentation

Altering the combination of starch and sugar is an essential adjustment to the energy structure of the diet, specifically the adjustment of non-fibrous carbohydrates. Because the metabolizable energy of starch and sugar is similar, the inter-replacement of sugar and starch leads to very little, if any, loss of energy associated with diet and ensures that other energy structures remain unchanged. However, the different chemical structures of starch and sugar may lead to some differences in their subsequent digestion and fermentation in the rumen; this might result in differences in production and growth in ruminants. In the current some studies, increasing the concentration of sugar in the diet increased the concentration of butyric acid in the rumen; the mechanism for this has also been studied and elucidated. Mansfield et al. (22) found that increasing the water soluble carbohydrates concentration in the diet can increase butyric acid concentration. Martel et al. (8) reported that the concentration of TVFAs and butyric acid can be increased by using sugar instead of starch in the diet. In an in vivo experiment, Malhi et al. (10) observed that injection of butyric acid into the rumen of goats increased the growth of rumen epithelium cells and the absorption capacity of VFAs.

Penner et al. (23) noted that an increase in rumen pH was positively related to the capacity of ruminal epithelial tissues to take up acetate and butyrate. Furthermore, Oba (5) speculated that the reason why the substitution of sugar for starch did not lead to a further decrease in rumen pH in the fermentation process may be the high butyric acid production. As a specific number of moles of hexose ferments to the same number of moles of butyrate, but double the number of moles of propionate or acetate (24), less H+ is produced from butyric acid than from acetic acid and propionic acid. In the present study, the pH value decreased with an increase in sugar level; this may be attributed to the in vitro nature of the experiment. Although the buffer solution has a definite buffering function on the short volatile fatty acid (SVFA) produced, there is a lack of factors for absorption of VFAs in the rumen, resulting in the low pH value and accumulation of VFAs in this experiment. Meanwhile, as a result of the higher absorption rate of butyrate than that of acetate and propionate (25), the production of butyrate in vivo is likely to be lower than that in vitro conditions (26). Therefore, actual fermentation characteristics might be better observed in in vitro studies. Even so, the actual effects of the interaction between sugar and starch in diets on physiological function of animal organism need further validation in vivo.

Based on the conclusions of previous in vivo experiments, diets associated with a low rate of VFA production, long time for accumulation, and a higher level of accumulation are more conducive to reversing the growth and health of animals. This is because the low rate of production will not cause too much pressure on the rumen to exceed the ability of the rumen to absorb and cause rumen acidosis, and the extension of the duration increases the production of VFAs and improves the efficiency of feed utilization.



Ruminal Bacterial-Community Composition

The present study found that increasing the sugar content in the diet led to a significant increase in the DM disappearance rate. However, this may be caused by the solubility of sugar (5). Increased amount of nutrients might be associated with a higher likelihood of fermentation and digestion by the ruminal micro-ecosystem. Although the sugar had been fully utilized in the early stage of fermentation, the DM disappearance rate of the high-sugar group was still significantly higher than that of the low-sugar group in the late stage of fermentation.

The effect of sugars, such as sucrose, on ruminal microorganisms has not been extensively studied (26) despite the large number of microorganisms that colonize the rumen (34), participate in nutrient digestion, and play a vital role in ruminant fermentation. A total of 17 phyla and 300 bacterial genera were detected in this study, of which Bacteroidetes, Firmicutes, and Proteobacteria were the most dominant phyla in the rumen bacterial communities. These results are consistent with those of previous studies (27), which also showed that changing sugar and starch content in the diet does not change the dominant bacterial communities in the rumen. In the present study, the abundance of Bacteroidetes in the Lh group was significantly higher than that in the other three groups. Bacteroidetes is a gram-negative bacterium and a major bacterium that digests and decomposes NSC. Some of its genes are closely related to the genes of carbohydrate metabolism. Some studies have shown that feeding high-concentration diets to dairy cows reduced the relative abundance of Bacteroidetes in the rumen (28, 29), because the resulting low pH value may inhibit the growth of gram-negative bacteria (30). We found that the high-concentration diets by increasing sugar level did not reduce the relative abundance of the Bacteroides phylum. On the contrary, it significantly increased the relative abundance of Bacteroides. This may be because the high sugar did not lead to a sharp drop in ruminal pH, with a consequent protective effect on Bacteroides.

Proteobacteria is one of the main bacterial phyla in the rumen of ruminants. A positive correlation was noted between the abundance of Proteobacteria and sugar/starch concentration in the diet. Both Ruminobacter and Desulfovibrio belong to the Proteobacteria phylum. Desulfovibrio is a strictly anaerobic gram-negative bacterium that competes with Firmicutes for carbon sources and energy substances, and its metabolites can promote the secretion of interleukin-6 and interleukin-8, and thereby induce an inflammatory response (31, 32). The current study showed that increasing sugar and starch levels did not raise the relative abundance of Desulfovibrio, which may not be harmful to health of rumen and intestine of ruminants. There has been less research on Desulfovibrio in the rumen; thus, it remains to be determined whether it is strongly related to the health of ruminants. Ruminobacter amylophilus, another member of Proteobacteria, is associated starch fermentation; it also plays a role in protein digestion. Our data revealed that high-sugar diets significantly reduced the relative abundance of Proteobacteria.

Starch is mainly digested by Streptococcus, whose fermentation product is lactic acid. Results on the effect of dietary sugar levels on the relative abundance of Streptococcus are equivocal: De Souza et al. (33) observed that increased sugar levels raised the abundance of Streptococcus. Sun et al. (26) replaced corn starch with 3, 6, and 9% sucrose and, after 24 h of cultivation, found that the relative abundance of Streptococcus had increased only in the 3% replacement group, while no significant effect was observed in the 6 and 9% replacement groups. Those results are in contrast to those of the present study; this may be due to the higher sugar content used in this experiment, which may have led to a decrease in the relative abundance of Streptococcus.




CONCLUSIONS

Our study revealed that dietary sugar had a significant effect on butyric acid and gas production, while starch influenced pH and acetic acid and propionic acid levels, and the interaction of sugar and starch in vitro only affected DM disappearance. In terms of bacterial community composition, the relative abundance of Treponema and BF311 was higher in the high-sugar group, while that of Sphaerochaeta, Ruminobacter was lower. The increase in butyric acid concentration may be at least partially due to an increased abundance of Treponema. Nonetheless, in vitro conditions cannot simulate the rumen absorption function, and future studies involving high sugar-based feeding trials are needed.
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This study aimed to investigate the biological effects of supplementation of bovine lactoferricin (BLFc) at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) in lactating dairy goats. Dietary BLFc supplementation increased the concentration of lactoferrin (LF) in the milk and serum (p < 0.05) without affecting the feed intake. In the LF-1 group, serum Fe, total antioxidant (T-AOC), and immunoglobulin A (IgA) were increased (p < 0.05), while malondialdehyde (MDA) was decreased (p < 0.05). In the LF-2 group, ruminal fluid pH value was decreased (p < 0.05), and the composition of ruminal microflora on day 42 was more diversified. Firmicutes phylum in the LF-2 group was the most abundant phyla. In contrast, Bacteroidetes phylum in the control group and the LF-1 group were the most abundant. Lower milk somatic cell count and higher IgA were observed in the LF-1 group and the LF-2 group than those in the control group (p < 0.05). These results suggested beneficial effects of supplementation of 100 mg/kg/day BLFc on reducing the oxidative stress and altering diversity of ruminal microflora.

Keywords: lactoferricin, lactation, ruminal microorganisms, immunoglobulin A, goat


INTRODUCTION

Lactoferrin (LF) is highly expressed in the colostrum. Lactoferricin of ruminant is a peptide containing five tryptophan, three lysine, and several aromatic amino acid residues released from the N-terminal by pepsin hydrolysis under acidic conditions, with a molecular weight of approximately 3.1 KU (1). It is notable that bovine lactoferricin (BLFc) as an animal-derived antimicrobial peptide could induce beneficial health effects, that is, absorption of iron, antibacterial, anti-cancer, and immune ability and cell proliferation (2–4). Moreover, a recent study in piglets indicated that LFc could increase the antioxidant capacity and decrease diarrhea rate, suggesting the possible correlation between consumption of LFc and composition of gut microbiota (5–7). Rumen is a vital organ of nutrient digestion and metabolism and absorption in goats, and its microbial diversity will affect the health status of animals (8, 9). It was reported that the different compositions of ruminal microbiota were linked to the different levels of somatic cell count (SCC) and mastitis in ruminants (10, 11).

Recessive or subclinical mastitis is common in lactating dairy goats. The clinical manifestations include redness and swelling of the breast and elevated body temperature, and a sharp increase in the number of SCC. Goat milk fails to meet the national sales standards that possibly results in economic losses. When farmers use antibiotics without discretion, these antibiotics may easily lead to drug resistance and residue in milk. Therefore, there is a need for feed additives with no drug resistance, low residue, and low toxicity in combating recessive mastitis. Feed additives, such as micro preparations, probiotics, acid preparations, and antimicrobial peptides, decreased the risks of various diseases (12, 13). The BLFc used in this study belongs to antimicrobial peptides of animal origin. However, little information is available about how BLFc affects dairy goat health and reduces the rate of subclinical mastitis. We speculate that after the ingested BLFc reaching the rumen may interact with ruminal microbiota. The diverse and complex communities of microorganisms play important roles in animal health. We incorporated two different doses of BLFc into the diets of Xinong Saanen dairy goats to investigate the effects of BLFc on lactation performance, antioxidant ability, immune response, and rumen microbial composition.



MATERIALS AND METHODS

The experiment was carried out with the approval of the Animal Use and Care Committee of Northwest A&F University in China (No.IASCAAS-PG-39).


Materials

Bovine lactoferricin was produced and supplied by DeYi Biotechnology., LTD (Hunan, China). The main component of BLFc is the product of chimeric expression of lactoferricin (BLF17-30) and lactoferrampin (LFAMPIN 265-284), two active regions of LF, with a total of 31 amino acid residues by genetic engineering technology. The amino acid sequence is consistent with the natural sequence, and its molecular weight is 3,953 Da.



Animals, Experimental Design, and Diets

Twenty-one Xinong Saanen goats [60 ± 10 days in milk (DIM)] were used, and three BLFc treatments used were (a) control, fed the basal diet without BLFc supplementation; (b) orally supplemented with 100 mg/kg/day of BLFc (low dose, LF-1); and (c) orally supplemented with 200 mg/kg/day of BLFc (high dose, LF-2). BLFc supplements were thoroughly mixed with the concentrated feed and were fed first to goats to ensure complete consumption. After 2 weeks of adjustment phase, the experimental phased consisted of 42 days. All goats were housed indoors at Saanen Dairy Goat Farm of Northwest A&F University in China (Yangling, China; 34°16′56.24″N, +108°4′27.95″E). The temperature in the house was approximately 25 °C. The goats were fed basal diet, such as corn silage, a concentrate mixture, and alfalfa hay at 8:00 a.m. and 4:00 p.m. daily. The component of ration is seen in Supplementary Table 1. The feed intake of the goats was recorded daily during the 6-week experimental phase.



Milk and Serum Analysis

Prior to oral supplementation of BLFc, jugular blood samples (5 ml) were collected (seven goats per treatment) on days 0, 14, 28, and 42. Blood samples were centrifuged at 3,500 rpm for 5 min and serum samples were stored at −80 °C. Seven goats per group were milked two times daily at 06:30 a.m. and 03:00 p.m., and AM and PM samples were taken and composited as daily samples. The composited milk samples were analyzed for milk fat, protein, lactose, and SCC (cells/ml) using a Combi 300 counter (Bentley, PA, USA). Additionally, LF and immunoglobulin A (IgA) in milk and serum were determined using ELISA kits (Jiangsu Meibiao Biotechnology Co. LTD, Nanjing, China). Serum Fe was analyzed by chromatometry (A039-1-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The malondialdehyde (MDA) of serum was measured using the thiobarbituric acid (TBA) method (A003-1-2; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Total antioxidant content (T-AOC) of serum was measured using a Total Antioxidant Capacity Assay Kit (A015-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) based on the ferric reducing antioxidant power. The samples were detected at 520 nm, and the T-AOC was calculated according to the standard curve.



Analysis of Rumen Microbial Diversity

At the end of the experimental phase, fresh rumen fluid samples were collected randomly via a stomach tube from three dairy goats of each group. Before sampling, the mouth of a goat was opened and then, the head of a sampler connected with a vacuum pump was inserted into the mouth of the goat along the esophagus. The sampling head is a hard plastic tube with 3 cm in diameter and 90 cm in length. The vacuum pressure was set at 65 kPa. To minimize saliva contamination, approximately 30 ml of rumen fluid was discarded before actual sample collection. Samples were immediately filtered through four-layer gauze. Rumen pH was measured immediately using a portable pH meter (Model PHB-4, Shanghai Leica Scientific Instrument Co., Ltd., Shanghai, China). Rumen fluid samples were placed in a 50 ml centrifuge tube and centrifuged at 9,500 rpm for 3 min. The V4 regions of bacterial 16 S rRNA genes were amplified. The bacterial sequences were amplified using primers 338F ACTCCTACGGGAGGCAGCAG and 806 R GGACTACHVGGGTWTCTAAT. The bacterial amplification mixture consisted of 0.8 μl (5 μM) of each primer, 10 ng template DNA, 4 μl 5 × Fast Path buffer, 2 μl 2.5 mM dNTPs, 0.4 μl FastPfu polymerase, 0.2 μL bovine serum albumin (BSA), and added ddH2O to 20 μl. Amplification was performed with initial denaturation at 95 °C for 3 min; 30 cycles of denaturation at 95 °C for 30 s, annealing at 50 °C for 30 s, and elongation at 72 °C for 45 s. PCR products were excised from 2% agarose gels and purified with a QIAquick Gel Extraction Kit (Qiagen, Venlo, The Netherlands). The remaining DNA was sent to Shanghai Majorbio Biological Technology Co. Ltd for sequencing using an Illumina MiSeqPE250 (Illumina, San Diego, CA, USA).



Statistical Analysis

The data were analyzed using SPSS 19.0 statistical software (version 19, SPSS Inc, Chicago, IL, USA). Repeated measure analysis was used with all data presented as least squares means and pooled SEM. Significant differences were declared at p < 0.05. Spearman's correlation test was used to examine relationships between serum LF and milk LF concentrations. Meanwhile, the general linear model (GLM) was used to conduct multi-variance ANOVA for BLFc levels and feeding time. The differences between groups were discussed when there was significant interaction between the treatment factors. Rumen microbial diversity sequence reads were divided and aligned into operational taxonomic units (OTUs) with 97% sequence similarity. The highest abundance sequences were compared with template regions in the Greengenes database (Vsesion https://drive5.com/uparse/ 7.0), and used to acquire taxonomic information for each OTU and species composition. To obtain the species classification information corresponding to each OTU, the comparison database of 16S rRNA of bacteria and archaea was used (Silva, Release138 https://www.arb-silva.de). R software was used to analyze the microflora population structures (14).




RESULTS


LF Levels

All goats remained healthy throughout the entire experiment with no adverse health effects from the supplementation of BLFc. Dietary supplementation of 100 or 200 mg/kg/day of BLFc did not affect daily feed intake (Supplementary Table 2, p > 0.05). At the beginning of the experiment, serum LF concentrations were not different (p > 0.05) among the three groups (Table 1). With the time elongation, BLFc supplementation increased LF concentration in the serum, with higher concentrations in LF-1 group on day 28 and LF-2 group on day 42 (Table 1, p < 0.05). Multivariate analysis of variance between the treatment times suggested that serum LF had significant differences among the three groups at the same treatment time. Serum LF concentrations of all 21 dairy goats trended higher in the experimental period, and both LF-1 group and LF-2 group affected the serum LF. We also observed the interaction between BLFc supplementation and time on serum LF (Table 1, p < 0.05). The results indicated that in LF-1 group and LF-2 group on day 42, there were 57.50 and 61.28% higher concentrations of LF than day 0 of the experiment, respectively. Correlation analysis indicated that serum LF was positively correlated with milk LF in LF-1 group and LF-2 group (Supplementary Figures 1, 2, p < 0.01).


Table 1. The effect of supplementation of bovine lactoferricin (BLFc) at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) on the serum lactoferrin (LF) levels of dairy goats over time.
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Physiological Functions

Multivariate ANOVA between the treatment time and BLFc supplementation indicated that serum IgA was different among the three groups at the same treatment time. Although serum IgA of all 21 dairy goats trended higher in the experimental period, supplementation of BLFc increased serum IgA significantly (Table 2, p < 0.05). Serum IgA in the LF-1 group was higher than the control group (Table 2, p < 0.05). Within the same treatment time, differences in serum Fe were observed among three groups (Table 2, p < 0.05). Compared to the control group, higher serum Fe and T-AOC were observed in the LF-1 group and the LF-2 group on day 28 (Table 2, p < 0.05). Meanwhile, serum MDA in the LF-1 group was lower than that in the control group and the LF-2 group on day 28 (Table 2, p < 0.05). Multivariate analysis of treatment time and BLFc supplementation indicated that serum MDA was different among the three groups on day 28 (Table 2, p < 0.05). The LF-1 group on day 28 had 20.02, 64.02, and 70.41% higher concentrations of IgA, Fe, and T-AOC than at the onset of the treatment, respectively. Serum MDA at the same time was 59.39% lower than at the onset of the treatment in the LF-1 group.


Table 2. The effect of supplementation of BLFc at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) on IgA, Fe, total antioxidant content (T-AOC), and Malondialdehyde (MDA) in the serum of dairy goats.
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Ruminal Microorganisms

Rumen pH in the LF-2 group was lower than that in the LF-1 group and the control group (Figure 1A, p < 0.05). There was no difference in pH value between the LF-1 group and the control group (Figure 1A, p > 0.05). The sequencing data, based on the principle that the similarity is >97%, were divided into OTUs. With the removal of low-quality reads from sequencing data, we obtained 326,508 total sequences for bacteria, with an average of 100,825 sequences per sample. There were 1,498, 1,455, and 1,417 OTUs in the control group, LF-1 group, and LF-2 group, respectively. The three groups had a total of 1,228 OTUs (Figure 1B).


[image: Figure 1]
FIGURE 1. The effect of supplementation of BLFc at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) on (A) rumen pH, (B) number of operational taxonomic unit (OTU), (C) rumen microbial diversity at the phylum level, (D) rumen microbial diversity at the genus level in dairy goats, (E) effects of BLFc on the relative abundance of rumen microbiota at phylum levels in goats, and (F) effects of BLFc on the relative abundance of rumen microbiota at genus levels in goats. In (A), (E), and (F): abcTreatment means with different letter differ (p < 0.05).


Goat rumen was found to be dominated by two bacterial phyla, Bacteroidetes and Firmicutes, while other phyla, such as Patescibacteria, Proteobacteria, Tenericuts, and Actinobacteria were less in numbers (Figure 1C). At the phylum level, Bacteroidetes were significantly decreased and Firmicutes were significantly increased in LF-2 group compared with the control group and the LF-1 group (Figures 1C,E). The three most abundant phyla in LF-1 group and the control group were Bacteroidetes, Firmicutes, and Patescibacteria. However, Firmicutes in LF-2 group was the most abundant (Figures 1C,E). At the genus level, the average relative abundance of Prevotella 1 gut in LF-1 group was higher (p < 0.05) than that in LF-2 group (Figures 1D,F). The relative abundance of succiniclasticum in LF-2 group was higher (p < 0.05) than that in the LF-1 group and the control group (Figures 1D,F).



Performance of Lactating Goats

There was no difference in milk yield among the three groups (Table 3, p > 0.05), with a trend of higher milk yield in BLFc-treated group on day 42. The results showed that the control group had 17.59% lower milk production at the end of the 6-week treatment (Table 3, p < 0.05). Neither the LF-1 group nor the LF-2 group showed any effect on the milk yield greatly (Table 3, p > 0.05). However, the supplementation of BLFc affected the milk composition. Milk fat in LF-2 group on day 28 was lower than that in the control group and LF-1 group (Table 4, p < 0.05).


Table 3. The effect of supplementation of BLFc at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) on milk production throughout the experiment.
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Table 4. The effects of supplementation of BLFc at the rate of 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF-2) on the milk composition in dairy goats.
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Bioactive Substances in Milk

Milk SCC was reduced in the LF-1 and LF-2 groups. The SCC in the LF-1 group and the LF-2 group was lower compared with the control group on day 42 (Table 5, p < 0.05). Milk IgA concentrations in goats received that BLFc supplementation were higher than the control group on day 42 (Table 6, p < 0.05). Milk IgA in the LF-2 group was the highest among the three groups (Table 6, p < 0.05). Milk LF concentrations in goats that received BLFc supplementation were higher than that in the control group, and in the LF-2 group being the highest (Table 6, p < 0.05). Moreover, the results showed that there was a trend of higher IgA and LF in milk in the LF-1 and LF-2 groups. The LF-1 and LF-2 groups on day 42 had 45.20 and 29.55% higher concentrations of IgA in the milk than at the beginning of the treatment, respectively. The LF-1 and LF-2 groups on day 42 had 60.66 and 39.45% higher concentrations of LF in the milk than at the beginning of the treatment, respectively. There were the interactions between BLFc-treated concentration and BLFc-treated time on both IgA level and LF level in the milk of dairy goats (Table 6, p < 0.05).


Table 5. Effects of supplementation of BLFc at 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF−2) on milk somatic cell counts (SCCs) (×1,000/ml) in dairy goats.
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Table 6. Effects of supplementation of BLFc at 100 mg/kg/day (LF-1) or 200 mg/kg/day (LF−2) on milk IgA and lactoferrin in dairy goats.
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DISCUSSION

This study suggested that BLFc decreased the rumen pH value and altered the composition of rumen microbiota. Higher dose of BLFc appeared to increase the ratio of Firmicutes phylum to Bacteroidetes phylum and decreased the abundance of Prevotella genus. The phylum of Bacteroidetes and Firmicutes were the most abundant phylum in rumen of the ruminant animal, and Prevotella is the most abundant genus. The increased ratio of Firmicutes phylum to Bacteroidetes phylum (F/B) will result in an increase in energy availability from the feed. The abundance of Firmicutes is associated with the degradation of fermentable carbohydrates (15). It is known that Bacteroidetes phylum is predominantly Gram-negative bacteria and sensitive to the change of environmental pH value (16). We also observed that Butyrivibrio genus and Succiniclasticum genus were depleted in BLFc-treated goats. It implied that BLFc altered the type of rumen fermentation. Several studies showed that the diversity and structure of ruminal microbiota affected the immune system (17–19). Antimicrobial peptides promote the abundance of Firmicutes and Tenericutes and increase LF synthesis in the peripartum period (20, 21). The previous research found that adding antimicrobial peptides to the diet reduced the pH value in the intestine and increased the abundance of Firmicutes such as lactic acid bacteria (6, 22).

It is noteworthy that the abundance of Butyrivibrio genus related to butyric acids is decreased in the present study, and there was an upper trend in the milk yield at the end of the experiment in goats that received the supplementation of BLFc. The decrease of Butyrivibrio genus reduced the formation of butyric acids and finally affected the milk fat (23), the last result of which has been observed in this study. In addition, some research certified that the formation of propionic acid in goat rumen is increased with the decrease of butyric acids (24–26). The high levels of propionic acid greatly improve the digestion and absorption of concentrated feed and furthermore increase the lactating performance of dairy goat, so we found that the milk yield in the dairy goat is improved in this experiment. The results demonstrated that BLFc supplementation in diet possibly alters the composition of rumen microbiota, with the strong alterations observed in the LF-2 group.

It has been reported that the levels of IgA and LF were related to SCC in the milk, and could be useful indicators for the detection of subclinical mastitis (27). We speculated that BLFc promoted lymphocyte differentiation, reduced the number of neutrophils, and enhanced the innate and adaptive immune (28). Although SCC in goats with BLFc supplementation was statistically different compared with the goats in the control group, the average SCC of goats with BLFc supplementation on day 42 was greatly lower than that in the control group (p < 0.05). The SCC represents the total cell count in goat milk, mostly are immune cells, such as macrophages, neutrophils, and lymphocytes (29). IgA could be effective to combat bacteria, such as Staphylococcus aureus and Streptococcus agalactiae infecting mammary epithelial cells (30). We observed that BLFc supplementation to the goats could increase the levels of LF in serum and milk and IgA in milk. Although the levels of LF in serum and milk were affected by the time and treatment interactions, the effect of BLFc supplementation over time was apparent. This suggests that LF supplementation at both levels could effectively increase the levels of LF in serum and milk, and the absorption and utilization of added BLFc by dairy goats was effective. These studies suggested that BLFc had a positive role on immune regulation. The LF is capable of passing through the blood/milk barrier (31–33) and plays a role in protecting the mammary gland from bacterial invasion.

Furthermore, the LF is a non-heme-iron glycoprotein that can promote the absorption and storage of iron (34). Iron, as an important constituent of hemoglobin, can improve the antioxidant capacity in serum and enhance cellular immunity. In the present study, there were elevated serum iron and T-AOC, and lower MDA level in goats with BLFc supplementation compared with the control group on day 28, which implied that BLFc possibly promoted the absorption of iron and oxidizing ability. These findings demonstrated that BLFc as an antioxidant will scavenge hydroxyl radicals and reduce the damage of active oxygen to the body. It was similar to the reported research that BLFc has many protective effects, such as reducing the levels of MDA, catalase, and glutathione in the serum and enhancing the antioxidant capacity in lambs (35).



CONCLUSION

The study provided important evidence that 100 mg/kg/day BLFc supplementation to the diet of lactating dairy goats is capable of decreasing oxidative stress and inhibiting inflammation.
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Bamboo leaf extracts, with high content of flavonoids and diverse biological activities, are used in animal husbandry. Increasing evidence has suggested an association between the bovine physiology and the udder microbiome, yet whether the microbiota and the metabolites of milk affect the mammary gland health or the milk quality remains unknown. In this study, we provide a potential mechanism for the effects of bamboo leaf extracts on milk microbiota and metabolites of dairy cows. Twelve multiparous lactating Chinese Holstein dairy cows were randomly separated into two groups: basal diet as the control group (CON, n = 6) and a diet supplemented with 30 g/d bamboo leaf extract per head as antioxidants of bamboo leaf (AOB) group (AOB, n = 6) for 7 weeks (2-week adaptation, 5-week treatment). Milk samples were collected at the end of the trial (week 7) for microbiome and associated metabolic analysis by 16S ribosomal RNA (rRNA) gene sequencing and liquid chromatography-mass spectrometry (LC-MS). The results showed that the milk protein was increased (p < 0.0001) and somatic cell count (SCC) showed a tendency to decrease (p = 0.09) with AOB supplementation. The relative abundance of Firmicutes was significantly decreased (p = 0.04) while a higher relative abundance of Probacteria (p = 0.01) was seen in the group receiving AOB compared to the CON group. The AOB group had a significantly lower relative abundance of Corynebacterium_1 (p = 0.01), Aerococcus (p = 0.01), and Staphylococcus (p = 0.02). There were 64 different types of metabolites significantly upregulated, namely, glycerophospholipids and fatty acyls, and 15 significantly downregulated metabolites, such as moracetin, sphinganine, and lactulose in the AOB group. Metabolic pathway analysis of the different metabolites revealed that the sphingolipid signaling pathway was significantly enriched, together with glycerophospholipid metabolism, sphingolipid metabolism, and necroptosis in response to AOB supplementation. Several typical metabolites were highly correlated with specific ruminal bacteria, demonstrating a functional correlation between the milk microbiome and the associated metabolites. These insights into the complex mechanism and corresponding biological responses highlight the potential function of AOB, warranting further investigation into the regulatory role of specific pathways in the metabolism.
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INTRODUCTION

Recently, flavonoids and their analogs have been investigated as feed additives for improving milk production of dairy cows and to increase their growth and development (1, 2), because of their antibacterial and antioxidant properties (3), which have attracted wide attention. The use of antibiotics in animal feed has been banned in many countries, and therefore it is necessary to test the natural flavonoid supplements for antimicrobial activity to achieve the same benefits (4).

Bamboo leaf extracts are rich in flavonoids, with a large group of naturally occurring polyphenolic compounds existing either as free aglycones or glycosidic conjugates, based on the saturation level consisting of an A and C ring or a B-ring substitution pattern (1). These characteristic structures caused flavonoids to be targeted as key compounds with great potential in animal husbandry. Recent studies suggest that flavonoids have beneficial effects on production performance (5), ruminal bacteria (6), immune regulation, and metabolism in dairy cows (7, 8). Also, it was found that specific kinds of flavonoids from a variety of plants have different effects (9). In addition, the previous results showed that ruminal acetate and propionate, which are milk fat precursors, were significantly increased by bamboo leaf extract supplementation (7, 8). However, the influence of bamboo leaf extract on milk profiles of dairy cow has received only limited research attention. Therefore, more research needs to be done to understand the mechanism of the effects of bamboo leaf extract on the milk microbial composition and the metabolite profiles.

Mammalian colostrum and milk are important for neonates, providing not only nutrients but also complex bioactive molecules for maintaining the immune homeostasis of newborns (10, 11). Immunoregulatory compounds of milk, such as immunoglobulins, lysozyme, and lactoferrin, act as important compounds against the pathogenic and opportunistic microorganisms of mastitis to protect the udder (12, 13). Insights from recent investigations of milk microbiota (14, 15) suggest that in addition to mastitis pathogens in milk, a wide array of opportunistic and commensal microbes are found within the mammary gland (16). Recently, the commensal mammary microbes have been the focus of scrutiny by researchers comparing the microbial populations in colostrum and milk from healthy and infected parts of the udder (17, 18). Mastitis significantly changed the bacterial population, and it was seen that mastitis quarters had measurably lower numbers of proteobacteria, actinobacteria, and acidobacteria than healthy quarters, with higher numbers of Firmicutes (13). The use of antibiotics for treating mastitis and the development of drug-resistant bacteria in the milk microbiome defensive response were studied through high-throughput sequencing of bacterial 16S ribosomal RNA (rRNA) genes and bioinformatics (19). The optimal bacterial diversity of the mammary microbiota is closely associated with mammary integrity, physiology, lactation levels, milk nutrients, and resilience (20–22).

Metabolomics is widely used in studies of environmental influences and their effects on dairy cows, to elucidate the relationships among different biofluids (23), compare the composition of whole-ruminal metabolites after different dietary treatments (24), and subacute ruminal acidosis samples (25). Metabolite composition analysis can also reveal significant changes in milk quality, namely, key features affecting milk production (23) under conditions of mammary infection (13) and antimicrobial administration (26). However, little is known about the potential influence of feeding bamboo leaf extracts to dairy cows on the changes in the milk metabolites.

This study aims to investigate the mechanistic linkage between the composition of milk bacterial populations and types and concentrations of specific metabolites, and to explore the potential health benefits of bamboo leaf extract on lactation. It is expected that the use of feed additives such as bamboo leaf extract in dairy cow production can supplant the overuse of antimicrobials and the accompanying problems, and also improve herd health and milk quality.



MATERIALS AND METHODS


Bamboo Leaf Extracts

The bamboo leaf extracts (antioxidants of bamboo leaf, AOB, ≥ 40% flavonoids) in powder form were provided by the Shanxi Sciphar Industry (Shanxi, China). The proportion of crude ash, crude protein, and water-soluble polysaccharide in AOB were 20.0, 13.0, and 15.5%, respectively (7).



Experimental Design

The research methods were approved by the Animal Care Committee, Beijing University of Agriculture (Beijing, China) (Protocol number BUA2020021). Twelve multiparous lactating Holstein dairy cows with no clinical signs of mastitis were randomly assigned to the groups. With regard to the milk production, none of the cows showed any significant differences in yield (30.2 ± 1.4 kg/d; p = 0.25), days in milk (DIM, 116.2 ± 2.8 d; p = 0.72), parity (2.4 ± 0.6; p = 0.19), or body weight (BW; 596.8 ± 13.5 kg; p = 0.31). Of the 12 cows, six received basal feed as controls (CON) and the other six got basal feed plus supplementation with bamboo leaf extract (30 g/d per head) as the AOB group. The AOB dose used in this study was based on our previous trial (7, 8). The animals were isolated in stalls and fed ad libitum with unlimited water. The composition of the total mixed ration (TMR) is given in Table 1. Animals were fed and milked three times a day. The trial was continued for 7 weeks, with a 2-week adaption period and a 5-week sampling period. Milk production was recorded at each milking and feed intake was recorded over the whole trial. Milk samples were obtained on the third day of the first week and the last week of the sampling period. Individual milk samples of 50 ml with equal volumes from each udder quarter were transferred to sterile containers and held on ice. Samples were immediately taken to the lab and stored at −80°C. One of the composite milk samples (50 ml) was collected in a sample bottle with 0.6 mg/ml potassium dichromate added as a preservative and stored at 4°C for further analysis of milk components, namely, fat, protein, lactose, and SCC using an automatic ultrasonic milk composition analyzer (Bentley Instruments, MN, USA) (27).


Table 1. Ingredients and nutrient composition of the basal diet.
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Microbial DNA Extraction, PCR, and Sequence Analysis

Bacterial DNA was isolated from milk samples with a stool DNA Kit (Omega Bio-Tek Inc., GA, USA) according to the procedure of the manufacturer. The amount and integrity of extracted DNA were assessed with a NanoDrop 1000 spectrophotometer (Nanodrop Technologies, DE, USA), and checked by agarose gel electrophoresis. DNA aliquots were stored at −80°C. The V1-V2 locus of the bacterial 16S rRNA gene was amplified using the following primer pairs: forward, 5′-CGTATCGCCT-CCCTCGCGCCATCAG-3′ and reverse, 5′-CTA-TGCGCCTTGCCAGCCCGCTCAG-3′, namely, adapters and barcode sequences using a GeneAmp 9700 (ABI, USA) as previously described (13, 18). After gel electrophoresis of amplicons, strong bands of 450 bp were excised and mixed equally as previously described (28). PCR products were isolated with a GeneJET gel extraction kit (Thermo-Fisher, MA, USA). After amplification, paired-end sequencing libraries were built by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The rRNA genes of the pooled samples were sequenced using a HiSeq system (Illumina, CA, United States) with paired-end reads of 300 base pairs by Majorbio Bio-Pharm Technology Co. Ltd (Shanghai, China).



Analysis of Milk Microbial Composition

Bioinformatics analyses were conducted by FLASH version 1.2.11 and Quantitative Insights into Microbial Ecology (QIIME) version 1.9.1. as previously published (13). Briefly, the reads were clustered as operational taxonomic units (OTUs) by scripts of USEARCH (Version 7.1) software with a 97% similarity cut-off. The representative OTU sequences were classified into taxa with BLAST searches in the ribosomal database project (RDP) classifier (version 2.2) against the Silva (SSU123) 16S rRNA database. The selected OTUs were normalized to the relative abundance for each sample. The composition of bacterial populations was determined using the freeware Majorbio I-Sanger cloud platform (www.i-sanger.com).

Within-sample variation (alpha-diversity) was determined by ACE and Chao indices, which reflect the bacterial community abundance and Shannon and Simpson indices that show diversity. Calculations were performed on a random subset of OTUs. Between-sample microbial diversity (beta-diversity) was determined using phylogenetically based weighted-UniFrac distances (29). The OTUs were filtered to yield those with relative abundance ≥ 1% in at least one sample. Functional profiles of milk metagenomes were obtained using 16S rRNA gene sequences by PICRUSt as level III Kyoto encyclopedia of genes and genomes (KEGG) pathways (30) on the Majorbio I-Sanger cloud platform. Pathways seen in more than 10% of the samples were compared by Student's t-test.



Preparation of Milk Samples for Metabolomic Analysis

The chemical composition of the milk samples was determined using the Ultimate 3000LC, Q Exactive LC-MS platform (Thermo Scientific, USA) with samples prepared according to a previous report (13). The remainder of the procedure was conducted by Majorbio Bio-Pharm Tech (Shanghai, China). In brief, methanol-acetonitrile (1:1, volume per volume) (400 μl) was added to each sample (100 μl), mixed by vortexing, and subjected to ultrasonic extraction on ice for 10 min (×3). The solution was then incubated at −20°C for 30 min and centrifuged at 13,000 g for 15 min at 4°C. Supernatants were collected, vacuum-dried, and re-dissolved in the acetonitrile-water solution (1:1, v/v) (100 μl). Then, the re-dissolvent was put into the sample holder for detection. The quality control (QC) samples consisting of all pooled milk samples were injected regularly throughout the analysis. This LC-MS-based milk metabolic profiling procedure used a 1290 UHP-LC system (Waters Corp., Milford, CT, USA) and an ethylene-bridged hybrid C18 column (2.1 mm × 100 mm id, 1.7 μm; Waters Corp., Milford, CT, USA), coupled with a triple quadrupole time of flight (TripleTOF 5600 System; AB SICEX, Framingham, MA, USA). Raw data from the metabolite fingerprinting were imported into the metabolomics processing software Progenesis QI (Waters Corp., Milford, CT, USA) for baseline filtering, peak identification, integration, correction of retention time, and peak alignment (31). The data were analyzed using XCMS (version v.3.4.4). Retention times (RT), MZ, observations (samples), and peak intensity were normalized with Excel. Differences in metabolite profiles were characterized using the https://metlin.scripps.edu/ public database, the Majorbio I-Sanger cloud platform (www.i-sanger.com), and KEGG pathway identification of the altered metabolites (www.metaboanalyst.ca/).



Multivariate Statistical Analyses

Statistical differences were verified with Student's t-test (p < 0.05). Hierarchical clustering was performed with the Bray–Curtis similarity index by the unweighted pair-group method with arithmetic averages. The relationship of metabolite type and content to the type and abundance of bacteria in milk samples was determined from Spearman correlation coefficients and visualized using the R language (32). Statistical analyses were done using SPSS software version 21.0 (IBM, Armonk, NY). The alpha-diversity indices are shown as mean ± SD. Principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were performed to depict changes in metabolism among the experimental groups after mean-centering and unit-variance scaling. Variables with variable importance in the projection (VIP) values > 1.0 were deemed relevant for group discrimination. The OPLS-DA model was validated by 7-fold permutation tests. Significant differences in metabolites between groups were determined using the Wilcoxon rank sum test.



Nucleotide Sequence Accession Numbers

The raw sequences identified here were uploaded to the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/Traces/sra/) under accession number SRP192494.




RESULTS


Milk Production and Composition

The yield, percent fat and protein, and lactose concentration at week 5 are shown in Table 2. The protein content was higher (p < 0.0001) in cows with AOB compared to controls, while the milk from the AOB group also showed a lower SCC tendency (p = 0.09). Feeding bamboo leaf extracts did not significantly alter milk yield, but the quality was improved as the percent protein was higher in the AOB group. It is not known if changes in metabolites can be correlated with improvements in the quality of milk from AOB cows.


Table 2. Effects of bamboo leaf extracts on lactation performance of dairy cows.
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Diversity and Abundance of Milk Microbiota

In total, 717,745 verified sequences from 12 samples were available for downstream analysis. The samples had a mean length of 308 base pairs with > 99% depth coverage, which indicated a data volume sufficient to accurately show alterations in most bacteria. The rarefaction curve showed that nearly all samples reached their plateaus, confirming the adequacy of the sequencing. The α-diversity indices of the bacterial communities in the two groups are given in Table 3. The differences between the two groups were non-significant, showing that feeding bamboo leaf extract did not alter the richness (ACE and Chao indices) or diversity (Shannon and Simpson indices) (p > 0.05) of the microbiota. These determinations may vary, however, depending on whether the calculations are based on abundance or biomass. No significant differences were found between the groups for the other α-diversity indices.


Table 3. Alpha diversity indices of milk bacteria.
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The determination of β-diversity was made by principal coordinates analysis (PCoA) with weighted UniFrac metrics used to identify microbial distinctions between the two groups (Figure 1). PCoA revealed that principal coordinates 1 and 2 explained 45.73 and 26.74% of the total variance, respectively.


[image: Figure 1]
FIGURE 1. Principal coordinates analysis of bacterial communities in milk from lactating cows fed TMR with supplementation of 0 (CON) and 60 g/d of bamboo leaf extracts (AOB), n = 6. PCoA, principal coordinates analysis; TMR, total mixed ration.


Determinations of the relative abundance of taxa in the AOB and CON groups showed that the relative abundance of phylum Firmicutes was significantly decreased with AOB treatment (p = 0.04), while Probacteria had a relatively higher abundance (p = 0.01) relative to the controls (Figures 2A,C). Considering the genera, taxa with a relative abundance of ≥ 1% in at least one sample were ranked, and the top 10 most abundant with differences between the groups are shown in Figures 2B,D. Compared to the CON group, the lower relative abundance of Corynebacterium_1 (p = 0.01), Aerococcus (p = 0.01), and Staphylococcus (p = 0.02) in the AOB group was significant.


[image: Figure 2]
FIGURE 2. Classification of the bacterial community composition identified in milk samples from lactating cows fed TMR with supplementation of 0 (CON) and 60 g/d of bamboo leaf extracts (AOB), n = 6. (A) Phylum level. (B) Genus level. (C) Differences between the relative abundances of five predominant bacterial phyla in milk samples between two groups. (D) Differences between the relative abundances of the 10 predominant bacterial genera in milk samples between two groups. The extended error bar plot was generated using STAMP software. Welch's two-sided test was used, and Welch's inverted test was 0.95. TMR, total mixed ration.


Linear discrimination analysis together with effect-size analysis demonstrated significantly elevated numbers of Aerococcus, Corynebacterium_1, and Staphylococcus and a sizable reduction in Bacteroides, Alloprevotella, Blautia, and Gemella in CON relative to AOB (Figure 3).


[image: Figure 3]
FIGURE 3. The LEfSe analysis identified the most differential abundant taxa between the two groups. Linear discriminant analysis (LDA) scores for the bacterial taxa are differentially abundant between AOB and CON groups. Only the taxa having a p < 0.01 and LDA > 3.5 were shown. LEfSe: linear discrimination analysis together with effect size.




Microbial Functions

Biological function analysis of the milk bacteria was predicted from 16S rRNA gene sequence data using PICRUSt. Identification of the relevant KEGG pathways (L-III) revealed 19 substantial category differences between the AOB group and the CON group (Student's t-test, p < 0.05; Figure 4), and eight of them that were partially related to metabolism (L-I) were significantly increased in the AOB group, namely, glycosaminoglycan degradation, glycosphingolipid biosynthesis, glucan degradation, starch and sucrose metabolism, secondary bile acid biosynthesis, butirosin and neomycin biosynthesis, amino-acid-related enzymes, and flavonoid biosynthesis. Furthermore, the NOD-like receptor signaling cascade and the antigen processing and presentation were involved in the immune functions.


[image: Figure 4]
FIGURE 4. Significantly different abundance of 19 KEGG pathways (level III) of predicted microbial functional composition from 16s rRNA sequencing data with PICRUSt between two groups (n = 6). Highlight KEGG (Red) related to the metabolism (level I). The extended error bar plot was generated using STAMP software. Welch's two-sided test with FDR correction, p < 0.05. KEGG, Kyoto encyclopedia of genes and genomes.




Comparison of Milk Metabolites

A non-targeting metabolomics method was used to determine the milk metabolome after feeding with AOB. Using the statistics results and the VIP values from OPLS-DA (Table 4) 64 differentially expressed metabolites were identified in the milk samples from AOB vs. CON groups were using VIP > 1 and p < 0.05. They consisted mainly of glycerophospholipids, fatty acyls, prenol lipids, glycerolipids, steroids and steroid derivatives, flavonoids, and sphingolipids. Milk from cows receiving AOB contained lower levels of kojibiose, flavonoids, sphingolipids, sphinganine, and lactulose than did CON cows. PCA and OPLS-DA were performed to determine the differences in metabolite profiles between the CON and AOB groups. The PCA score plots (Figure 5A) showed that the CON group samples were distinguishable from the AOB samples. PCs one and two were responsible for 24.3 and 19.7% of the differences. The R2Y = 0.923 and Q2Y = −0.306 at a threshold <0 validated the model (Figure 5B). The OPLS-DA model quality was assessed by the validation plots. The OPLS-DA results indicated that the groups had significant differences in the metabolite composition (Figure 5C), verifying that these two analytical methods were the reliable mirrors of milk metabolite changes resulting from the AOB feeding.


Table 4. Comparison of metabolite contents of milk samples from lactating cows fed TMR with supplementation of 0 (CON) and 60 g/d of bamboo leaf extracts (AOB), n = 6.
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FIGURE 5. Principal component analysis (PCA) score plot (A), permutation test plot (B), and orthogonal partial least-square discriminant analysis (OPLS-DA) (C) of the CON and AOB groups based on the milk metabolites profiles. The percentage variation in the plotted principal components is marked on the axes. Each spot represents one sample, and each group of milk samples is indicated by a different color. CON, red circle; AOB, blue triangle.


Hierarchical clustering analysis (HCA) with a heat map was performed to illustrate the differences in metabolite levels because of the AOB supplementation, and these were easily distinguished from those of the CON group (Figure 6). Glycerophospholipids and fatty acyls were upregulated, while the AOB-downregulated metabolites included moracetin, sphinganine, and lactulose. Enrichment analysis showed that metabolic pathways, such as sphingolipid signaling, glycerophospholipids metabolism, sphingolipid metabolism, and necroptosis were significantly affected in response to AOB supplementation (Figure 7).


[image: Figure 6]
FIGURE 6. Hierarchical clustering analysis (HCA) and heat map for different milk metabolites from the CON and AOB groups. The heatmap shows the significantly changed metabolites between the two groups. Columns in the heatmap represent one sample, and rows represent one metabolite. The color bar showing green to red indicates the relative content of the metabolites (n = 6).



[image: Figure 7]
FIGURE 7. Kyoto encyclopedia of genes and genomes pathway enrichment analysis based on the changed metabolites between the CON and AOB groups. *p < 0.05, **p < 0.01, ***p < 0.001; Fisher's exact test with BH correction. KEGG, Kyoto encyclopedia of genes and genomes.




Relationship Between Milk Microbial Communities and Metabolite Production

Based on Spearman's correlation coefficients clear correlations were observed between the significantly affected milk microbiota (at the genera level) and metabolite composition (0.5 < r < −0.5, p < 0.05). Comparison of the metabolite profiles in the two groups showed significant differences with a strong correlation to the type of bacteria (Figure 8). Relative abundances of Staphylococcus, Ignavigranum, Aerococcus, Corynebacterium_1, Massilia, and Xanthomonas were strongly related to levels of specific metabolites (Figure 8, top). Staphylococcus was positively correlated with moracetin but negative for pregnanediol. The significantly decreased metabolite PS[18:0/18:2(9Z,12Z)] was positively correlated with Paracoccus, Brevundimonas, Stenotrophomonas, and Massilia, while SM (d18:1/12:0) was associated with most of the bacterial genera identified. Gentisic acid was negatively correlated with Staphylococcus and Aerococcus but positively correlated with Massilia. Overall, these results indicated that in response to dietary AOB supplementation, milk microbiota was associated with significant changes in metabolite levels, especially those related to the sphingolipid metabolism.


[image: Figure 8]
FIGURE 8. Correlation analyses between milk bacteria genus and altered metabolite levels in the CON and AOB groups. Each row in the graph represents a genus, each column represents a metabolite, and each lattice represents a Pearson correlation coefficient between bacteria and metabolites. Red represents a positive correlation, while blue represents a negative correlation (*0.01 < p < 0.05; **0.001 < p ≤ 0.01; ***p < 0.001).





DISCUSSION

We have shown that bamboo leaf extract moderately increased milk protein and decreased SCC tendency. Although we did not observe any changes in the milk microbiota diversity in the AOB group at the phylum level, the numbers of Firmicutes significantly decreased and the relative abundance of Probacteria was significantly increased relative to the CON group. The well-recognized functional data on milk bacterial communities showed that their richness and diversity were strongly dependent on the health of the animals (26, 33, 34). Thus, we propose that AOB feeding affected the milk microbiota of the animals, which in turn resulted in the observed changes in the milk protein levels.

The metabolites identified in the AOB group were strongly associated with the sphingolipid signaling pathway, glycerophospholipid metabolism, and sphingolipid metabolism. Previous studies demonstrated that sphingolipid metabolites could act as signaling molecules to modulate a range of functions related to immune responses and inflammation (35). This might be associated with the AOB-mediated decrease in SCC. Interestingly, many of the metabolites detected were significantly associated with potential pathogens, such as Staphylococcus, Massilia, and Aerococcus. Taken together, the findings demonstrate the power of analyzing the correlations between the microbiota of an animal and identifiable metabolic changes in testing feed additives such as bamboo leaf extract for their effects on improving animal health, milk production, and quality.

The mechanistic insights into how AOB alters the milk microbiota were strengthened by the findings obtained in this study. First, milk microbiota composition was significantly shifted at the phylum and genera level in the AOB group. Plant flavonoids have been reported to have anti-inflammatory activity and antimicrobial properties in dairy cows (36–38), specifically through their influence on the rumen or gut microbiota (4, 39, 40). The study of the effect of AOB showed similarities in terms of the relative abundance of Firmicutes, which was significantly decreased, while Probacteria was elevated. These species are also found in the rumen microbiome (41, 42), and we hypothesize that microbial transfer between the rumen and the udder occurred. Recent reports provide evidence for an enteromammary pathway by means of the blood or lymph in humans and mice (43, 44), and the passage from mothers to neonates from gut to breast milk (45). We also found that the relative abundance of Corynebacterium_1, Aerococcus, and Staphylococcus were decreased by the AOB treatment. These are the most frequently seen genera in the milking area and are considered to be the leading candidates for IMI (46–48). It is well-known that physiological changes affect milk production and quality, udder health, and dairy sustainability. In addition, the milk microbiota and metabolites can be affected by many factors, such as dynamic physical, chemical, and predatory environments (49, 50). These mechanistic insights into the responses of milk microbiota to AOB support its potential as a candidate prophylactic or therapeutic feed additive. The antibacterial activity of AOB also makes it a possible replacement for the large-scale overuse of antimicrobials in the dairy industry. The specific correlations between the effects of AOB on the udder microbiota and the presence of certain metabolites have important implications for understanding how the milk microbiota influences udder health and susceptibility to mastitis.

Current research has highlighted the close connection between the milk bacterial composition and SCC in dairy cows (18, 48). This suggests a significant contribution of these microbes for maintaining homeostasis in the udder ecosystem to protect the mammary gland from pathogens (51, 52). In agreement with this data, we showed that SCC was significantly decreased by AOB along with the number of pathogens such as Staphylococcus. Previous studies have suggested that flavonoids decreased SCCs in milk from dairy cows (4, 53). However, investigations of the use of flavonoids extracted from the bamboo leaf in dairy cows are limited. The previous study supported AOB as a potentially important compound for treating subclinical mastitis and mild-lactation in dairy cows (7, 8, 54). Accompanied by a decrease in the level of inflammatory factors and the SCC, the findings shed new light on the benefits of flavonoid supplementation in the ruminant feed. How the milk microbiota is involved in triggering inflammatory and immune regulation, leading to a decrease in SCC is a subject that still needs further investigation.

In this study, 64 differentially expressed milk metabolites were identified in milk sampled from cows receiving AOB-supplemented feed compared to controls given only the usual feed. The data were classified according to the human metabolome database (HMDB) and the KEGG. The most significant changes in milk metabolites from AOB treatment occurred for glycerophospholipids, particularly those in the sphingolipid metabolic pathways (Table 4, Figure 7). Previous studies suggested that metabolomics could be utilized to provide important insights into the physiological and biochemical status of an organism (55). Hence, these findings highlight the role of AOB function in response to metabolites. We showed that glycerophospholipids and fatty acyls were significantly upregulated in the AOB group compared with the CON group. In contrast, 15 metabolites were significantly downregulated in the AOB group, namely, moracetin, sphinganine, and lactulose. Previous studies demonstrated that flavonoids as bioactive compounds in milk play an important role in antioxidant defense (56). HPLC analysis of specific types of forage fed to cows in comparison to the metabolite content of their milk suggested that flavonoids affected the quality and sensory traits of the milk and milk products (57, 58). Therefore, the data indicate that glycerophospholipids and fatty acyls could be potential biomarkers in milk for gauging the response to feed supplementation with flavonoid-containing plant extracts such as AOB.

In addition, it has been demonstrated that alterations in the microbiota can affect the systemic metabolite composition (59). In this previous study, we proved that dysbiosis of the milk microbiota of cows with subclinical Streptococcus agalactiae mastitis was significantly correlated with some metabolic biomarkers. Not only did we identify differences in the metabolite profiles of milk from cows with subclinical S. agalactiae mastitis, but also pinpointed the likely pathways that generated these metabolite differences (13). Furthermore, the milk microbiota of primiparous cows with subacute ruminal acidosis, which is a metabolic disorder attributed to dysbiosis of the rumen and hindgut microbiota, were found to include pathogenic and opportunistic bacteria, such as Stenotrophomonas, Streptococcus, Pseudomonas, and Alcaligenes (60). Consistent with this evidence, changes in the bacterial population types and abundance in the milk can not only affect the udder health and physiology, but also have adverse effects on the milk quality, production, dairy sustainability, and mastitis susceptibility (20–22). These consistent associations support the hypothesis that changes in milk microbial communities may be related to changes in the milk composition or the metabolic processes involved in milk synthesis, specifically through dietary changes, such as AOB feed additives.

One especially intriguing observation from this study was that gentisic acid was found to be significantly elevated (3.10-fold) in the AOB group compared with the control group (CON). It had previously been demonstrated that gentisic acid is a by-product of tyrosine and benzoate metabolism and exhibits antioxidant, antirheumatic, anti-inflammatory, and antibiotic activities (61, 62), which might help to explain the role of AOB in decreasing SCC in milk and altering the microbiota. Quercetin is a flavonoid that affects angiogenesis and vascular inflammation in ruminants (37). Its anti-inflammatory mechanism was studied by administering multiple intramammary treatments to dairy cows with clinical mastitis resulting in a decrease in SCC (53). In the present study, quercetin was decreased by AOB supplementation, yet a significant positive correlation was found between quercetin and the presence of Corynebacterium_1, Aerococcus, and Staphylococcus. It is well-known that pregnanediol promotes the development of the mammary gland lobule and acinus based on the estrogen assist (63). In this study, we showed that pregnanediol was significantly increased by 7.17-fold in the AOB group, which supports the idea that AOB can stimulate milk production, and also account for the negative correlation between pregnanediol and Staphylococcus. Additionally, bovine lymphocyte antigen (BoLA) gene polymorphism effects on the milk microbiota directly or indirectly regulated the mammary gland immune system and may be important in the future development of novel strategies for preventing or treating mastitis (64).

Although scientific evidence for the in vivo efficacy of bamboo leaf extract in dairy cows is limited, the evidence so far supports its health-promoting properties. This study does have some limitations, however. Milk was only sampled during the first and last weeks of the sampling period. If samples were collected every week and the correlation index was calculated, the time at which bamboo leaf extract had the strongest effect and the changes to the milk microbiota at that time could be explored. Also, the effect of AOB on immune regulation warrants further study. Although the correlation between the changes to the microbiota and the content of metabolite biomarkers has been studied, further exploration will be required to understand the mechanism linking the alterations of the microbiota and metabolites to the bamboo leaf extract treatment. In this previous study, we found relatively low bioavailability of AOB administered in the rumen because of degradation by ruminal bacteria. It is not known if AOB would be absorbed through the small intestine in ruminants if degradation was blocked. In addition, the major bioactive elements in bamboo leaf extract need to be identified by their chromatographic fingerprints.



CONCLUSIONS

Taken together, the data indicate that AOB supplementation increased milk protein and decreased SCC, and also changing the structures of bacterial communities in milk. Moreover, AOB could decrease the relative abundance of Corynebacterium_1, Aerococcus, and Staphylococcus. The results also revealed substantial modifications in the metabolites associated with AOB supplementation and correlated with integrated pathway analyses, suggesting that some of the 64 different types of metabolites identified in the milk may be biomarkers for the AOB activity. The results from the milk metabolic pathway analysis are promising for the investigation of the antimicrobial and anti-inflammatory properties of the bamboo leaf extracts that are closely associated with the metabolic pathways for glycerophospholipid and sphingolipid metabolism. The complexity of the mechanisms involving immune regulation and associated metabolic pathways provides a great incentive for exploring the use of AOB as a feed additive to improve the mammary gland health of dairy cows.
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The objectives of this study were to evaluate changes in profiles of odd- and branched-chain fatty acids (OBCFA), including pentadecanoic acid (C15:0), 13-methyltetradecanoic acid (iso-C15:0), 12-methyltetradecanoic acid (anteiso-C15:0), 14-methylpentadecanoic acid (iso-C16:0), heptadecanoic acid (C17:0), 15-methylhexadecanoic acid (iso-C17:0), and 14-methylhexadecanoic acid (anteiso-C17:0) during in vitro fermentation of pure carbohydrates mixtures in the buffer-rumen fluid. The second objective was to correlate the changes in the OBCFA profile to the corresponding changes in ruminal fermentation parameters, microbial crude protein (MCP) synthesis, and bacterial populations. Five pure carbohydrates mixtures containing different cellulose: starch (C:S) ratios, i.e., 0:100, 25:75, 50:50, 75:25, and 100:0, were incubated for 6, 12, 18, and 24 h in vitro. The results showed that there was significant interaction (P < 0.05) between C:S and incubation time for changes in all OBCFA profiles, except iso-C17:0. The highest concentration of total OBCFA (3.94 mg/g dry matter; DM) was observed in the residues after 24 h of fermentation when the C:S was 0:100, while the lowest concentration of OBCFA (1.65 mg/g DM) was produced after 6 h of incubation when the C:S was 50:50. The correlation analysis revealed that the concentration of iso-C16:0 might be a potential marker for the estimation of total volatile fatty acids (ρ = 0.78) and MCP synthesis (ρ = 0.82) in the rumen. Compared to starch degrading bacteria, cellulolytic bacteria had stronger correlations with OBCFA concentrations, and the strongest correlation was found between the population of Ruminococcus flavefaciens with C15:0 concentration (ρ = 0.70). Notably, this is the first paper reporting relationship between OBCFA with rumen fermentation products and microbial protein synthesis based on fermentation of pure carbohydrates mixtures in vitro, and thus avoid confounding interference from dietary protein and fat presence in the in vivo studies. However, more in-depth experiments are needed to substantiate the current findings.

Keywords: odd- and branched-chain fatty acids, rumen fermentation products, microbial protein, volatile fatty acids, bacterial population


INTRODUCTION

Odd- and branched-chain fatty acids contents are promising indices for predicting ruminal fermentation characteristics and microbial matter leaving the rumen (1–3). The contents of odd- and branched-chain fatty acids (OBCFA) include pentadecanoic acid (C15:0), 13-methyltetradecanoic acid (iso-C15:0), 12-methyltetradecanoic acid (anteiso-C15:0), 14-methylpentadecanoic acid (iso-C16:0), heptadecanoic acid (C17:0), 15-methylhexadecanoic acid (iso-C17:0), and 14-methylhexadecanoic acid (anteiso-C17:0). The OBCFA are present in microbial membrane lipids (4), and its profile reflects the microbial composition and as such, ruminal fermentation characteristics.

Theoretically, OBCFA is produced from 2-carbon elongation of propionate (C15:0 and C17:0), isobutyrate (iso-C14:0 and iso-C16:0), isovalerate (iso-C15:0 and iso-C17:0), and 2-methyl-butyrate (anteiso-C15:0 and anteiso-C17:0) with the incorporation of malonyl-CoA fatty acid synthetase, which provides the 2-carbons for elongation (4, 5). Therefore, it is not surprising that several studies have reported close relationships between OBCFA and ruminal volatile fatty acids (VFA) composition both in vitro (1) and in vivo (3). For example, the bacterial OBCFA explained 80% of the variations in acetate, propionate, and butyrate under an in vitro culture system (1). However, the study of French et al. (6) demonstrated that infusion of large amounts of VFA failed to alter OBCFA composition of ruminal content in mid-lactation dairy cows.

Earlier studies on the investigations of OBCFA profile have used a variety of natural feedstuffs, and the effect of the content and composition of dietary fat on OBCFA composition was always one of the main components of these studies (1, 6). The variation in content and composition of dietary fat might likely have altered the OBCFA profile by changing the microbial population in the rumen. As a result, these findings could not be attributed clearly to individual dietary constitutes such as starch and fiber; thus, may not extend well to different feedstuffs.

Since most OBCFA arise from microbial membrane lipids (4), greater concentrations of these fatty acids indicate greater microbial yield. A preliminary study (7) has confirmed that the ratios of purine bases:OBCFA (1.16) and uracil:OBCFA (0.34) were constant in mixed rumen bacteria of dairy cows. Similarly, our preliminary study confirmed that concentrations of ruminal OBCFA, especially those of odd-chain fatty acids and isomers of 15 carbon, were significantly correlated with pyrimidine, cytosine, and total nucleic acid bases in dairy cows (8). Although these nucleic acids are of microbial origin and widely used to quantify bacterial protein yield, they are not reliable indices alone because their ratio with nitrogen (N) content considerably varies between solid-associated bacteria and liquid-associated bacteria in the rumen (9). To the best of our knowledge, none of the previous studies has measured the true synthesis of microbial crude protein (MCP) in these experiments. Therefore, the relationship between OBCFA concentration and MCP yield has not been well-determined.

In addition, different bacteria consist of different OBCFA compositions in the rumen (10, 11). As well-reviewed by the study of Vlaeminck et al. (12), fibrolytic bacteria, e.g., Ruminococcus flavefaciens and Ruminococcus albus, are usually enriched in iso-fatty acids, while starch degrading microorganisms, e.g., Selenomonas ruminantium, Ruminobacter amylophilus, and Streptococcus bovis, contain a relatively greater amount of linear odd-chain fatty acids and a small amount of branched-chain fatty acids. In comparison, strains of Butyrivibrio have a more heterogeneous profile of OBCFA (11). Regarding the relationship of OBCFA concentrations with bacterial abundance in the rumen, little information is available, although data from our preliminary work indicated that C17:0 can be used to estimate the cellulolytic bacterial population in mixed rumen bacteria. However, more in-depth studies are required to build up a solid conclusion.

In this study, pure carbohydrates, i.e., cellulose and starch, were selected as fermentation substrates to avoid confounding effects of dietary fat on OBCFA synthesis during rumen fermentation. We hypothesized that the profiles of OBCFA would be different during ruminal fermentation of substrates with different ratios of cellulose and starch (C:S), and the variation in OBCFA composition might be correlated to changes in rumen fermentation characteristics and MCP synthesis in vitro. Therefore, the objectives of this study were to investigate changes in (1) OBCFA profiles, (2) rumen fermentation parameters, (3) MCP synthesis, and (4) relevant bacterial populations during in vitro rumen fermentation of substrates with different C:S ratios. The second objective was to correlate the changes in the OBCFA profile to the corresponding changes in ruminal fermentation parameters, MCP synthesis, and bacterial populations.



MATERIALS AND METHODS

The animal use protocol was approved by the Animal Care and Use Committee, Northeast Agricultural University (Harbin, China). All the procedures were conducted, following the University standard biosecurity rules.


In vitro Incubation and Sample Collection

Carbohydrate mixtures containing different ratios of pure cellulose and starch (C:S = 0:100, 25:75, 50:50, 75:25, and 100:0) were obtained from Macklin (Macklin Biochemical Co., Ltd, Shanghai, China), and used as fermentation substrates for in vitro incubations. From each of the five substrates, subsamples (1 g) were weighed and transferred into 150 ml culture flasks for subsequent in vitro incubation for 6, 12, 18, and 24 h in a buffered-rumen fluid. For each incubation period, three replicate samples of each substrate were used. The incubations were carried out in two replicate runs within 2 weeks.

Rumen fluid was obtained from three rumen-fistulated Holstein cows in warm (39°C) thermostat bottles which were pre-flushed with CO2. The cows were fed a balanced ration (Table 1), formulated according to the NRC (13), at 08:00 and 16:00 h daily. The rumen fluid was strained through four layers of cheesecloth and the residues were discarded. The filtered fluid was transferred to a 4 L glass jar and mixed with pre-warmed (39°C) buffer solution in 1:2 (V/V) under a continuous supply of CO2 to ensure an anaerobic environment. The buffer solution was prepared according to the study of Wang et al. (14) and contained NH4HCO3, NaHCO3, Na2HPO4, KH2PO4, MgSO4•7H2O, CaCl2•2H2O, MnCl2•4H2O, CoCl2•6H2O, FeCl3•6H2O, C12H6NO4Na, trypticase peptone, C3H7NO2S•HCl•H2O, and Na2S•9H2O. The buffered rumen fluid was transferred to the dispenser with a volume range of 100 ml and connected with CO2. Before adding the buffered rumen fluid, the incubation flasks containing the samples were flushed with CO2. Afterward, 100 ml of the buffered-rumen fluid was added through the walls to each flask. The flasks were slowly and smoothly stirred to prevent adhesion of particles above the fluid to the bottle walls. The flasks were incubated in a shaking water bath at 39°C with 40–50 movements per minute for 24 h. Triplicate flasks containing only mixed buffered-rumen fluid were also incubated in each run as blank control. After 6, 12, 18, and 24 h of incubation, a total of 18 flasks (15 treatments and 3 blanks) were taken out of the incubator and immediately placed in the ice to end the fermentation. Subsequently, approximately 5 ml of fermented inoculum from each flask was subsampled for the measurements of pH value (Sartorius, pH-Meter PB-10, Goettingen, Germany), ammonia nitrogen (NH3-N), and volatile fatty acids (VFA) concentrations. Then another 4 ml of inoculum was snap-frozen in LN and stored at −80°C for further analysis of rumen bacterial populations. Finally, the remaining fermented samples were freeze-dried, weighed, and analyzed for OBCFA and MCP concentrations.


Table 1. Ingredients and chemical compositions of diets for donor animals.
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Measurement of Odd- and Branched-Chain Fatty Acids

The OBCFA were determined according to the procedure described by the study of Sukhija and Palmquist (15). In brief, around 200 mg of freeze-dried fermentation mixture was weighed and added into each nylon-cap glass tube containing 2 mg of non-adecanoic acid (C19:0, internal standard; Macklin Biochemical Co., Ltd, Shanghai, China). Then the samples were treated with 3 ml of 5% methanolic HCl and incubated at 70°C for 2 h. After cooling to room temperature, 5 ml of 6% K2CO3 was added which was followed by 2 ml of benzene and vortexed for 30 s. Following centrifugation at 1,500 rpm for 5 min, the upper organic phase was transferred, dried with N2, and reconstituted in 1 ml of benzene for gas chromatography (GC) analysis.

The methylated fatty acids were analyzed by Shimadzu GC analyzer (GC-2010, Shimadzu, Tokyo, Japan), equipped with flame ionization detector (FID), an Equity™-1 capillary column (15 m ×0.1 mm ×0.1 μm; Supelco, Inc., Sigma-Aldrich, 28039-U), and N2 as the carrier gas. The injector and detector were maintained at 280°C. Individual OBCFA was identified according to the peak and retention time of fatty acid standards, including iso-C14:0, iso-C15:0, anteiso-C15:0, C15:0, iso-C16:0, iso-C17:0, anteiso-C17:0, C17:0, and iso-C18:0 (Larodan Fine Chemicals, Malmo, Sweden).



Analyses of Ruminal Fermentation Parameters

The concentration of NH3-N was determined using the phenol-hypochlorite colorimetric method according to the study of Broderick and Kang (16). The VFA concentrations were measured by using GC-2010 (Shimadzu Laboratory Supplies Co., Ltd, Shanghai, China) equipped with a flame-ionization detector and a capillary column (HP-Innowax, 19091N-133, Agilent Technologies, Santa Clara, CA), as described by the study of Zhang et al. (3).

The MCP synthesis was estimated according to the study of Hall and Herejk (17). Briefly, 300 mg of freeze-dried fermentation residue was weighed, transferred into a 50 ml flask containing 10 ml of trichloroacetic acid (TCA; 19.4%), and the mixtures were then placed on ice for 45 min. Following centrifugation at 7,719 × g for 20 min, the whole flask content was filtered through Whatman 541 filter paper (Fisher Scientific, Atlanta, GA). Subsequently, the filtrate was filtered again through a Whatman GF/A glass fiber filter (Fisher Scientific, Atlanta, GA) using 2% TCA to rinse the flask. Both Whatman 541 and GF/A filters were dried at 55°C overnight and then subjected to Kjeldahl analysis.



DNA Extraction and qPCR Analysis

Total DNA of ruminal microbes was extracted using the cetyl trimethyl ammonium bromide (CTAB) plus bead-beating method (18). The air-dried DNA pellet was re-suspended in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) and was stored at −20°C until further processing (3). The DNA purity (A260/280) was detected using a microplate spectrophotometer (SpectraMax 190, Sunnyvale, USA). Then the DNA samples were diluted to 10 ng/μl for real-time qPCR amplification. The qPCR primers used in this study (Table 2) were assembled according to previous studies (19–21) and obtained from Sangon Biotech Co. Ltd. (Shanghai, China). By following the manual instruction, the qPCR was performed using Takara SYBR® Premix Ex Taq. Synthesis Kit (Code No. RR420A, Takara, Dalian, China). The relative abundance of bacterial species was expressed as a proportion in total estimated bacterial 16S rDNA by the calculation of relative abundance = 2−(Cttarget−Cttotalbacteria), where Ct represents threshold cycle (23).


Table 2. Primers used for real-time PCR quantification.
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Statistical Analysis

The data were analyzed using PROC MIXED model in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA). The model included the fixed effects of different carbohydrate substrates (C:S ratio = 0:100, 25:75, 50:50, 75:25, and 100:0), incubation time (6, 12, 18, and 24 h), their interaction (C:S ratio × incubation time), and random effect of experimental run. Statistical significance was declared at P < 0.05. To investigate the relationships between OBCFA and rumen parameters, a Spearman's rank correlation analysis was performed in this study. A significant correlation was defined P < 0.05 and a strong correlation was defined when −0.5 > ρ > 0.5 and P < 0.05, where ρ is defined as the Spearman rank-order correlation coefficient. In this study, only significant correlations are shown.




RESULTS


Effect of Different Ratios of Cellulose and Starch on Ruminal OBCFA Synthesis During 24 h of Incubation in vitro

Data on the effect of the different pure C:S ratios on ruminal OBCFA synthesis (mg/g DM) during 24 h incubation in vitro are summarized in Table 3. All measured OBCFA including iso-C15:0, anteiso-C15:0, C15:0, iso-C16:0, iso-C17:0, and anteiso-C17:0 was altered (P < 0.001) by C:S ratios and incubation time. However, the significant interactions (P < 0.01) between C:S ratios and incubation time (except for iso-C17:0), prohibit unequivocal comparison of main effects. Among OBCFA, anteiso-C15:0 and C15:0 were the top two abundant fatty acids, accounting for 17.6–23.6% and 15.4–38.1% of the total OBCFA, respectively. The total OBCFA concentration ranged from 1.65 to 3.94 mg/g DM in different residual samples after in vitro incubations. The highest concentration of total OBCFA (3.94 mg/g DM) was recorded in the fermented mixture after 24 h fermentation when the C: S ratio was 0:100, while the lowest concentration of OBCFA (1.65 mg/g DM) was produced after 6 h of incubation when the C:S ratio was 50:50. The concentrations of C15:0, iso-C16:0, iso-C17:0, anteiso-C17:0, and C17:0 were linearly and/or quadratically changed (P < 0.05) as cellulose proportion increased to 100% in the substrates. The OBCFA concentration varied quadratically (P < 0.05), wherein it decreased as the cellulose ratio increased up to 50%, and then increased gradually.


Table 3. Effect of different ratios of cellulose and starch (C:S) on ruminal OBCFA synthesis (mg/g DM) during 24 h of incubation in vitro.
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The concentrations of iso-C15:0, iso-C16:0, iso-C17:0, total iso-fatty acids (TIFA), total anteiso-fatty acids (TAFA), total branched-chain fatty acids (TBCFA), and OBCFA linearly increased (P < 0.05), while the remaining OBCFA parameters were altered in both linear and quadratic fashions (P < 0.05) in all fermentation substrates, as incubation time increased within 24 h ruminal incubation in vitro.



Effect of Substrates With Different Ratios of Cellulose and Starch on Ruminal Fermentation Parameters and Microbial Protein Synthesis During 24 h Incubation in vitro

Except for acetate, total VFA (TVFA), pH and MCP synthesis, and all measured ruminal fermentation parameters had significant interactions (P < 0.05) between C:S ratio and incubation time, prohibiting unequivocal comparison of main effects (Table 4). The molar proportions of propionate, isobutyrate, butyrate, isovalerate, and acetate/propionate altered in linear and quadratic fashions (P < 0.05), whereas TVFA concentration remarkably decreased linearly (P < 0.05) as the inclusion of cellulose in the substrates increased. The in vitro ruminal NH3-N concentrations increased (linear or quadratic; P < 0.05) when the starch supply reduced in the substrates. The microbial crude protein synthesis decreased linearly (P < 0.05) as C:S ratio increased. The total VFA concentration increased while pH value and NH3-N concentrations decreased linearly as incubation time increased (P < 0.05).


Table 4. Effect of different ratios of cellulose and starch (C:S) on ruminal fermentation parameters and MCPa concentration during 24 h of incubation in vitro.
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Effect of Substrates With Different Ratios of Cellulose and Starch on Bacterial Population Composition During 24 h Incubation in vitro

In the present study, three cellulolytic bacteria (R. albus, R. flavefaciens, and B. fibrisolvens) and three amylolytic bacteria (S. ruminantium, R. amylophilus, and S. bovis) populations were measured using the real-time qPCR system (Table 5). Among the bacterial population, R. flavefacien (2.23–29.28%) and R. amylophilus (0.3–28.91%) were the top two abundant bacteria during 24 h of in vitro incubation. The third predominant bacterium that is S. ruminantium which accounted for.42–1.11%, was not affected (P > 0.05) by C:S ratio and incubation time. Except for S. ruminantium, significant interactions (P < 0.05) between C:S ratio and incubation time was observed for all bacterial population. The proportions of investigated cellulolytic bacteria in the present in vitro study increased linearly or quadratically (P < 0.05), while those of Ramylophilus and S. bovis decreased (P < 0.05) as cellulose inclusion increased in the substrates. For each kind of mixed carbohydrate substrates, the relative abundances of all the bacteria (except S. ruminantium) had marked reductions overtime during the 24-h incubation, in linear or quadratic fashions (P < 0.05).


Table 5. Effect of different ratios of cellulose and starch (C:S) on ruminal bacteria populationsa during 24 h of incubation in vitro.
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Correlation of OBCFA Synthesis With Fermentation Parameters and Bacterial Populations During 24 h Incubation in vitro

Data used for correlation analysis are summarized in Table 6. Figure 1 shows results of Spearman's rank correlation analysis between ruminal fermentation products and OBCFA synthesis during 24 h in vitro rumen fermentation of the different mixtures of pure carbohydrates. In general, strong correlations were observed between the molar proportion of acetate and concentration of OBCFA than between other individual VFA molar proportion and concentration of OBCFA (Figure 1). The acetate molar proportion was negatively correlated (P < 0.05; ρ = −0.32 to −0.69) with all measured OBCFA concentrations. Within these correlations, 10 were relatively stronger (ρ < −0.50). The molar proportion of propionate was positively correlated with concentrations of C15:0 (P < 0.05; ρ = 0.77), TC15 (TC15 = iso-C15:0 + anteiso-C15:0 + C15:0; P < 0.05; ρ = 0.67) and TOCFA (TOCF = C15:0 + C17:0; P < 0.05; ρ = 0.73), while the molar proportion of isobutyrate (P < 0.05; ρ = −0.60) and butyrate (P < 0.05; ρ = 0.65) had significant correlation with iso-C16:0 concentration. The concentration of TVFA had positive correlation with all measured OBCFA parameters (P < 0.05; ρ = 0.49–0.78), except C15:0, TC15 and TOCFA (P > 0.05).


Table 6. Summary statistics of variables utilized for the correlation analysis.
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FIGURE 1. Correlation analysis between ruminal fermentation parameters/MCP and OBCFA concentrations during 24 h of incubation in vitro. Color in round shape represents significant correlations (P < 0.05) and black square means −0.50 > ρ > 0.50.


Except C15:0, the concentrations of OBCFA were negatively correlated with NH3-N (P < 0.05; ρ = −0.39 to −0.73) and positively correlated with MCP synthesis (P < 0.05; ρ = 0.37–0.82). In our study, the strong correlation of MCP concentration was observed with iso-C16:0 (ρ = 0.82) and anteiso-C17:0 (ρ = 0.66) concentrations.

We further investigated the correlations between OBCFA and bacterial populations (Figure 2). Stronger correlations were observed between OBCFA production and cellulolytic bacteria (R. albus, R. flavefaciens, and B. fibrisolvens) than between OBCFA and starch-degrading bacteria (S. ruminantium, R. amylophilus, and S. bovis). Notably, the relative abundance of R. albus (P < 0.05; ρ = 0.58) and R. flavefaciens (P < 0.05; ρ = 0.70) were positively correlated with C15:0, while that of B. fibrisolvens abundance was negatively correlated with anteiso-C15:0 (P < 0.05; ρ = −0.57) and iso-C16:0 (P < 0.05; ρ = −0.56). Although statistically significant, the correlation coefficient between OBCFA and S. ruminantium, R. amylophilus, and S. bovis populations were all lower than.50.


[image: Figure 2]
FIGURE 2. Correlation analysis on ruminal bacterial populations and OBCFA concentrations during 24 h of incubation in vitro. Color in Q22 round shape represents significant correlations (P < 0.05) and black square means −0.50 > ρ > 0.50.





DISCUSSION

The concentration of anteiso-C15:0 (17.6–23.6%) and C15:0 (15.4–38.1%) observed in the current study are consistent with those (anteiso-C15:0, 24.7–29.6%; C15:0, 24.9–27.9%) observed by the study of Vlaeminck et al. (1) in fermented mixtures after 21 h incubation (in vitro) of four types of dairy diets. Moreover, the concentration of anteiso-C15:0 and C15:0 observed in this study was consistent with those observed in rumen bacteria (anteiso-C15:0, 23.76%; C15:0, 25.7%) collected from Holstein cows under different feeding regimes (24, 25). The study of Vlaeminck et al. (26) reported a close relationship (r = −0.77) between anteiso-C15:0 concentration and dietary forage inclusion levels in the diet of dairy cows. However, large changes in anteiso-C15:0 concentrations were not observed in this study with increasing levels of cellulose during in vitro incubation. Generally, the odd-chain fatty acids were formed using propionate as a primer (4). As for the branched-chain fatty acids, the iso-fatty acids were produced from isobutyrate and isovalerate, while anteiso-fatty acids originated from 2-methybutyrate in ruminants (12). The synthesis of these short-chain fatty acids was not only influenced by diet composition and feeding strategies (3, 27), but also highly dependent on the ruminal environment and physiological conditions of dairy cows (28). Indeed, studies regarding ruminal OBCFA synthesis in cows fed rations with different ratios of forage and concentrate have shown contrasting results. With increasing inclusion levels of forages in the diet, total OBCFA synthesis has been reported to be linearly increased in the study of Vlaeminck et al. (26). However, the study of Zhang et al. (3) observed that with increasing inclusion levels of forages in the diet OBCFA synthesis changed quadratically in rumen contents after 6 h morning feeding, which is partially in line with our data. As known, the OBCFA, especially BCFA, was mainly derived from bacteria and they are the unique components of cell membrane lipids in bacteria (4), but also exist in rumen protozoa (24, 25). Therefore, the increase in OBCFA synthesis during the 24 h incubation in the present study, indicated that the microorganisms were keeping a strong reproducibility and proliferation during the whole in vitro incubation. This represented a good condition for microbial metabolic process and fermentation activities. However, the decreases in ruminal OBCFA synthesis during 12–17 h after feeding (2, 29) mainly disagree with our results. This might be due to the characteristics of the ruminal in vitro culture system, in which the fermentation products, e.g., VFAs, could not outflow nor be absorbed, as done by rumen mucosal epithelia, which might have contributed to the accumulation of OBCFA over time, as observed in our study.

The observed VFA profiles in the present study are in accordance with recent studies of Wang et al. (23) and Li et al. (30) who all reported that increasing dietary forage proportion decreased TVFA production in the rumen of dairy cows. The increasing proportion of fermented carbohydrates, such as starch, enhanced the microbial population and they capture more of the released NH3-N to synthesize MCP (30), which partly explained our results. As well-known, the short-chain fatty acids (e.g., VFA) produced during rumen fermentation were readily absorbed by rumen epithelial papilla in ruminants (31). However, failure of VFA absorption in the batch in vitro system resulted in higher accumulation of VFA and a consequent decrease in pH values as incubation time progresses, which explained our findings. Furthermore, the decrease in NH3-N concentrations overtime might suggest that these released nutrients were utilized by microorganisms, which corresponded well with the increased production of MCP overtime during the 24 h of incubation in our in vitro study.

Increasing dietary forage proportion promotes the growth of cellulose-degrading bacteria and reduces the relative abundance of amylolytic bacteria in the rumen (23, 32), which supported the findings of our study. The observed reductions of the relative abundance of all the bacteria (except S. ruminantium) during 24 h incubation indicated microbial lysis and decomposition, as previously reported for a batch in vitro system by the study of Wells and Russell (33). Moreover, the study of Cone et al. (34) observed that microbial activities in rumen fluid stored anaerobically at 39°C for 24 h was considerably decreased as compared with fresh inoculum.

Rumen fermentation products, namely short-chain fatty acids, are usually regarded as precursors for estimation of OBCFA synthesis (12). The quantities of OBCFA have been reported to be a potential predictor for microbial growth (2), since these fatty acids, especially branched-chain fatty acids, are the consistent components of bacterial membrane lipids (4). However, studies exploring the relationship between rumen VFA and OBCFA, have shown mixed results. Despite this, our results are in part consistent with previous findings of an in vitro incubation trial with nine mixed dairy cow rations (1), which reported a negative correlation of acetate with C15:0 and iso-C17:0, and a positive correlation of propionate with C15:0. The study of French et al. (6) observed that ruminal OBCFA response was minor, following infusion of large amounts of acetate and propionate. The findings of this study extrapolated that extracellular VFA concentrations did not alter rumen OBCFA concentration. Furthermore, the rumen OBCFA profiles have been reported to be largely determined by the relative abundance of specific microbial strains rather than the availability of precursors (12, 35).

The correlations of OBCFA concentrations with NH3-N should be largely interpreted concerning the utilization and incorporation of NH3-N by rumen microorganisms into MCP, which contain OBCFA in their cell membranes (4). Similarly, the study of Zhang et al. (3) showed that there was a negative relationship between NH3-N and OBCFA in the rumen contents of Holstein cows. Even though data on MCP synthesis was not available in previous works of literature, indirect comparisons could be made. For example, the studies conducted by Vlaeminck et al. (2) and Liu et al. (8) demonstrated that the total OBCFA or the sum of some specific OBCFA, e.g., C13:0, C15:0, iso-C15:0, and C17:0, was closely related to microbial markers, such as uracil and purine bases (2), and pyrimidine (8). The synthesis of microbial protein is a very complex biological process, which is related to many factors such as the activity of the different enzymes, VFA production and ammonia utilization. All these factors influence the activities of the microorganisms, including their reproduction and lysis as well as OBCFA concentration which are present in microbial membrane lipids. Therefore, the strong correlation of MCP concentration with iso-C16:0 and anteiso-C17:0 concentrations observed in our study indicated that these two fatty acids, especially iso-C16:0 were a good index for estimation of microbial flow from the rumen.

Changes in rumen microbial population, which were driven by altered diet composition or environmental conditions (36, 37), might lead to variations in OBCFA concentrations. Based on the available data from pure culture studies, it was evident that the OBCFA compositions were always species-specific (10, 38, 39), or even varied widely in microbial strains (11, 39). Some strains of R. albus spp., e.g., R albus 7, contained a high amount of linear odd-chain fatty acids (40), and this is also supported by the positive correlation between the concentration of C15:0 and TOCFA with R. albus relative abundance in the present study. Several studies have reported that iso-C15:0 is the predominant OBCFA in the pure cultured strains of R. flavefaciens (R. flavefaciens FD1 and C94), accounting for 37–41% of total fatty acids (35, 40). Combining these results, along with the positive correlation between iso-C15:0 and R. flavefaciens in our experiment, indicated that more abundance of this bacteria might produce a high level of iso-acids in the rumen. Increasing dietary forage provision would lead to the rapid growth of cellulolytic bacteria such as R. flavefaciens (23, 41), and results in higher production of iso-C15:0 in the rumen, as expected (3). However, the strongest correlation of R. flavefaciens was with C15:0 concentration in the present study, which seemed to be discrepant with measured cellular fatty acid compositions in pure culture studies (35, 40). As summarized by the study of Vlaeminck et al. (12), B. fibrisolvens had a heterogeneous profile of OBCFA, which might partly explain the negative relationship observed in our study. The observed weak to moderate correlations between amylolytic bacteria and OBCFA in the present study are consistent with the results of the study by Zhang et al. (3), who found a negative correlation between S. ruminantium with anteiso-C17:0 (ρ = 0.21, P < 0.05), and a positive relationship between S. bovis and C15:0 (ρ = 0.44, P < 0.05) and total OBCFA (ρ = 0.37, P < 0.05) in 108 rumen samples obtained from dairy cows fed rations with different ratios of forage and concentrate.



CONCLUSIONS

In vitro ruminal incubation of pure carbohydrate substrates with different C:S ratios, i.e., 0:100, 25:75, 50:50, 75:25, and 100:0, produced different amounts of OBCFA. Except for iso-C17:0, the concentrations of all individual OBCFA were affected (P < 0.05) by the interaction of the C:S ratio and incubation time. The highest concentration of total OBCFA (3.94 mg/g DM) was observed in the fermented mixture after 24 h incubation when the C:S was 0:100, while the lowest concentration of OBCFA (1.65 mg/g DM) was produced after 6 h of incubation when the C:S was 50:50. The odd- and branched-chain fatty acids concentrations were closely correlated to rumen VFA, MCP, and bacterial populations. In particular, the iso-C16:0 concentration might have potential as a marker of estimation of total VFA and MCP concentrations with ρ being.78 and.82, respectively. Compared with starch degrading bacteria, cellulolytic bacteria had relatively stronger correlations with OBCFA profiles. However, to achieve a final accurate conclusion on the relationship of OBCFA with rumen fermentation profiles, more in-depth experiments are needed to substantiate the current findings.
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Obesity has become one of the most serious chronic diseases threatening human health. Its occurrence and development are closely associated with gut microbiota since the disorders of gut microbiota can promote endotoxin production and induce inflammatory response. Recently, numerous plant extracts have been proven to mitigate lipid dysmetabolism and obesity syndrome by regulating the abundance and composition of gut microbiota. In this review, we summarize the potential roles of different plant extracts including mulberry leaf extract, policosanol, cortex moutan, green tea, honokiol, and capsaicin in regulating obesity via gut microbiota. Based on the current findings, plant extracts may be promising agents for the prevention and treatment of obesity and its related metabolic diseases, and the mechanisms might be associated with gut microbiota.
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INTRODUCTION

In recent years, obesity has been increasing at an alarming rate worldwide and seriously affects not only developed countries but global people (1). Obesity is characterized by a series of metabolic disorders, especially lipid dysmetabolism and its complication (2). Lipid metabolism involves the biosynthesis and degradation of lipids such as triglycerides, cholesterol, phospholipids, and fatty acids (3). The disorder of lipid synthesis and decomposition processes can lead to lipid metabolism dysregulation (also known as lipid dysmetabolism), subsequently giving rise to the progression of obesity and its related metabolic diseases such as diabetes (4–7). Thus, maintaining the balance of lipid metabolism is of great importance to prevent and treat obesity.

Obesity is regulated by various factors such as genetic factors, dietary habits (e.g., high glycaemic diets), underlying diseases (e.g., insulinoma), and exercise (8). Recently, direct evidence pointed to a strong relationship between obesity and gut microbiota (9). The colonization of germ-free mice with a “normal microbiota” from conventionally raised mice resulted in an increase in body fat mass despite reduced food intake (10). Similarly, germ-free mice fed low-fat chow were colonized with obese co-twin's fecal microbiota presenting obese phenotype compare with those colonized with lean co-twins' fecal microbiota (11). Further evidence comes from the finding that total fecal microbiota transplantation from normal mice significantly attenuated high-fat diets-induced lipid dysmetabolism in mice (12). Moreover, obese individuals exhibited significant alteration in gut microbiota compared with lean controls, as manifested by increased ratio of Firmicutes toBacteroidetes (13, 14). In addition, increasing lines of evidence suggested that obesity and its related metabolic diseases exert seriously adverse effects on the structure of host gut microbiota, as indicated by a significant alteration in gut microbiota composition and diversity (11, 12, 15–17). In turn, gut microbiota dysregulation may not only increase the intestinal permeability to gut microbes but also elevate the production of harmful microbial metabolites, thus aggravating lipid dysmetabolism and resulting in obesity and its related diseases, such as diabetes and nonalcoholic fatty liver disease (NAFLD) (18, 19). Accordingly, gut microbiota plays important role in the regulation of obesity and lipid metabolism, and it may be a potential therapeutic target for ameliorating obesity.

Over the past years, increasing evidence has demonstrated that diets and/or nutrients exert roles in the regulation of gut microbiota composition and obesity (3, 7, 20–22). In this review, we will discuss the anti-obesity activity of plant extracts, with highlighting of their potential mechanisms related to gut microbiota, in order to provide an updated understanding of the relationship among plants extracts, gut microbiota, and obesity (Figure 1). We hope that this review can provide some available information to develop dietary strategies for the treatment and prevention of obesity and its related diseases.


[image: Figure 1]
FIGURE 1. The overview of anti-obesity effects of plant extracts via gut microbiota.




PLANT EXTRACTS IN OBESITY: POTENTIAL IMPLICATION OF THE GUT MICROBIOTA


Mulberry Leaf Extracts

Flavonoids from mulberry leaves (FML) are one of the main functional components of mulberry leaf extracts, which are edible food and widely used as a kind of traditional Chinese medicine. It has been reported that mulberry leaf extracts such as FML possess multiple biological activities, such as antioxidant, improving skeletal muscle function, cardioprotective, and anti-cancer (23–26). In addition, there is evidence showing that mulberry leaf extracts confer anti-obesity effects (Figure 2).


[image: Figure 2]
FIGURE 2. Possible mechanisms explaining the anti-obesity effects of mulberry leaf extracts and green tea extracts. SCFAs, short chain fatty acids; WAT, white adipose tissue.


Evidence from hyperlipidemic mice showed that FML treatment (30 mg kg−1 body weight) for 12 h improved blood lipid metabolism, as evidenced by reduced levels of serum total triglycerides (TG), total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) by 152, 207, and 110 mg/100 mL, respectively (27). Similar improvements in blood lipid metabolism were also observed in high fat diets (HFD)-fed mice, in which FML administration (240 mg kg−1 body weight) for 6 weeks could also reduce body weight gain and adipose tissue mass, and alleviate the whitening of brown adipose tissue (BAT) (28). Moreover, mulberry water extracts could reduce lipid peroxidation and lipid accumulation in the liver of rats (29). Apart from using alone, mulberry leaf extracts combined with mulberry fruit extract also exhibited anti-obesity effects in HFD-induced obese mice, as evidenced by decreased body weight gain, improved fasting plasma glucose and insulin, and alleviated inflammation and oxidative stress (30). Consistent with in vivo studies, in vitro studies have also reported that treatment of mulberry leaf extracts to aortic vascular smooth muscle cells (VSMCs) could inhibit its proliferation and migration, thus preventing atherosclerosis, a disease related to lipid dysmetabolism (31).

Although much of the work in this field has been done on rodent models, these models have yielded important insights into the anti-obesity mechanisms of mulberry leaf extracts. Since flavonoids are enzymatically hydrolyzed by gut microbiota and absorbed in the intestine (32), it is posited that the beneficial effects of FML might be via gut microbiota. In support, FML treated-obese mice exhibited increased Bacteroidetes abundance and decreased Firmicutes abundance (28, 33, 34). Increased Bacteroidetes abundance led to an elevation in the production of acetic acid, which further promotes lipolysis and inhibits lipid accumulation through activating G protein-coupled receptor 43 (GPR43), a short chain fatty acid receptor (28, 35). Taken together, the anti-obesity mechanisms of mulberry leaf extracts are summarized in Figure 2.



Policosanol

Policosanol is a natural mixture of long-chain aliphatic primary alcohols extracted from the wax constituent of plants and seeds, such as sugar cane, wheat, corn, sesame, soybean, perilla seed, grape seed and rice bran, whose main ingredient is octacosanol (36). Policosanol has multiple bioactivities, such as anti-nociceptive, anti-inflammatory, anti-cancer, and anti-parkinsonian properties (37–41). In addition, policosanol also exerts beneficial effects on lipid dysmetabolism and obesity, such as improving blood lipid profile, elevating BAT activity, improving glucose homeostasis, and regulating cholesterol synthesis (42–44).

First, evidence from human subjects has shown that the reduction of serum high-density lipoprotein-cholesterol (HDL-C) levels and the elevation of serum TG, TC and glucose levels were reversed by policosanol treatment (10 mg day−1) for 8 weeks, indicative of an anti-obesity effect (42, 45). Similar reduction of serum TG levels was also obtained in HFD-fed rats, in which octacosanol treatment (10 g kg−1 diet) for 20 days also significantly reduced perirenal adipose tissue weight (46). Apart from the regulation of blood lipid profile and adipose tissue mass, policosanol treatment (60 mg kg−1 day−1, for 4 weeks) could attenuate insulin resistance and improve glucose homeostasis by elevating BAT activity and reducing hepatic lipid content in HFD-induced obese mice (43). In addition, policosanol also exerts roles in regulating cholesterol metabolism. For example, policosanol treatment (0.38–1.5 g kg−1 diets) in hamsters greatly decreased serum levels of total cholesterol by 15–25% and increased the excretion of acidic sterols (the cholesterol end-product) by 25–73%, indicating that policosanol lowered cholesterol via restraining the absorption of bile acids (44). One potential mechanism for the hypocholesterolemic effect of policosanol is its down-regulation of 3-hydroxy-3-methylglutary coenzyme A (HMG-CoA) reductase, the key rate-limiting enzyme in cholesterol biosynthesis (47, 48). In support, an in vitro study found that policosanol suppressed HMG-CoA reductase activity by activating adenosine 5′-monophosphate-activated protein kinase (AMPK) (48, 49).

Cholesterol degrading into bile acids functions as the main way to expel excess cholesterol from host, which can effectively reduce the risk of atherosclerosis (50). On the other hand, bile acids act as an important regulator of cholesterol metabolism. The biosynthesis and biotransformation of bile acids are closely associated with host gut microbiota. In detail, primary bile acids are synthesized and secreted by host hepatocytes, and then transformed into secondary bile acids with the chemical modification effect of gut microbiota (51). The disorder of gut microbiota results in bile acid dysmetabolism and in turn affects cholesterol metabolism, suggesting that the regulation effects of policosanol on cholesterol metabolism is partially mediated by gut microbiota (52–55). In summary, these findings show that policosanol seems to be a promising phytochemical alternative to classic cholesterol-lowing agents such as statins. However, the detailed mechanisms of the mode of policosanol's action remain unclear, but alterations in gut microbiota are probably involved.



Cortex Moutan

Cortex Moutan (CM), the root bark of Paeonia suffruticosa Andrews, is widely used as a traditional Chinese herbal medicine that has multiple bioactive ingredients. Both CM and its bioactive ingredients possess many pharmacological properties on cardiovascular diseases, anti-tumor, and nervous system (56–58). The main pharmacological effects of CM are attributed to its bioactive component paeonol. Recently, more and more studies have found that CM and paeonol are also able to regulate preadipocyte differentiation, glucose homeostasis, lipid peroxidation, and inflammatory response, thus mitigating obesity (Figure 3).


[image: Figure 3]
FIGURE 3. Possible mechanisms explaining the anti-obesity effects of cortex moutan. BCAAs, branched-chain amino acids; SREBPs, sterol-regulatory element binding proteins; IL-1β, interleukin-1β.


It has been reported that administration of paeonol (150 and 300 mg kg−1) to diabetic mice for 8 weeks resulted in a reduction in fasting blood glucose, serum TG and TC, hepatic TG and TC though activation of serine/threonine kinase B (Akt) (59). Similar improvements in lipid metabolism were obtained in myocardial ischemia rabbits (60). In addition, paeonol administration could ameliorate lipid peroxidation and inflammatory response (61, 62). In HFD-induced atherosclerotic rabbits, paeonol exerts anti-atherosclerosis effects by inhibition of lipid peroxidation and improvement of anti-inflammatory action (63). In accord with these findings in in vivo studies, several in vitro studies have reported that paeonol can markedly and dose-dependently reduce intracellular lipid accumulation in mouse preadipocytes and macrophages, and delay preadipocytes differentiation into mature adipocytes, thus protecting against metabolic diseases (64, 65). Overall, overwhelming evidence suggests that paeonol treatment can combat obesity and its related metabolic diseases such as atherosclerosis and steatohepatitis.

Since its low bioavailability and phenolic hydroxyl groups in its chemical structure, CM can interact with gut microbiota in the intestinal tract over extended periods of time (66, 67). These observations raise the possibility that gut microbiota may play a role in the mode of CM's action (Figure 3). Evidence to support this hypothesis is that CM possess antimicrobial activity against a broad range of bacteria, such as Escherichia coli, Streptococcus sanguis, and Cholera vibrio (68, 69). Further evidence for a relationship between CM treatment and gut microbiota comes from the findings that CM administration (0.4 g crude drug kg−1, either along or as part of a therapeutic regimen) to HFD-induced obese mice for 6 weeks significantly reverse the composition and diversity of gut microbiota, as evidenced by restored abundances of Bacteroides, Parabacteroides, Akkermansia, and Mucispirillum. Subsequently, improved gut microbiota could affect the levels of blood metabolites such as branched-chain amino acids (BCAAs), and down-regulate the expression of sterol-regulatory element binding proteins (SREBPs, crucial regulators controlling cholesterol and fatty acid de novo synthesis) in the liver, thus alleviating obesity (70). In addition, paeonol can reduce intestinal fungal abundance (especially Candida albicans abundance) and inhibit the mycobiota-mediated dectin-1/interleukin-1β (IL-1β) signaling pathway, thus ameliorating alcohol liver disease in mice (71). In summary, CM and paeonol exert anti-obesity effects through the gut microbiota-blood metabolites-liver axis and microbiota-mediated signaling pathway, making them potential pharmaceutical agents against obesity.



Green Tea Extract

Green tea, the unfermented dried leaves of Camellia sinensis, is one of the most popularly traditional beverages worldwide. The major bioactive ingredients of green tea are flavan-3-ols (also known as catechins), which are natural plant-derived and powerful antioxidant for alleviating oxidative stress. In particular, (–)-epigallocatechin-3-gallate (EGCG) is the most abundant and active catechin in green tea. Apart from antioxidant, green tea also possesses anti-obesity and anti-diabetic effects (72, 73).

In vitro studies presented evidence showing that catechin-rich green tea extract (GTE) could ameliorate lipid accumulation through inhibiting the differentiation of 3T3-L1 preadipocytes into adipocytes and stimulating the browning of white adipocytes (72, 74, 75). Similarly, in 3T3-L1 adipocytes, EGCG could improve glucose homeostasis through normalizing the redox imbalance and mitochondrial dysfunction (75). In line with these findings, in vivo studies also reported a beneficial role of GTE on obesity. For instance, evidence from human studies showed that daily ingestion of GTE (containing 583 mg of catechins) for 12 weeks resulted in decreases in body weight, adipose tissue mass, and serum LDL-C levels (76, 77). Similar observations were also obtained in diets-induced obese rodents, in which GTE was supplemented at a dose of 500 mg kg−1 body weight for 12 weeks, and the mechanisms might be related to AMPK activation and down-regulated microRNA 335 expression in the adipose tissue (78, 79). Apart from the above-mentioned roles, GTE supplementation could mitigate inflammation, enhance energy expenditure, and attenuate insulin resistance (80, 81). Altogether, GTE is a beneficial food constituent for preventing and treating obesity.

A potential mechanism for the anti-obesity of GTE was attributed to the alteration of gut microbiota, based on observations of increased Bacteroides abundance in response to GTE treatment (82–84). Two mechanisms may be responsible for the beneficial effects of GTE on obesity via improving gut microbiota. One hypothesized mechanism may be the increased production of short chain fatty acids (SCFAs) and the inhibition of endotoxin formation and translocation, thus attenuating obesity-associated adipose inflammation and decreasing body weight (84, 85). Another hypothesized mechanism may be via gut microbiota-improved intestinal redox state (86). Despite these positive outcomes, there is evidence showing that treatment of obese mice with overdose tea polyphenols would present side effects on their intestinal health (86). Taken together, GTE can exert protective roles against obesity, and its underlying mechanisms might be associated with gut microbiota (Figure 2). In future, more efforts should be made to investigate how GTE targets the specific gut microbiota.



Resveratrol

Resveratrol (3, 5, 4′-trihydroxystilbene, RES)is a plant-derived polyphenolic compound, which could be isolated and purified from a variety of plants, such as grape, peanut, mulberry and polygonum cuspidatum. Over the past decade, RES is also one of the most studied plant active ingredients, because of its presumed pharmacological effects on cancer, cardiovascular diseases, and alzheimer's diseases (87–90). Meanwhile, it has been reported that RES also plays a crucial role in mitigating obesity, as evidenced by increased energy expenditure, BAT activity, white adipose tissue (WAT) browning, and glucose homeostasis (Figure 4).


[image: Figure 4]
FIGURE 4. Possible mechanisms explaining the anti-obesity effects of resveratrol. 4-HPA, 4-hydroxyphenylacetic acid; 3-HPP, 3-hydroxyphenylpropionic acid; Fiaf, fasting-induced adipose factor; Sirt1, sirtuin 1; TMAO, trimethylamine-N-oxide, BAT, brown adipose tissue, NAFLD, nonalcoholic fatty liver disease.


In obesogenic diets-fed rats, RES supplementation (30 mg/kg/day, for 6 weeks) increased thermogenesis in skeletal muscle and BAT by upregulating uncoupling protein (UCP) expression, consequently improving whole-body energy dissipation and attenuating obesity (91). Likewise, supplementation of 4% RES to db/db mice for 10 weeks could enhance BAT activity and WAT browning and improve glucose homeostasis (92). Daily delivery of 300 mg kg−1 RES to HFD-fed mice for 16 weeks improved hepatic lipid metabolism and reduced liver steatosis, thus alleviating NAFLD (93). Administration of RES (10 mg/kg) to atherosclerotic mice for 24 weeks significantly reduced the intestinal fatty acid and monoglyceride accumulation, conferring beneficial effects on cardiovascular health (94). Consistent with these findings, several in vitro studies using stromal vascular cell model also demonstrated that RES could enhance brown adipocyte formation and thermogenic function and elevate oxygen consumption by activating AMPKα1 (95, 96). Besides, RES dose-dependently decreased triglyceride accumulation in mouse 3T3-L1 preadipocytes via up-regulation of Sirtuin1 (Sirtl) expression (97). Moreover, RES facilitated epinephrine-induced lipolysis, inhibited lipogenesis and glucose conversion to lipids, and counteracted insulin antilipolytic action in rat and human adipocytes (98, 99).

The colonization of HFD-fed obese mice with an “RES-microbiota” (RES-induced gut microbiota) is sufficient to improve lipid metabolism and to ameliorate obesity, suggesting the anti-obesity effects of RES may be partially mediated by the regulation of gut microbiota (100). Due to its poor bioavailability, RES mainly accumulates in the intestinal tract and rarely enters the circulatory system after intake. In the intestinal tract, RES can be metabolized into bioactive small molecules by gut microbiota, which greatly facilitates the regulation of RES on lipid metabolism (100–102). For instance, RES can be biotransformed into 4-hydroxyphenylacetic acid (4-HPA) and 3-hydroxyphenylpropionic acid (3-HPP) by gut microbiota, which conversely improved the gut microbiota composition, as evidenced by the restored abundance of Lactobacillus, Bifidobacterium, and Firmicutes (103). Thereafter, the improved gut microbiota alleviated obesity through the fasting-induced adipose factor (Fiaf) and sirtuin-1 (Sirt1) signaling pathway (104, 105). On the other hand, RES can lower the level of gut microbial metabolite trimethylamine-N-oxide (a novel risk factor of metabolic syndrome) and enhance bile acid neosynthesis, possibly representing an additional mechanism for the beneficial effects of RES (106). Taken together, these observations raise the possibility that the beneficial effects of RES on obesity are associated with improved gut microbiota (93, 100, 104, 105, 107, 108).



Grape Seed Proanthocyanidin Extract

Grape seed proanthocyanidin extract (a polymers of flavan-3-ols, GSPE) is the main polyphenolic compound of grape seed extracts, which can transform into anthocyanidin under acid and heating conditions. In addition to its antioxidant function, GSPE also possesses pharmacological effects on cardiovascular disease, inflammatory processes, muscle fatigue, and other metabolic complications (109–111). Recently, increasing evidence has found that GSPE is capable to normalize the disturbance of lipid metabolism and to mitigate obesity.

Works in rodent models found that daily administration of GSPE (250 mg kg−1 body weight) to hyperlipidemic rats for 7 days resulted in a 41% reduction in serum TG levels via increasing fecal bile acid and cholesterol excretion (112). In cafeteria diet-induced obese rats, daily delivery of GSPE (25 and 50 mg kg−1 body weight) for 21 days resulted in an improvement of mitochondrial function and thermogenic capacity of the BAT, thus increasing energy expenditure and ameliorating obesity (113). Further investigation found that long-term treatment of GSPE (12 weeks) could exert an anti-hyperlipidemia effect, as evidenced by decreased serum levels of TG, TC, and LDL-C and reduced visceral WAT mass (114, 115). Similar results were also obtained in the ovariectomized mice and weaned pigs (116, 117). Consistent with these findings, in vitro studies using murine and porcine cell models also elucidated that GSPE could suppress preadipocyte differentiation and proliferation, and promote lipolysis of adipocytes, thus inhibiting adipose cell formation and fat accumulation (118, 119). Besides, both in vivo and in vitro studies have found that GSPE could prevent low-grade inflammation through inhibiting the production of proinflammatory cytokines [cytokine C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-α] and increasing the production of the anti-inflammatory adipokine adiponectin (120, 121).

Mechanically, GSPE can suppress the disorder of lipid metabolism through regulating gut microbiota. In support, GSPE can restore the obesogenic diet-induced gut microbiota dysbiosis, as manifested by the normalized ratio of Firmicutes to Bacteroidetes and the increased Bacteroides abundance (110, 116, 117). Further evidence comes from the finding that the beneficial effects of GSPE on obesity were abolished when gut microbiota was cleared by antibiotics treatment (110, 117). Interestingly, further investigation suggested that the bacterial metabolites SCFAs (especially propionate) could also communicate in the beneficial effects of GSPE. Alterations of gut microbiota in response to GSPE treatment (250 mg kg−1 body weight) in weaned pigs for 28 days led to a 30.2% elevation in the production of propionate compared with the control group (117). On one hand, propionate stimulated the secretion of glucagon like peptide-1 (GLP-1) and peptide YY (PYY, an important regulator of appetite and energy homeostasis) from colonic cells via activation of free fatty acid receptor 2 (FFAR 2), further inhibiting energy intake and fat accumulation (117, 122, 123). On the other hand, propionate could in turn restored the gut microbiota dysbiosis induced by HFD, thus reducing body weight and mitigating obesity (124). In conclusion, these findings suggest that the beneficial effects of GSPE on obesity are partially attributed to the gut microbiota-propionate axis.



Honokiol

Honokiol (HON) is a natural neolignan derived from the widely used Chinese medicinal herb, Magnolia officinalis. HON has been regarded as a promising therapeutic agent for various chronic diseases due to its bioactive effects, such as anti-parkinsonian, anti-inflammatory, anti-cancer, anti-fatigue, and antioxidant properties (125–129). Notably, recent evidence has indicated that HON exerts critical effects on obesity by regulating adipogenesis and lipolysis.

There is evidence showing that HON administration (at doses of 200, 400, and 800 mg kg−1 body weight) to diets-induced obese mice for 8 weeks dose-dependently reduced body weight and adipose tissue mass (130). Besides, upon HON treatment (200 mg kg−1, for 8 weeks), insulin sensitivity was improved in streptozotocin-induced type 2 diabetic mice by targeting protein tyrosine phosphatase 1B (PTP1B) (131). Apart from using alone, HFD-fed mice fed HON plus magnolol for 16 weeks exhibited a drastically reduction in WAT weight and adipocyte size (132). Consistently, in vitro studies using 3T3-L1 adipocytes also demonstrated that HON could exert effects on lipid metabolism, including reducing viability, inducing apoptosis, promoting browning of white adipocytes, improving insulin resistance, and inhibiting apoptosis of brown adipocytes (133–135). Therefore, HON exerts regulatory effects on lipid metabolism and exhibits therapeutical potential against obesity.

Notably, due to its low bioavailability, <10% of HON is absorbed into circulatory system from intestine and the remainders are metabolized by gut microbiota in posterior intestine to generate bioactive molecules and to remodel gut microbiota structure (136). These findings indicate that gut microbiota exerts an irreplaceable role in the lipid metabolic benefits of HON. Using different sexes of HFD-induced obese mice, previous studies have reported that the male mice treated with HON exhibited a significant anti-obesity effect through regulating gut microbiota and metabolites, as manifested by increased Bacteroides abundance and reduced lipopolysaccharide (LPS) levels. Nevertheless, HON treatment in female mice did not exhibit the same impact as to male mice (130). In summary, HON plays a vital role in warding off obesity and the related mechanisms might be partially mediated by gut microbiota. However, the detailed mechanisms have not yet been fully identified.



Capsaicin

Capsaicin (CAP) is the major pungent ingredient isolated from red chili peppers (genus Capsicum), which are widely consumed as foods and flavoring spices all over the world. CAP has been widely used to treat various diseases because of its bioactive effects, such as anti-cancer, analgesic, neuro-modulating, anti-fatigue, anti-inflammatory properties (137–141). Recently, accumulating evidence has suggested that CAP has beneficial effects on obesity, including reducing lipid accumulation, inducing the browning of WAT, and mitigating inflammation responses (Figure 5).
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FIGURE 5. Possible mechanisms explaining the anti-obesity effects of capsaicin.


Using women with gestational diabetes mellitus model, previous studies shown that daily supplementation of 5 mg CAP for 4 weeks can improve serum lipid profiles, as evidenced by lowered levels of fasting serum lipids and postprandial plasma glucose (142). Similar improvements in serum lipid profile were observed in diets-induced obese mice, in which long-term supplementation (5 months) of dietary CAP at a low dose (0.01%) also resulted in a reduction in body weight and adipose tissues mass (143). Apart from the regulation of body weight and serum lipid profile, CAP treatment could improve glucose homeostasis. For instance, treatment of CAP (2 mg kg−1 body weight) to transient receptor potential vanilloid-1 (TRPV1)-knockout (KO) obese mice for 12 weeks significantly decreased serum glucose and insulin concentrations (144). Upon further investigation, CAP was found to promote WAT browning and increase thermogenesis (145, 146). Consistently, in 3T3-L1 white adipocytes, a combination treatment of CAP (25 μM) and capsiate (25 μM) could induce browning through activation of peroxisome proliferator-activated receptor γ and β3-adrenergic receptor (PPARγ/β3-AR) signaling pathway (147). Moreover, CAP time- and dose-dependently inhibited lipid accumulation in 3T3-L1 adipocytes via inducing apoptosis and suppressing adipogenesis (148). Likewise, an in vitro study also showed that palmitic acid-treated HepG2 cells exhibited an improvement in lipid metabolism upon CAP treatment (100 μM), as evidenced by decreased lipid accumulation and concentrations of TG and TC as well as increased HDL-C levels (149). In addition, CAP also attenuated obesity-induced inflammatory responses by regulating adipokine release from and macrophage behavior in adipose tissues of obese-mice (150).

Mechanically, CAP exerts anti-obesity effects via altering gut microbiota composition and elevating SCFAs production (Figure 5) (144). In particular, dietary CAP supplementation in diets-induced obese mice could increase the abundance of butyrate-producing bacteria (e.g., Roseburia spp.) and promote the generation of butyrate (a metabolic substrate for intestinal epithelial cells), thus improving gut barrier integrity. The improved gut barrier integrity prevented the bacterial endotoxins across the gut barrier and metabolic endotoxemia, thereby ameliorating chronic low-grade inflammation and obesity (151). In line with the alteration in the abundance of butyrate-producing bacteria, the abundance of Akkermansia muciniphila (a mucin-degrading bacterium proven to inversely correlate with adiposity) has also been shown to be increased in response to CAP supplementation. However, it remains unclear how dietary CAP supplementation elevated the relative abundance of Akkermansia muciniphila (152). Taken together, CAP can serve as a therapeutic agent in the prevention of obesity and the related mechanisms might be associated with gut microbiota-butyrate signaling.



Konjac Glucomannan

Konjac flour (KF) is a powder processed from the konjac tuber (Amorphophallus konjac), which has traditionally been consumed as a food source and as a component for traditional Chinese medicine in Asian countries for centuries. Konjac glucomannan (KGM), a primary ingredient of KF, is a hydrophilic dietary fiber composed of D-glucose and D-mannose residues connected by β-1,4-glycosidic bonds. It has been widely used as a food additive and dietary supplements in medical practice, pharmaceutical engineering, nutraceutical and food industry (153). KGM has multiple pharmacological effects for the management of diseases such as constipation, wound healing, and colitis (154–156). Recently, growing evidence has suggested that KGM could ameliorate lipid dysmetabolism and exhibit hypoglycemic effects (Figure 6).


[image: Figure 6]
FIGURE 6. Possible mechanisms explaining the anti-obesity effects of konjac glucomannan.


It has been shown that dietary KGM supplementation (3.6 g/day) in type 2 diabetic patients with hyperlipidemia for 4 weeks reduced the concentrations of plasma cholesterol, LDL-C, and fasting glucose by 11.1, 20.7, and 23.2%, respectively (157). When combined with exercise, treatment of overweight humans with KGM (3,000 mg/day) for 8 weeks significantly improved blood lipid levels and body composition (158). Similar results were also found in diabetic rodent models (159). In addition, long-term supplementation of dietary KGM (4%, for 16 weeks) to nutritional obese mice effectively decreased body weight, improved lipid metabolism, and inhibited insulin resistance (160, 161). Moreover, in type 2 diabetic rats induced by HFD and streptozotocin, KGM administration (80 mg kg−1 body weight, for 28 days) attenuated oxidative stress by regulation of nuclear factor erythroid 2-related factor 2 (Nrf2) pathway and decreased inflammatory responses through regulating nuclear factor-kappa B (NF-κB) pathway, thus ameliorating hyperglycemia (162). Taken together, KGM supplementation, alone or together with exercise, may be a good nutritional tool to prevent and to treat obesity.

KF is a native soluble dietary fiber with high molecular weight, viscosity, and swelling capacity in the intestine, which can remarkably speed up the peristalsis of bowel and slow down the movement of gut microbiota across the cecum (161, 163). Notably, low grain size of KF can swell in intestinal tract more easily and rapidly compared with the native KF (164). Evidence from rodents (161, 165, 166), sows (167), and humans (168) models suggests that alteration of gut microbiota is a contributing mechanism for the anti-obesity effects of KF or/and KGM supplementation. In detail, dietary KF supplementation could normalize the gut microbiota dysbiosis induced by HFD, such as improving the gut microbiota diversity and composition (161, 166). In turn, the amendatory gut microbiota could accelerate the fermentation of dietary KF to improve the SCFAs' concentration in the intestinal contents, thus ameliorating obesity and its-related complications (161, 163). On the other hand, it is well known that increased circulating BCAA concentrations can deteriorate host glucose and lipid metabolism, and subsequently prognosticate future risk of developing insulin resistance and diabetes (169). Interestingly, a recent study has demonstrated that KGM treatment (160 mg kg−1) of type 2 diabetic rats for 4 weeks reduced the abundance of BCAA-producing bacteria and improved BCAA metabolism, further ameliorating host lipid metabolism and diabetes (169). In summary, KF might be a promising agent to prevent and to treat obesity, and the potential mechanism was associated with reprogramming gut microbiota and metabolism, especially decreasing BCAA-producing bacteria abundance (Figure 6).



Chlorophyll

Chlorophyll is an abundant green pigment and non-nutrient compound ubiquitously found in higher plants and other photosynthetic organisms. Chlorophyll has been widely used to prevent various chronic diseases because of its numerous pharmacological effects, such as anti-cancer, anti-inflammatory, and antioxidant properties (170–172). Recently, more and more studies have reported that chlorophyll also plays important roles in ameliorating obesity. A study found that daily consumption of 5 g green-plant membranes containing chlorophyll in overweight subjects for 3 months led to decreases in body weight and serum cholesterol levels (173). Similar results were obtained in HFD-induced obese mice, in which dietary supplementation of a chlorophyll-rich spinach extract (0.18 mg/10 g body weight, for 13 weeks) reduced body weight gain and inflammation as well as improved glucose tolerance (174, 175). Apart from in vivo studies, several in vitro studies using a 3T3-L1 cell model also discovered that chlorophyll could regulate lipid metabolism, including inhibition of adipocyte proliferation and differentiation, suppression of adipogenesis and lipid accumulation, and activation of browning (176–178).

Evidence from human and rodent models suggests that chlorophyll can modulate the composition and diversity of gut microbiota (179, 180). First, chlorophyll-rich thylakoid treatment of healthy human subjects for 12 weeks elevated the abundance of total bacteria, especially the Bacteriodes fragilis group (180). Studies performed in HFD-fed mice also found that chlorophyll increased the relative abundance of Blautia, Akkermansia, and norank_f_Bacteroidales_S24-7_group and decreased the relative abundance of Lactococcus and Lactobacillus (174, 175). Moreover, chlorophyllin, an extract isolated from chlorophyll, could alleviate hepatic fibrosis in mice through restoring the gut microbiota, as evidenced by reduced ratio of Firmicutes-to-Bacteroidetes populations (179). Therefore, chlorophyll, as the most plentiful green pigment in nature, confers beneficial effects on obesity and the mechanisms might be associated with gut microbiota. However, further research is required to examine the specific mechanisms of chlorophyll-gut microbiota-lipid metabolism axis.



Others

Apart from the above-mentioned plant extracts, several others are also proved to exert roles in mitigating obesity via reprogramming gut microbiota. For instance, dietary supplementation of Luffa cylindrica (L.) Roem (2 g kg−1 body weight, for 14 weeks) in diets-induced obese mice could ameliorate adiposity and related metabolic complications via increasing the abundance of SCFAs-producing bacteria and the content of SCFAs (181). Coreopsis tinctoria, a multifunctional and widely cultivated plant, could improve blood lipid metabolism in hyperlipidemic models by normalizing the disorders of gut microbiota (182). Garcinol supplementation (0.1% or 0.5%) to HFD-fed mice for 13 weeks restored the gut dysbiosis, as evidenced by the augmented Bacteroidetes-to-Firmicutes ratio, which further dose-dependently improved plasma lipid profile and reduced adipose tissue weight and body weight gain (183). Similarly, diets-induced obese mice treated with a cranberry extract (200 mg kg−1, for 8 weeks) exhibited improved insulin resistance and ameliorated obesity through elevating the relative richness of Akkermansia, a mucin-degrading bacterium (184). Additionally, Nitzschia laevis extract supplementation (10 and 50 mg/kg/day, respectively) for 8 weeks to HFD-fed mice could inhibit lipid accumulation and body weight gain, and the effects were associated with the alteration of gut microbial richness and diversity (185).




CONCLUSIONS

Obesity is one of the most serious public health problems and has increased at an alarming rate worldwide. Currently, various plant extracts, such as mulberry leaf extracts, policosanol, CM, GTE, RES, GSPE, HON, CAP, KGM, and chlorophyll, are demonstrated to regulate serum lipid profile, inflammatory response, browning of WAT, insulin resistance, lipid and glucose metabolism, and other metabolic processes, thus improving obesity and related metabolic disorders (Table 1). A number of experimental studies have elucidated the potential regulatory mechanisms of beneficial effects of plant extracts on obesity and related diseases are closely associated with alterations in host gut microbiota. Hence, plant extracts seem to be promising agents to treat obesity and even other related metabolic syndrome. However, there are still many questions that need to be elucidated: the regulatory efficiency of plant extracts from different origins and conditions; the specific mechanisms of plant extracts targeting gut microbiota; and the anti-obesity effects of plant extracts in different animals and humans under different metabolic conditions. In the near future, more efforts should be made to fully understand the role of plant extracts in host lipid dysmetabolism, thus providing better nutritional strategies to control obesity and to maintain healthy life.


Table 1. Summary of the effects of plant extracts on gut microbiota, obesity and its related metabolic disorder.
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Lauric acid (LA) is a crucial medium-chain fatty acid (MCFA) that has many beneficial effects on humans and animals. This study aimed to investigate the effects of LA on the intestinal barrier, immune functions, serum metabolism, and gut microbiota of broilers under lipopolysaccharide (LPS) challenge. A total of 384 one-day-old broilers were randomly divided into four groups, and fed with a basal diet, or a basal diet supplemented with 75 mg/kg antibiotic (ANT), or a basal diet supplemented with 1000 mg/kg LA. After 42 days of feeding, three groups were intraperitoneally injected with 0.5 mg/kg Escherichia coli- derived LPS (LPS, ANT+LPS and LA+LPS groups) for three consecutive days, and the control (CON) group was injected with the same volume of saline. Then, the birds were sacrificed. Results showed that LA pretreatment significantly alleviated the weight loss and intestinal mucosal injuries caused by LPS challenge. LA enhanced immune functions and inhibited inflammatory responses by upregulating the concentrations of immunoglobulins (IgA, IgM, and IgY), decreasing IL-6 and increasing IL-4 and IL-10. Metabolomics analysis revealed a significant difference of serum metabolites by LA pretreatment. Twenty-seven serum metabolic biomarkers were identified and mostly belong to lipids. LA also markedly modulated the pathway for sphingolipid metabolism, suggesting its ability to regulate lipid metabolism. Moreover,16S rRNA analysis showed that LA inhibited LPS-induced gut dysbiosis by altering cecal microbial composition (reducing Escherichia-Shigella, Barnesiella and Alistipes, and increasing Lactobacillus and Bacteroides), and modulating the production of volatile fatty acids (VFAs). Pearson’s correlation assays showed that alterations in serum metabolism and gut microbiota were strongly correlated to the immune factors; there were also strong correlations between serum metabolites and microbiota composition. The results highlight the potential of LA as a dietary supplement to combat bacterial LPS challenge in animal production and to promote food safety.
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Introduction

Medium-chain fatty acids (MCFAs) are saturated 6-12 carbon fatty acids that are abundant in milk lipids and oil fractions of various plants such as coconuts, palm kernels and cuphea seeds (1). They can be efficiently absorbed and metabolized even by newborn and suckling young, and provide many physiological benefits including metabolism modulation, immune enhancement and pathogen inhibition (2–4). In recent years, MCFAs have been gradually used as feed supplements to enhance animal growth and health, and consequently improve the quality of animal-derived food products (5). Lauric acid (LA) is a primary member of MCFAs that consists of 12 carbon atoms (C12:0). Accumulating evidence has revealed its beneficial effects on animals. LA supplementation could markedly improve the growth performance and health of weaned piglets (6). In poultry production, LA showed a strong ability to reduce the growth and colonization of pathogenic bacteria such as Campylobacter jejuni and Clostridium perfringens in chickens (7, 8). Recently, it was reported that LA can be a promising alternative strategy to antibiotics in livestock nutrition (9). The possible mechanism is that LA has broad-spectrum antibacterial, antiviral and antifungal activities (10). It can penetrate bacterial cell membranes, destabilize their structures and cause cell lysis, and moreover, bacteria are unlikely to acquire resistance (9). 

Microbial infection is considered as a significant threat to animal production and food safety. Lipopolysaccharide (LPS), a membrane glycolipid, is a key component of gram-negative bacterial cell membrane and drives diseases (11). Animals are highly sensitive to the toxic effects of LPS. It has been reported that the intraperitoneal injection of LPS results in various physiological changes. LPS can activate an acute immune response and induce systemic dysfunction by producing proinflammatory factors, restricting the expression of innate immune receptors and downregulating the synthesis of immunoglobulins (12). Antibiotic use is the main approach to confront LPS challenge; however, antibiotic overuse may lead to the growth of antibiotic-resistant pathogens. Accordingly, LA supplementation might be a potential strategy to solve this problem owing to its superior antimicrobial effects.

Bacteria challenge can lead to host metabolic changes through their cell envelope components, particularly LPS (13). LPS possesses a strong ability to reprogram metabolism by promoting aerobic glycolysis, and modifying amino acid and lipid metabolism (14–16). Many studies have demonstrated that the differential expression of metabolites is involved in the promotion and regulation of LPS-mediated inflammation (16, 17). Thus, regulating host metabolism may be an effective way to alleviate LPS-induced inflammation. LA has recently been shown to modulate metabolism. For example, Zhang et al. showed that LA alleviated the impaired metabolism and thermogenesis in female mice fed with a high-fat diet (18). LA could suppress the proliferation of mouse colon cancer cells by remodeling energy metabolism (19). Also, LA significantly reduced liver lipids in freshwater Atlantic salmon (20). However, to the best of our knowledge, no studies have investigated the effects of LA on metabolic changes following a bacterial infection. In this study, an HPLC/MS-based metabolomic analysis was performed to detect the changes of serum metabolome of broilers in a bacterial LPS-challenged model; then, 16S rRNA analysis was conducted to investigate the composition of cecal microbiota; and finally, Pearson’s correlation assays were performed to clarify the contributions of the altered serum metabolites and gut microbes in alleviating LPS-induced injuries and inflammation.



Materials and Methods


Animals and Experimental Design

A total of 384 one-day-old male Ross 308 broilers were randomly allocated to four groups with eight replicates for each group and 12 birds per replicate, and raised in an air-conditioned room and free to feed and water. The broiler chicks were fed with a basal diet (192 birds in two groups), or a basal diet supplemented with 75 mg/kg aureomycin (antibiotic, ANT, 96 birds), or a basal diet supplemented with 1000 mg/kg LA (96 birds).The basal diet was formulated to meet the recommended nutrient content by the National Research Council (1994) and was shown in Table 1 (starter diet: days 1-21; finisher diet: days 22-44). ANT and LA were supplemented by mixing with premix and then mixing thoroughly with the basal diet. The dosages of ANT and LA were chosen according to our previous study (21). The feeding period was 42 days. On day 42, one bird from the eight replicates of the four groups were randomly taken for LPS challenge. The selected 32 birds were weighed and intraperitoneally injected with 0.5 mg/kg Escherichia coli- derived LPS (Sigma-Aldrich Inc., St. Louis, MO, USA) or the same volume of saline thrice on days 42, 43 and 44. Specifically, the four groups (N=8 in each group) were as follows: negative control group (CON), fed with a basal diet and injected with saline; LPS-challenged group (LPS), fed with a basal diet and exposed to 0.5 mg/kg LPS; ANT+LPS group, fed with a basal diet containing 75 mg/kg ANT, and challenged with 0.5 mg/kg LPS; and LA+LPS group, fed with a basal diet containing 1000 mg/kg LA, and challenged with 0.5 mg/kg LPS.


Table 1 | Composition and nutrient levels of the basal diet (air-dry basis) %.





Sample Collection

After LPS challenge, broilers were weighed and sacrificed by injecting 20 mg/kg sodium pentobarbital. Blood was obtained from the wing vein using procoagulation tubes, and blood serum was separated by centrifugation at 4000 g for 10 min at 4°C. The intestinal samples were dissected from the mesenteric tissues. Approximately, 2 cm segments of the jejunum and ileum were excised, flushed gently with phosphate-buffered saline (PBS), and immersed in 10% formalin solution for histological analysis. The jejunum and ileum segments from three broilers in each group were opened longitudinally, washed with PBS and photographed using camera. The intestinal mucosa was scratched using a sterile glass slide. Cecal contents were collected for 16S rRNA sequencing. All the samples were preserved at −80°C until further measurements.



Analysis of Intestinal Morphology

Intestine samples were fixed in 4% paraformaldehyde in PBS solution, dehydrated in ethanol, infiltrated with xylene and embedded in paraffin blocks. The paraffin sections were sliced and stained with Hematoxylin & Eosin (H&E). Photographs were obtained using the Nikon optical microscope (Tokyo, Japan). The villus length and crypt depth of each sample were randomly measured in 10 visual fields.



Measurement of Levels of Serum Immune Parameters

The levels of immunoglobulins (IgA, IgM and IgY) and inflammatory factors (IL-1β, IL-4, IL-6, IL-10 and TNF-α) were analyzed following the manufacturer’s instructions (Huamei Biological Engineering Research Institute, Wuhan, China), and detected using a microplate reader (SynergyTM H1, BioTek, Winooski, VT, USA).



Analysis of Serum Metabolomics

Metabolites were obtained from the serum samples (N = 6 in each group) using a methanol/water (4:1, v/v) solution. The mixture was settled at –20°C, crushed at 50 Hz for 6 min, and ultrasonicated at 40 kHz for 30 min at 5°C. Then, the samples were stood at –20°C for 30 min to precipitate the proteins. After centrifugation (13000 g, 15 min, 4°C), the supernatant was transferred to sample vials for LC-MS/MS detection.

2 μL of the separated samples were injected and detected on a Thermo UHPLC system equipped with an ACQUITY BEH C18 column (100 mm × 2.1 mm i.d., 1.7 µm; Waters Corporation, Milford, MA, USA). The mobile phases containing 0.1% formic acid in H2O and 0.1% formic acid in acetonitrile: isopropanol (1:1, v/v), and the flow rate was 0.4 mL/min. The mass spectrometric data were obtained using a Thermo UHPLC-Q Exactive Mass Spectrometer equipped with an electrospray ionization (ESI) source operating in positive or negative ion modes. Operating conditions: Aus gas heater temperature, 400°C; Aus gas flow rate, 30 psi; sheath gas flow rate, 40 psi; and ion-spray voltage floating, 3.5kV in positive mode and -2.8kV in negative mode. Detection was done over a mass range of 70-1050 m/z.

Raw data were preprocessed using Progenesis QI 2.3 (Nonlinear Dynamics, Waters Corporation, Milford, MA,USA). The metabolic features detected in > 80% of the samples were retained. After being filtered and normalized, the mass spectra of metabolic features were identified using the accurate mass, MS/MS fragment spectra and isotope ratio difference obtained by searching in reliable biochemical databases as Human Metabolome Database (HMDB) (http://www.hmdb.ca/) and Metlin database (https://metlin.scripps.edu/). Analysis for multivariate statistics was conducted using ropls (Version1.6.2, http://bioconductor.org/packages/release/bioc/html/ropls.html) package of R software from Bioconductor on a Majorbio cloud platform (https://cloud.majorbio.com). Principal component analysis (PCA) was performed by an unsupervised method. Partial least squares discriminant analysis (PLS-DA) was performed to detect and compare the metabolic changes between the groups, and the metabolite variables were scaled to pareto scaling. Variable importance in projection (VIP) scores were calculated using the PLS-DA model. Potential metabolic biomarkers were screened with a critical VIP > 1.0, P < 0.05, and fold change ≥ 1.2 or ≤ 0.833. Metabolites were clustered using hierarchical clustering, averaging, and Euclidean algorithms. The pathway classification was based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/). Analysis for KEGG enrichment was performed on scipy.stats (Python packages) using Fisher’s exact test.



Microbiological Analysis

The total DNA was extracted from the cecal samples using an E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA), following the manufacturer’s instructions. The V3-V4 region of the 16S rRNA gene was selected to analyze the bacterial taxonomic composition, and PCR amplification was conducted using the custom barcoded universal primers 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTACHVGGGTWTCTA AT-3’). The PCR products were extracted and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified amplicons were pooled in equimolar amounts and paired-end sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA), following the standard instructions of Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

Raw data were quality-filtered by Trimmomatic and merged using FLASH1.2.1. Operational taxonomic units (OTUs) were selected by a threshold of 97% sequence similarity using UPARSE (version 7.1) with a novel ‘greedy’ algorithm that does chimera filtering and OTU clustering simultaneously. The bacterial taxonomy of 16S rRNA genes was conducted using an RDP Classifier algorithm (http://rdp.cme. msu.edu/) against the database with a threshold of 70%. α diversity was analyzed by Mothur1.30.2 (https://www.mothur.org/wiki/Download_ mothur). β diversity analysis was based on the unweighted UniFrac distance and was performed using QIIME1.9.1. The microbiota composition at different levels was determined based on tax_summary and R package version 3.3.1, and data were analyzed by one-way ANOVA and Tukey’s test. The Circos diagram was constructed using Circos-0.67-7 (http://circos.ca/). Analysis of the LDA effect size (LEfSe) was conducted to screen differentially abundant bacterial taxa at LDA score > 2.0. Microbial functions were predicted by Greengenes-based PICRUSt and differential analysis was performed by the STAMP software.



Determination of VFA Production

The VFA concentrations were detected by the headspace sampler gas chromatography based on a previous study (22). Briefly, one gram of cecal samples was mixed with phosphorous acid, centrifuged at 12,000 g for 10 min at 4°C, and the supernatant was collected to measure the VFAs. The supernatant was injected into an Agilent Technologies GC7890 Network System with a flame ionization detector (Agilent Technologies, Wilmington, DE, USA).



Statistical Analysis

Data are presented as mean ± SEM and were analyzed using SPSS (IBM SPSS 21.0, Chicago, IL, USA). The variations among groups were evaluated by One-way ANOVA and Tukey’s multiple comparison tests. Figures were generated using GraphPad Prism 8.0. Data for metabonomics and 16S rRNA sequencing were analyzed on the Majorbio Cloud Platform. Analyses for correlation assays were performed between serum metabolic biomarkers, differential microbials, weight loss, and levels of immune factors (immunoglobulins and inflammatory cytokines). Correlation coefficients were calculated using Pearson’s correlation distance, and heatmaps were conducted by R package to identify bivariate relationships between the variables. Significant differences were determined at P < 0.05.




Results


LA Alleviated the Weight Loss and Improved the Intestinal Barrier of LPS- Challenged Broilers

As shown in Figure 1A, LPS challenge dramatically increased the weight loss in broilers in comparison to that in the untreated group (P < 0.01). LA supplementation significantly inhibited the LPS-induced weight loss and reversed it to the basal level (P < 0.01), whereas ANT pretreatment had no effect (P > 0.05). The morphology of jejunum and ileum was displayed in Figure 1B. Obvious hemorrhagic spots were found in both intestinal parts after LPS challenge, while LA and ANT pretreatments alleviated the injuries. H&E staining revealed that the intestinal epithelial villi were severely damaged in response to LPS (Figures 1C, D), as evidenced by the broken villi structure and mucosal layer erosion. LA administration decreased the degree of tissue injury, and significantly reduced the crypt depth, and increased the villus/crypt ratio both in jejunum and ileum (P < 0.001) (Figures 1C, D). These results suggest that LA supplementation exerts a protective role in LPS- challenged broilers by reducing the weight loss and enhancing mucosal structures.




Figure 1 | Lauric acid (LA) attenuated the weight loss and intestinal injuries of lipopolysaccharide (LPS)- challenged broilers. CON: fed with a basal diet and injected with saline; LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. N=8 in each group. (A) Weight loss. Weight loss was calculated using the equation: weight on day 42 - weight on day 44. (B) Pictures of the jejunal and ileal lumen. The arrows indicates the hemorrhagic spots. (C) Histomorphometric analysis of the jejunum by Hematoxylin & Eosin (H&E) staining. 40× magnification, scale bar: 200μm. (D) Ileum histomorphometric analysis. 100× magnification, scale bar: 100μm. The villus height and crypt depth shown in the pictures were randomly measured in 10 visual fields in each sample from each group. The data shown as mean ± SEM were analyzed using one-way ANOVA and Tukey’s test. **P < 0.01, ***P < 0.001.





LA Promoted the Immune Responses and Inhibited the Inflammation in LPS- Challenged Broilers

As displayed in Figure 2A, LPS treatment dramatically decreased the concentrations of serum IgA, IgM and IgY (P < 0.05, P < 0.001 and P < 0.01, respectively), whereas LA and ANT significantly reversed this reducing trend. Figure 2B shows the expressions of inflammatory cytokines. Broilers exposed to LPS exhibited a marked increase of the proinflammatory cytokines (IL-1β, IL-6 and TNF-α) (P < 0.001). LA and ANT pretreatments remarkably reduced the upregulated levels of IL-6 (P < 0.001 and P < 0.01, respectively), but showed no significant effects on IL-1β and TNF-α levels (P > 0.05). The concentrations of anti-inflammatory cytokines (IL-4 and IL-10) were dramatically reduced under LPS challenge (P < 0.001), while LA supplementation markedly reversed this trend (P < 0.001). These results indicate that LA has a strong capacity to enhance immunity and inhibit inflammation.




Figure 2 | Lauric acid (LA) modulated the immune functions of broilers under lipopolysaccharide (LPS)- challenge. CON: fed with a basal diet and injected with saline; LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. (A) Concentrations of serum IgA, IgM, and IgY (B) Levels of serum cytokines (IL-1β, IL-4, IL-6, IL-10, and TNF-α). Data shown as mean ± SEM were analyzed by one-way ANOVA and Tukey’s test (N = 8 in each group). *P < 0.05, **P < 0.01, ***P < 0.001.





Serum Metabolic Profiling Analysis by Untargeted HPLC/MS Metabolomics

Multivariate analyses, including PCA and PLS-DA, were performed to uncover the clustering trends in each group. The results in the PCA score plot showed obvious changes in serum metabolites among the three groups in both ESI+ (PC1 = 19.50%, PC2 = 12.20%) and ESI- (PC1 = 20.10%, PC2 = 14.40%) (Figure 3A). The supervised pattern recognition of PLS-DA displayed class-discriminating variations. As shown in Figure 3B, significant variations in ESI+ were obtained in the serum metabolomes (component1 = 16.4%, component2 = 9.15%), while ESI- also showed complete separation (component1 = 16.4%, component2 = 8.17%). The ariation tendencies of serum metabolites are displayed in a hierarchical clustering heatmap in Figure 3C, suggesting significant variations of LA+LPS from LPS and ANT+LPS groups.




Figure 3 | Multivariate statistical analysis, hierarchical clustering and summary of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathways. LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. N=6 in each group. (A) Principal component analysis (PCA) score plot of nontargeted metabolite profiling of the serum samples among the three groups in both positive (ESI+) and negative ionization modes (ESI-). (B) Partial least squares-discriminant analysis (PLS-DA) score plot of metabolite profiling among groups in ESI+ and ESI-. (C) Hierarchical clustering analysis of serum metabolites from the LPS, ANT+LPS and LA+LPS groups. (D) KEGG pathway classification. The compounds were enriched and numbered at the second KEGG level. (E) Bubble diagram showing the KEGG enrichment analysis. The bubble size indicates enriched the numbers, while the color shade indicates the differences.





Identification of Serum Metabolic Biomarkers

As summarized in Table 2, the identified 27 biomarkers belong to the categories lipids and lipid-like molecules (11 metabolites), benzenoids (3), phenylpropanoids and polyketides (2), organoheterocyclic compounds (4), organic acids and derivatives (1), and others (6). There were 13 significantly different compounds in the LA+LPS vs. LPS group. Twelve metabolites were significantly increased, including 3,8-dihydroxy-6-methoxy-7(11)-eremophilen-12,8-olide, PS(14:1(9Z)/18:0), Mactraxanthin, 12-Hydroxy-8,10-octadecadienoic acid, 3,4-Dimethyl-5-pentyl-2-furanpentadecanoic acid, Monoisobutyl phthalic acid, 1-H-Inden-1-one,2,3-dihydro-3,3,5,6-tetramethyl, Daidzein, Indole-3-carbinol, Spirolide B, PGPC and PAz-PC, while only one was down-regulated, namely, 2’’,4’’,6’’-Triacetylglycitin. Twenty-two biomarkers were significant in the LA+LPS vs. ANT+LPS comparison, and these are mainly belonged to the lipids and lipid-like molecules (three increased and seven decreased metabolites). Other significant metabolites were in benzenoids, phenylpropanoids and polyketides, organoheterocyclic compounds, and the unclassified categories. The above findings suggest that LA pretreatment has a strong capacity to modulate the serum metabolome, particularly the lipid metabolism.


Table 2 | Comparisons of Serum metabolic biomarkers.





Analysis of Differential Metabolic Pathways

KEGG pathway classification revealed that most serum compounds were involved in metabolism, particularly in lipid metabolism and amino acid metabolism (Figure 3D). The bubble diagram indicates the number of metabolites enriched in the KEGG signaling pathways (Figure 3E). Results showed that there were 17 significantly abundant pathways including Sphingolipid metabolism (number of metabolites = 7, P = 0), ABC transporters (7, P = 0.0001), Tryptophan metabolism (6, P = 0.0001), Pyrimidine metabolism (5, P = 0.0003), Aminoacyl-tRNA biosynthesis (5, P = 0.0001), Arginine and proline metabolism (4, P = 0.0044), Glycine, serine and threonine metabolism (4, P = 0.0009), beta-alanine metabolism (4, P = 0.0002), Purine metabolism (3, P = 0.0472), Tyrosine metabolism (3, P = 0.0311), Glyoxylate and dicarboxylate metabolism (3, P = 0.0164), Glutathione metabolism (3, P = 0.0002), Lysine biosynthesis (3, P = 0.0035), Alanine, aspartate and glutamate metabolism (3, P = 0.0018), Arginine biosynthesis (3, P = 0.001), D-Glutamine and D-glutamate metabolism (3, P = 0.0001), Pantothenate and CoA biosynthesis (2, P = 0.025).

The dominant pathway was Sphingolipid metabolism (P < 0.001), and LA supplementation significantly modulated the expression of six metabolites involved in this pathway (map00600) (Figure 4A). Specifically, as shown in Figure 4B, compared to LPS group, LA markedly increased the abundance of L-Serine, Sphinganine, Sphigomyelin and Sulfatide (P < 0.001), and decreased the abundance of Sphingosine-1P and Lactosylceramide (P < 0.001 and P < 0.05, respectively).




Figure 4 | Analysis of Sphingolipid metabolism pathway. LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. N=6 in each group. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway map of Sphingolipid metabolism (map00600). The red nodes represent the differential metabolites. (B) Analysis of the differential metabolites by one-way ANOVA and Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001.





Analysis of Cecal Microbial Composition

We investigated the alterations in the cecal microbiota of LPS-challenged broilers. The total OTUs in the LPS, ANT+LPS and LA+LPS groups were 616, 609 and 619, respectively, and LA pretreatment exhibited fewer unique OTUs (9) than the other two groups (Figure 5A). ANT pretreatment significantly decreased Shannon index that represents α diversity (P < 0.05), while no obvious changes were found in LA- pretreated broilers (P > 0.05) (Figure 5B). β diversity displayed in a PCA scatterplot indicated an obvious shift of the LA+LPS and ANT+LPS groups from the LPS group (Figure 5C). Figures 5D, E show the differences in microbial compositions at the genus level. LA pretreatment significantly reduced the abundance of Escherichia-Shigella but dramatically increased the richness of Lactobacillus when compared to that of the LPS-challenged group (P < 0.05 and P < 0.01, respectively). LA pretreatment also induced a marked downregulation of Barnesiella and Alistipes (P < 0.01 and P < 0.05, respectively). The abundance of Bacteroides was markedly increased in the LA+LPS group compared to that of the LPS group (P < 0.01), whereas no significant changes of Faecalibacterium were observed among the three groups (P > 0.05). The Circos diagram shows a significantly higher proportion of Bacteroides and Lactobacillus in the LA+LPS group than the other two groups. Olsenella was the dominant genus in the ANT+LPS group, while Escherichia-Shigella and Barnesiella were dominant in the LPS group (Figure 5F).




Figure 5 | Analysis of the diversity and composition of gut microbiota. LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. N=8 in each group. (A) Venn diagram presenting the operational taxonomic units (OTUs) from each group. (B) Shannon index of OTU level reflecting the α diversity. (C) β diversity shown in a Principal component analysis (PCA) scatterplot. (D) Bar graph of microbial composition at the genus level. (E) Box plot of the significant genera among groups. (F) Circos diagram indicating the dominant genera in each group. The data were analyzed by one-way ANOVA and Tukey’s test. *P < 0.05, **P < 0.01.





Taxonomic Biomarkers, Predicted Functions, and VFA Production of Cecal Microbiota

As shown in Figure 6A, the taxonomic biomarkers were the genera Barnesiella, Christensenellaceae_R-7_group, unclassified_p_Firmicutes, Defluviltaleaceae_UCG-011, ASF356, Pseudomonadaceae, Dielma and Parasutterella in the LPS group. ANT pretreatment markedly increased the abundance of g_Parasutterella, and g_[Ruminococcus]_ gauvreauii_group. In the LA+LPS group, the predominant bacteria belonged to Ruminococcaceae including the genera unclassified_f_Ruminococcaceae, Ruminococcacea_NK4A214_group, Ruminiclostridium_9, Ruminococcacea_ UCG-005 and Ruminococcacea_UCG-010). Additionally, g_Eisenbergiella, g_Weissella, f_Leuconostocaceae, f_Nocardiaceae, O_Corynebacteriales and g_Merdibacter were also enriched in the LA+LPS group. Results in Figure S1A revealed high-level phylogenetic alterations in the taxonomic biomarkers between the LPS and LA+LPS groups.




Figure 6 | Analysis of taxonomic biomarkers, predicted microbial functions and volatile fatty acid (VFA) production. LPS: fed with a basal diet and injected with 0.5 mg/kg LPS; ANT+LPS: fed with a basal diet supplemented with 75 mg/kg ANT, and injected with 0.5 mg/kg LPS; LA+LPS: fed with a basal diet supplemented with 1000 mg/kg LA, and injected with 0.5 mg/kg LPS. (A) Histogram of Linear discriminant analysis (LDA) scores representing the taxonomic biomarkers by LDA effect size (LEfSe) analysis. LDA score (log10) >2 suggests the enriched taxa in cases, N=8 in each group. (B) Comparisons of gut microbes (LPS vs. LA+LPS, LA+LPS vs. ANT+LPS) by statistical analysis of taxonomic and functional profiles (STAMP), N=8 in each group. (C) Violin plots displaying VFA production of the cecal microbiota, N=6 in each group. Data shown as Mean ± SEM were analyzed by one-way ANOVA and Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001.



The heatmap of Greengenes-based PICRUSt analysis showed that the most abundant functional genes were in metabolic pathways, biosynthesis of secondary metabolites, biosynthesis of amino acids and carbon metabolism, microbial metabolism in diverse environments (Figure S1B). STAMP analysis revealed that LA pretreatment induced higher richness of functional genes for purine metabolism, photosynthesis, “Alanine, aspartate and glutamate metabolism”, mismatch repair, fatty acid biosynthesis, cell cycle-caulobacter, chloroalkane and chloroalkene degradation and tuberculosis than those of the LPS group. LA also significantly increased the abundance of genes related to biosynthesis and decreased the abundance of genes involved in amino acid and lipid metabolism, compared to those in ANT pretreatment (Figure 6B).

Figure 6C shows the levels of cecal VFA production. LA supplementation markedly increased the concentrations of acetic and propionic acids in comparison to those in the LPS-treated group (P < 0.05), whereas no significant differences in butyrate acid, isobutyric acid, valerate and isovalerate (P > 0.05). ANT dramatically decreased the concentration of VFAs, including acetic acid, propionic acid and isovalerate (P < 0.05).



Pearson’s Correlation Analysis

The correlations among metabolites, gut microbes and immune functions were examined to further confirm the underlying mechanisms. As shown in Figure 7A, Monoisobutyl phthalic acid showed the strongest positive correlation with IgA, IgM, IgY, IL-4, and IL-10, and negatively linked with IL-6. Similar trends (correlated to IL-4, IL-10 and IL-6) were also found in metabolic biomarkers, including PS(14:1(9Z)/18:0), Mactraxanthin, Indole-3-carbinol, Spirolide B, PAz-PC and PGPC, while 2’’,4’’,6’’-Triacetylglycitin. Weight loss showed a positive relationship with 2’’,4’’,6’’-Triacetylglycitin and 2-Ethylacrylylcarnitine, and a negative relationship with Daidzein. Figure 7B displays the correlation between the differential cecal microbes and immune indices. The results showed that the genera Alistipes, Barnesiella, Escherichia_Shigella and Weissella were negatively linked with immunoglobulins and anti-inflammatory cytokines and, were strongly correlated with proinflammatory cytokines. Conversely, Bacteroides, Faecalibacterium, Lactobacillus and Merdibacter showed the opposite trend. Figure 7C shows that Barnesiella, and Christensenellaceae_R-7_group were mainly negatively correlated with the metabolic biomarkers, while Bacteroides, Lactobacillus, Parasutterella, Ruminococcaceae_UCG-010 and Weissella were positively correlated with the metabolites.




Figure 7 | Heatmaps of Pearson’s correlation. (A) Correlation between the metabolic biomarkers and immune indices. (B) Correlation between differential microbiota and immune parameters. (C) Correlation between the differential microbiota and metabolic biomarkers. The sizes of the small boxes reflect the correlation coefficient. The colors were according to the Pearson’s correlation coefficient distribution. ×P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Bacterial LPS challenge is a serious problem in animal production which ultimately affects the quality and safety of animal-derived foods (23). Previous studies have shown that LPS challenge led to a compromised growth performance of broilers (24). Similarly, we found that LPS exposure resulted in a significant weight loss, whereas LA reversed this change. The intestine is believed to be the main target organ for LPS. It can destroy the intestinal mucosal barrier, increase gut permeability and induce intestinal inflammation (25, 26). In this study, LPS treatment significantly caused intestinal mucosal injuries, whereas LA attenuated these detrimental effects, suggesting the capacity of LA to support the integrity of intestinal structures. The regulation and repair of the intestinal barrier by MCFAs have been proven by many studies as they can modulate the expression of tight junction proteins (27, 28). Consistently, LA supplementation prevented the intestinal barrier dysfunction of mice exposed to enterohemorrhagic Escherichia coli infection (29).

Improved immune functions are essential for animals to render the body free from pathogens. LA and its monoglycerides have been demonstrated to possess immuno-modulatory properties. They can modulate the functions of immune cells by interacting cell membrane and activating signaling pathways (30). IgA, IgM and IgY are the main animal immunoglobulins against infection. This study revealed that LA markedly inhibited the decreased levels of LPS-induced decrease in IgA, IgM and IgY levels, indicating the immune promotion effects of LA supplementation. Consistently, it was reported that supplementation with MCFAs or organic acid significantly improved IgG, IgA and IgM concentrations in piglets (31, 32). LPS exposure can activate excessive immune responses and induce immune stress. This process is mainly orchestrated by the overproduction of pro-inflammatory cytokines, particularly IL-1, IL-6 and TNF-α (33). We found that LPS challenge led to a significant increase of these cytokines, whereas LA reversed this trend. Moreover, LA treatment significantly increased the levels of anti-inflammatory cytokines (IL-4 and IL-10), which play a critical role in limiting inflammation in immune-mediated pathologies. Therefore, our results indicated the ability of LA to suppress LPS-induced inflammation. Similarly, the anti-inflammatory effects of LA were confirmed by many previous studies, where LA supplementation decreased IL-6 and TNF-α in mice after Escherichia coli challenge (29); orally administered glyceryl monolaurate could be useful in reducing gut inflammation (34).

We demonstrated that LA can modulate metabolism, particularly lipid metabolism. Dietary LA is normally transported directly to the liver and metabolized for energy in the mitochondria. It plays an essential role in regulating fatty acid homeostasis. It has been reported that LA has a strong capacity in the prevention and treatment of obesity by altering serum lipid metabolites such as sphingomyelin and lysophosphatidylcholine (18). Yang et al. found that LA increased the levels of lipid metabolites, including sphingomyelin and triglycerides in lactating mice (35). In our study, LA significantly upregulated the abundance of lipids compared to that of the LPS and ANT+LPS group. The correlation analysis revealed that PS (14:1(9Z)/18:0) and Mactraxanthin were positively correlated with IL-4 and IL-10, and were negatively correlated with IL-6. PS has been reported to exert an anti-inflammatory activity by downregulating proinflammatory molecules (36, 37), whereas Mactraxanthin is a carotenoid with antioxidant, hepatoprotective and membrane stabilizing properties (38). Hence, our results indicate that the upregulation of these two lipids might have contributed in alleviating LPS-induced inflammation. Furthermore, LA could significantly modulate Sphingolipid metabolism by increasing L-Serine, Sphinganine, Sphingomyelin, and Sulfatide, and decreasing Sphingosine-1P and Lactosylceramide. L-Serine and Sphinganine are the initial substrates and the other four are the final metabolites in Sphingolipid metabolism. Sphingolipid metabolites play a crucial role in inflammatory signaling. Several studies have demonstrated that Sphingomyelin and Sulfatide possess strong capacity to suppress inflmmation. For example, dietary Sphingomyelin could protect against dysfunctional lipid metabolism, gut dysbiosis, and inflammation both in vivo and in vitro (39); and Sulfatide decreased the proinflammatory cytokines (IL-6, IL-8 and TNF-α) in human adipose tissue (40). Sphingosine-1P is crucial in regulating cell growth and survival, but it is also recognized as a critical activator of pro-inflammatory and inflammation-associated cancer progression (41, 42). Similarly, Lactosylceramide can induce inflammation and is regarded as a potential biomarker of many diseases, such as inflammatory bowel disease and neuroinflammatory disease (43–45). Therefore, the increased Sphingomyelin and Sulfatide, and the decreased Sphingosine-1P and Lactosylceramide revealed the anti-inflammatory effects of LA. These results suggested that LA might suppress LPS-induced inflammation by modulating the lipid and Sphingolipid metabolism.

The gut microbiota is a biological barrier against the colonization of pathogenic bacteria, and its alterations play a pivotal role in the pathogenesis of diseases (46). LPS challenge can disrupt the ecological balance in the gut microbiota and cause gut dysbiosis (47). In this study, the abundance and composition of the cecal microbiota were improved by LA supplementation. LA pretreatment reduced the abundance of Escherichia-Shigella, Barnesiella and Alistipes, and increased that of Lactobacillus and Bacteroides, which was further confirmed by Circos analysis. Escherichia-Shigella belongs to the phylum Proteobacteria and can become pathogenic bacteria when stimulated by stress, leading to an increased intestinal permeability, disrupted epithelial barriers and intestinal diseases (48, 49). Our results also showed positive correlations between Escherichia-Shigella, weight loss and IL-6. The results are in line with those by Rubio et al. who concluded that Escherichia-Shigella negatively correlated with weight gain and final weight of broilers (50); Escherichia-Shigella were positively correlated with IL-6 in rats with type 2 diabetes (51). Therefore, the decreased abundance of Escherichia-Shigella following LA pretreatment indicated the protective effects of LA against LPS exposure. Barnesiella, a genus of the family Porphyromonadaceae, within the phylum Bacteroidetes, is one of the most abundant genera in the intestine. Studies have demonstrated its functions in the elimination of intestinal pathogens and modulation of immune responses (52, 53). By contrast, our results revealed a negative effect of Barnesiella as it showed a highly positive link with weight loss and IL-6, and a remarkably negative correlation with IgM, IL-4, IL-10 and anti-inflammatory metabolite PS(14:1(9Z)/18:0). Consistently, it was reported that Barnesiella was significantly increased in fasting hyperglycemia and in high plasma concentrations of proinflammatory cytokines in mice (54). Alistipes is a new genus belonging to the Bacteroidetes phylum. It is a potential opportunistic pathogen in diseases, such as liver fibrosis, colorectal cancer, cardiovascular disease and mood disorders (55). Studies have showed that it is highly relevant to dysbiosis and inflammation (56). Thus, the decreased abundance of Alistipes in LA pretreatment suggested an improved microbiota. Lactobacillus is a well-known probiotic in the gut. It provides various benefits to the host including inhibiting pathogens and exerting anti-inflammatory effects (57, 58). Accordingly, it has been reported by a previous study that supplemented with coconut oil significantly increased the abundance of Lactobacillus reuteri in mice (59). Moreover, LA upregulated the richness of Bacteroides, while this bacteria showed a positive correlation with IgA, IgY, IL-4, IL-10, PS(14:1(9Z)/18:0) and Mactraxanthin, and negatively with IL-6. Bacteroides strains are gram-negative bacteria belonging to the phylum Bacteroidetes. Many studies have revealed their functions in digesting various types of polysaccharides and in maintaining the immune system (60, 61). Bacteroides strains have been reported to exhibit a marked anti-inflammatory activity against E.coli LPS-induced IL-8 release (62), suggesting that an increased abundance of Bacteroides might contribute in suppressing inflammatory responses.

VFAs are important metabolites of the gut microbiota to maintain the intestinal homeostasis, as they can provide energy for intestinal epithelial cells, activate anti-inflammatory signaling cascades and strengthen gut barrier functions (63). In this study, LA markedly increased the concentrations of acetic and propionic acids upon LPS exposure. These two acids are the predominant VFAs that were produced by gut microbiota. Numerous studies have demonstrated the anti-inflammatory and immunomodulatory functions of them both in vivo and in vitro. For instance, acetic and propionic acids modulated the production of inflammatory mediators and enhanced phagocytosis of immune cells against infectious bacteria (64); mixtures of acetate, propionate and butyrate suppressed the TNF-α- induced proinflammatory signaling in Caco-2 cells and mouse colons (65); indole propionic acid, which were produced by gut microbiota, showed strong anti-inflammatory and antioxidant properties (66). Thus, the increased concentrations of VFAs induced by LA supplementation might contribute to alleviating LPS- induced inflammation. Moreover, the LefSe analysis revealed that the taxonomic biomarkers in LA+LPS group mainly belonged to the family Ruminococcaceae. It was reported that Ruminococcaceae is the main VFA producing-bacteria in the gut which can degrade polysaccharides (67); previous studies found that Ruminoccaceae can directly inhibit Clostridium difficile infection (68). The dominance of Ruminococcaceae further indicated the protective role of LA during LPS challenge.



Conclusions

In summary, this study showed that LA protects against LPS-induced inflammation and injuries in broilers, and possibly mediated by enhancing the gut barrier and immune responses, modulating lipid metabolism, and altering gut microbiota and VFA production. The findings suggest the potential of LA to reduce antibiotic usage in animal production and improve food safety.
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This study aimed to investigate the protective effects of Bacillus amyloliquefaciens (BA40) against Clostridium perfringens (C. perfringens) infection in mice. Bacillus subtilis PB6 was utilized as a positive control to compare the protective effects of BA40. In general, a total of 24 5-week-old male C57BL/6 mice were randomly divided into four groups, with six mice each. The BA40 and PB6 groups were orally dosed with resuspension bacteria (1 × 109 CFU/ml) once a day, from day 1 to 13, respectively. In the control and infected groups, the mice were orally pre-treated with phosphate-buffered saline (PBS) (200 μl/day). The mice in the infected groups, PB6 + infected group and BA40 + infected group, were orally challenged with C. perfringens type A (1 × 109 CFU/ml) on day 11, whereas the control group was orally dosed with PBS (200 μl/day). The results showed that the BA40 group ameliorated intestinal structure damage caused by the C. perfringens infection. Furthermore, the inflammatory responses detected in the infected groups which include the concentrations of IL-1β, TNF-α, IL-6, and immunoglobulin G (IgG) in the serum and secretory immunoglobulin (SigA) in the colon, and nitric oxide (NO) production and inducible nitric oxide synthase (iNOS) activity in the jejunum, were also alleviated (P < 0.05) by BA40 treatment. Similarly, cytokines were also detected by quantitative PCR (qPCR) in the messenger RNA (mRNA) levels, and the results were consistent with the enzyme-linked immunosorbent assay (ELISA) kits. Additionally, in the infected group, the mRNA expression of Bax and p53 was increasing and the Bcl-2 expression was decreasing, which was reversed by BA40 and PB6 treatment (P < 0.05). Moreover, the intestinal microbiota imbalance induced by the C. perfringens infection was restored by the BA40 pre-treatment, especially by improving the relative abundance of Verrucomicrobiota (P < 0.05) and decreasing the relative abundance of Bacteroidetes (P < 0.05) in the phyla level, and the infected group increased the relative abundance of some pathogens, such as Bacteroides and Staphylococcus (P < 0.05) in the genus level. The gut microbiota alterations in the BA40 group also influenced the metabolic pathways, and the results were also compared. The purine metabolism, 2-oxocarboxylic acid metabolism, and starch and sucrose metabolism were significantly changed (P < 0.05). In conclusion, our results demonstrated that BA40 can effectively protect mice from C. perfringens infection.
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INTRODUCTION

Clostridium perfringens, an opportunistic pathogen that can cause diarrhea and fever in animals and humans, can also be found in raw meat and poultry, in the intestines of animals, and the environment (1). Outbreaks tend to happen in some places that serve large groups of people, such as hospitals, school cafeterias, prisons, because there are various sources of infection, including meat, poultry, and other foods cooked at an unsafe temperature (2). Clostridium perfringens outbreaks occur most often in November and December, which are linked to commonly served food such as turkey and roast beef. Besides, people of all ages can get food poisoning from C. perfringens, and young children and old people are at higher risks of infection (3). Antibiotics have also been used to control the infection by C. perfringens (4). However, the antibiotic-residue positive problem had not been solved due to antibiotic overuse (5). There is an urgent and imminent need to develop novel antimicrobial alternatives to reduce the incidence of C. perfringens infection while maintaining human health.

Probiotics are live microorganisms and have beneficial effects on the host, which was administered by the Food and Agriculture Organization (FAO) and WHO in 2001 (6). The prevention or control of infectious diseases is one of the most promising health benefits of probiotics (7) because it can protect the host against the invasion of pathogenic bacteria by producing antimicrobial compounds, including surfactin, iturin, and fengycin (8), stimulating the host immune system development (9). A large number of studies have also shown that some microorganisms, such as Bacillus (10, 11), Lactobacilli (12), yeast (13), could alleviate the severity and damage of intestinal inflammation in animals. Bacillus amyloliquefaciens strains is a species closely related to B. subtilis (14). Additionally, a large number of studies reported that the B. amyloliquefaciens contain strong antibacterial activities and suppress numerous pathogens (fungi and bacteria) (14–16). Furthermore, B. amyloliquefaciens were used as a probiotic strain to protect against the C. difficile associated with a mouse model (17). Similarly, one trial found that B. amyloliquefaciens could alleviate diarrhea in weaned pigs (18). In the field of agriculture, B. amyloliquefaciens were wildly used as plant growth-promoting rhizobacteria (PGPR) and biocontrol agents (19, 20). Additionally, in the food industry, B. amyloliquefaciens also have been speculated to be potential biopreservatives (21). For B. subtilis PB6, probiotic significantly improves the intestinal morphology, growth performance, carcass traits, and inhibit the proliferation of C. perfringens (11, 22). The current study, therefore, aimed to investigate the protective effect of B. amyloliquefaciens (BA40) against C. perfringens in mice and compare its function with the probiotic product PB6, then the results provide the evidence that BA40 could help animals or even humans against the intestinal infection of pathogens (C. perfringens) and protect intestinal health.



METHODS AND MATERIALS


Bacterial Strain Preparation

Bacillus amyloliquefaciens 40 was isolated from the gastrointestinal tract of a 180-day JinHua pig by our laboratory. The BA40 was preserved in the China Center for Type Culture Collection (CCTCC, NO. M2021535). Bacillus subtilis PB6 (ATCC-PTA 6737) and C. perfringens (ATCC 13124) were purchased from Kemin Industries Inc. (Des Moines, Iowa, United States) and the Guangdong Microbial Culture Collection Center (Guangzhou, China), respectively. In this experiment, the BA40 and PB6 were cultured in a Luria-Bertani (LB) medium at 37°C in a shaking incubator (120 rpm) under aerobic conditions for 12 h. The C. perfringens was cultured in a reinforced clostridium medium (RCM) for 24 h (anaerobic environment). The bacteria were harvested by centrifugation at 4,000 g for 10 min at 4°C, washed three times in phosphate-buffered saline (PBS), and centrifuged at 4,000 g for 10 min, respectively. Finally, a final bacterial concentration of 1.0 × 109 CFU (colony forming units)/ml was obtained.



Animal Experimental Design

A total of 24 5-week-old male C57BL/6 mice were obtained from the Shanghai Laboratory Animal Co. Ltd. (SLAC, Shanghai, China). Twenty-four mice were randomly divided into four groups (Figure 1) after 1-week adaptation, namely, the control group, infected group, PB6 + infected group, and BA40 + infected group. The PB6 and BA40 group were orally dosed with resuspension bacteria (1.0 × 109 CFU/ml) once a day, from day 1 to 13, respectively. In the control and infected groups, the mice were orally pretreated with PBS. The mice in the infected group, PB6 + Infected group, and BA40 + Infected group were orally challenged with 1.0 × 109 CFU/mL of C. perfringens on day 11, whereas the control group was orally dosed with PBS. The mice were weighed every day and were housed in sterile cages containing wood shavings, food pellets, and water. The animal experimental protocol was approved by the Animal Care and Use Committee of Zhejiang University.


[image: Figure 1]
FIGURE 1. Experimental design and scheme of the animal treatments.




Sample Collection and Treatment

At 12 h after the last gavage, all the mice were weighed and killed. Then, blood samples were collected through cardiac puncture. After centrifugation at 3,000 g for 10 min at 4°C, the serum was prepared. The liver and spleen were weighted and the colon length was measured using a vernier caliper. Simultaneously, the intestines were washed with cold sterile PBS and the collected jejunal samples were prepared for morphology analysis and gene expression determination.



DLA, DAO, and Inflammatory Cytokines in Serum and Intestine of Mice

The serum levels of D-lactate (DLA) and diamine oxidase (DAO) were quantified with an ELISA kit (Jiangsu Enzyme-Labeled BioTECH, China). Meanwhile, to determine the concentration of IL-1β, IL-6, TNF-α, immunoglobulin A (IgA), and immunoglobulin G (IgG) in the serum, inducible nitric oxide synthase (iNOS) and nitric oxide (NO) in the jejunum and secretory immunoglobulin (SigA) in the colon, ELISA kits (Jiangsu Enzyme-Labeled BioTECH, Yancheng, China) were also used and following the previous study (23). The protocols were carried out according to the instructions of the manufacturer.



Intestinal Morphology Analysis

To fix the jejunum tissues, 4% paraformaldehyde was used. Afterward, the jejunum tissues were excised, embedded in paraffin, sliced, and stained with hematoxylin and eosin (H&E) (24). Images of the paraffin sections were obtained and observed with a Leica DM3000 Microsystem (Leica, Wetzlar, Germany). To fix the jejunum samples for scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis, 2.5% glutaraldehyde was used, following previous studies (25, 26). Then the jejunum samples were fixed in osmic acid and embedded in epon. Digital electron micrographs were obtained with a 1,024 × 1,024 pixel CCD camera system (AMT Corp., Denver, MA).



RNA Extraction and Quantitative Real-Time PCR

The total RNA was isolated from the jejunum tissues and using a TRIzol regent (Invitrogen Life Technologies, Waltham, Massachusetts, USA). The concentration and purity of the RNA were quantified by measuring its optical density at 260 and 280 nm using a NanoDrop2000 (Thermo Scientific, Wilmington, USA). Then 2 μg of the RNA was used for reverse transcription reaction with random primers. Subsequently, quantitative real-time PCR (qPCR) was conducted in triplicate on a StepOne Real-Time PCR System (ABI StepOnePlus; Applied Biosystems, CA, United States) using a Fast Strat Universal SYBR Green master mix (Roche, Mannheim, Germany), and gene-specific primers (Table 1) were used for the qPCR. The relative messenger RNA (mRNA) expression of the target gene was determined using the 2-ΔΔCt method.


Table 1. Primer sequences for qPCR.
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Western Blot Analysis of Tight Junction Proteins (TJs)

The total protein of the jejunal mucosa was extracted using a Total Protein Extraction Kit (KeyGen BioTECH, Nanjing, China). The proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were blocked in tris-buffered saline (TBS) containing 5% fat-free milk and 0.1% Tween 20. Afterward, the proteins were incubated with the primary antibodies overnight at 4°C. After washing with TBS, the proteins were detected with the secondary antibodies for 1.5 h at room temperature. Specific bands were visualized with an enhanced chemiluminescence (ECL) detection kit (KeyGEN BioTECH, Nanjing, China).



Microbial Analysis of Feces

A QIAamp DNA Stool Mini Kit (QIAGEN Ltd., Hilden, Germany) was used to extract the total genomic DNA from the feces samples which were collected before the mice were slaughtered. The V3-V4 gene region of the bacterial 16S rRNA gene was amplified with the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). A PCR was conducted following a 3 min denaturation at 95°C, 27 cycles of 30 s at 95°C, 30 s for annealing at 55°C, 45 s for elongation at 72°C; and a final extension at 72°C for 10 min. A QIAquick gel extraction kit (QIAGEN, Hilden, Germany) and a Quant-iT PicoGreen dsDNA assay kit (Life Technologies, Carlsbad, United States) were used to further extract, purify and quantify the PCR products.

As the method described by previous studies (27–29), the 16S ribosomal RNA (rRNA) libraries were sequenced on an Illumina HiSeq2500 (Novogene, China). Finally, the data were processed using the QIIME package (V1.7.0, http://qiime.org/scripts/split_libraries_fastq.html) after MiSeq genome sequencing. The sequence data were then deposited in the Sequence Read Archive under the accession number PRJNA730663.



Statistical Analysis

Statistical tests were performed using Graphpad Prism 8 (San Diego, USA) using one-way ANOVA and a post-hoc analysis by the Duncan test. The data are expressed as the mean ± SD. P < 0.05 was considered statistically significant.




RESULTS


Effect of BA40 Administration on the Growth Performance of the Mice

The results (Figure 2A) showed that the body weight (BW) of the four groups during the experimental period. After being challenged with C. perfringens (ATCC13124), the BW of the infected group was significantly reduced from day 11 to 13, but the BW of the control group and BA40 + infected group had the same trends and almost had no change at all. The BW of the control group, infected group, PB6 + infected group, and BA40 + infected group in day 13 was 21.65 ± 0.46, 18.25 ± 0.38, 19.73 ± 0.22, and 21.20 ± 0.12 g, respectively (Figure 2B). Compared with the control group, the BW of the infected group and PB6 + infected group decreased (P < 0.05), but the BW of the BA40 + infected group maintain unchanged. As shown in Figure 2C, the colon length did not differ between the control group and the BA40 + infected group (P > 0.05). The BA40 + infected group showed a significant difference in colon length compared with the infected group (P < 0.05). The spleen index among the four groups is presented in Figure 2D and the infected group challenged with C. perfringens showed a 2-fold (P < 0.05) spleen index more than the other groups.


[image: Figure 2]
FIGURE 2. Effect of Bacillus amyloliquefaciens 40 (BA40) administration on the growth performance of mice. (A) Bodyweight (BW) was weighted among four groups. (B) At the end of the experiment, each group was weighted and expressed as mean ± SD. (C) The colon length among the four groups. (D) The spleen index of the four groups. (*represented significant differences, P < 0.05).




BA40 Alleviated Intestinal Mucosal Injury

To detect the protective effects of BA40 in the C. perfringens-induced intestinal injury, Figure 3A shows the jejunum villus morphology analysis. Compared with the control group, the infected group exhibited discontinuous brush edges and blunt villi, which indicate that the villi were injured (Figure 3Ab). However, the pre-treatment with BA40 or PB6 restored the villus morphology (Figures 3Ac,d). Meanwhile, the histopathological evaluation indicated that BA40 presented a protective effect against the C. perfringens-induced intestinal injury. Similarly, in the infected group, the SEM images (Figures 3Ae–h) of the jejunum surface showed severe damage, and the BA40 and PB6 pre-treatment alleviated the injury. Moreover, Figures 3Am–p (TEM images of jejunum tissue) indicate that the microvilli under the C. perfringens stimulation appeared to be sparse, while the BA40 and PB6 groups possessed neater intestinal microvilli at a scale of 2 μm. Additionally, the tight-junction proteins (TJs) could be observed clearly in the TEM images (Figures 3Aq–t). Compared with the control group, the BA40 group had a similar TJs morphology, which suggests that BA40 could relieve the intestinal microvilli morphology disorder which was challenged by C. perfringens. At the molecular level (Figure 3B), the BA40 pre-treatment prevented the decreased expression of the TJs markers ZO-1, Occludin, and Claudin-1 which was induced by the C. perfringens. Figure 3C shows the relative levels of TJs expression and normalized to β-actin.


[image: Figure 3]
FIGURE 3. BA40 alleviated intestinal mucosal injury (A) Jejunum tissue stained with hematoxylin and eosin (H&E) (bars =300 μm) (a–d). Scanning electron microscopy (SEM) images at × 150 (e–h) and × 30,000 (i–l) fold magnifications. Transmission electron microscopy (TEM) images of the jejunum tissue at × 15,000 (m–p) and × 20,000 (q–t) fold magnifications. (B) Western blot analysis of tight junction proteins (TJs) expression. (C) The relative levels of TJs quantified by densitometry and normalized to β-actin. (*represented significant differences, P < 0.05).




Effect of BA40 Treatment on DAO, DLA, and Inflammatory Cytokines of Mice

The effect of BA40 on the serum inflammatory cytokines is shown in Figures 4A–E. Compared with the BA40 treatment group, the C. perfingens infection increased the concentrations of IL-1β, IL-6, TNF-α, and IgG (P < 0.05), while IgA concentrations had no difference (P > 0.05) among the four groups. The SIgA of the colon tissue had a significant increase (P < 0.05) in the infected group compared with the control and BA40 treatment groups (Figure 4F).


[image: Figure 4]
FIGURE 4. Effect of BA40 treatment on DAO, DLA, and inflammatory cytokines of mice. (A) IL-1β (n = 6) concentrations. (B) IL-6 (n = 6) concentrations. (C) TNF-α (n = 6) concentrations. (D) Immunoglobulin A (IgA) (n = 6) concentrations. (E) Immunoglobulin G (IgG) (n = 6) concentrations. (F) Secretory Immnoglobulin (SIgA) (n = 6) concentrations. (G) Diamine oxidase (DAO) (n = 6) activity. (H) D-lactate (DLA) (n = 6) concentrations. Results are presented as mean ± SD (*represented significant differences, P < 0.05).


Figures 4G,H show the difference of the DAO and DLA concentrations among the four groups in serum level. The DAO and DLA were significantly increased (P < 0.05) in the infected group, which indicated that the intestinal barrier was damaged upon being challenged by C. perfringens. However, compared with the infected group, the BA40 and PB6 pre-treatment significantly reduced (P < 0.05) the DAO concentrations, and the BA40 group also decreased (P < 0.05) the DLA concentrations.



BA40 Down-Regulated Inflammatory Response

The anti-inflammatory cytokines IL-10 and TNF-α, and pro-inflammatory cytokines, IFN-γ, IL-1β, and IL-6 were increased (P < 0.05) in the infected group (Figure 5A), while the pre-treatment with BA40 and PB6 dramatically decreased (P < 0.05) the expression of IL-6, TNF-α, IFN-γ, IL-1β, and IL-10. Previous studies found that NO and iNOS play an important role in the host defense process (30). Figures 5B,C depict the highest NO production and iNOS activity in the infected group, but this decreased after the BA40 and BA40 treatment. And the BA40 group decreased the NO production (P < 0.05) and iNOS activity (P < 0.05) significantly, compared with the infected group.


[image: Figure 5]
FIGURE 5. BA40 down-regulated inflammatory response. (A) Cytokines gene expression determined by the RT-qPCR. The inducible nitric oxide synthase (iNOS) activity (B) and nitric oxide (NO) production (C) in the jejunal mucosa were measured using an enzyme-linked immunosorbent assay (ELISA) kit. The results are presented as mean ± SD (n = 6/group, *represented significant differences P < 0.05).




BA40 Attenuated Apoptosis Genes Expression

The pro-apoptosis genes (Bax, p53, Caspase-9, and Caspase-3) in the jejunum were upregulated in the infected group (P < 0.05). Compared with the infected group (Figure 6), the BA40 treatment downregulated the expression of pro-apoptosis genes significantly (P < 0.05), such as Bax, p53, Caspase-9, and Caspase-3. However, in the PB6 group, there was no similar phenomenon. The BA40 and PB6 group increased the anti-apoptosis gene (Bcl-2) expression (P < 0.05), and the Bcl-2 was decreased in the infected group.


[image: Figure 6]
FIGURE 6. BA40 attenuated apoptosis related gene expression. The apoptosis-related gene expression in the jejunum. The results are presented as mean ± SD (n = 6/group, *represented significant differences P < 0.05).




BA40 Reshape the Intestinal Microbiota Composition in C. perfringens-Infected Mice

The feces microbes were detected using 16s rRNA sequencing technology to investigate the positive effect of the microbiota in the BA40 group under C. perfringens stimulation. Overall, 104,809 high-quality sequences were collected by the 16s rRNA sequencing. Additionally, the general 16s rRNA amplicon sequence variant (ASV) numbers reached 625 based on 100% sequence similarity (Table 2). The Good's coverage of all the samples was ~0.99, suggesting that the depth of the sequencing was adequate for the reliable analysis of the bacteria community. Figure 7A shows that the number of the observed ASV in the BA40 group was higher (P < 0.05) than in other groups. Figure 7B indicates that the 129 ASVs were shared by all treatments, and the BA40 group had the most unique microbes.


Table 2. Characteristics of amplicon libraries in the bacteria community.
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FIGURE 7. BA40 reshapes the intestinal microbiota composition in C. perfringens-infected mice. (A) Observed ASV line chart. (B) Venn diagram. (C) Principal-component (PC) analyses. (D,E) Phylum-level (D) and genus-level (E) of the bacterial community in feces. (F) Linear discriminant analysis LDA scores (>4) computed for features at the amplicon sequence variance (ASV) level. Letters represented the taxonomy of the bacteria: p, phylum, c, class; o, order; f, family; g, genus. All results are expressed as mean ± SD in each group (*P < 0.05, **P < 0.01, ***P < 0.01).


Furthermore, principal component analysis (PCA) (Figure 7C) was performed and the results show that the four groups were all resolved and distinct, and the BA40 treatment group recovered the microbiota damaged by the C. perfringens infection. The results of the PCA plot indicated that BA40 may work more efficiently than PB6 in reshaping the microbial composition. In general, the main microbial compositions in the feces of the four groups were Firmicutes and Bacteroidetes (Figure 7D). However, the BA40 group was different from the other three groups because it had the highest percentage of Verrucomicrobiota which could help the host to maintain the health of the intestine the most among the four groups (31, 32).

In our study, the infected group exhibited a significant increase (P < 0.05) in Proteobacteria and Bacteroidetes, which were effectively relieved by the BA40 (P < 0.05). Figure 7E presents the relative abundance of different bacterial generals. The top 10 most abundant generals revealed that the infected group increased the abundance of Bacteroides (P < 0.001), Staphylococcus (P < 0.05), Parabacteroides (P < 0.05) and Clostridium (P < 0.001), and decreased the Muribaculaceae (P < 0.05), Lactobacillus (P < 0.01), Prevotellaceae (P < 0.05), and Allobaculum (P < 0.05) abundance in the feces. However, the BA40 group reversed this phenomenon, wherein a decrease of Staphylococcus (P < 0.05), Parabacteroides (P < 0.05) and Clostridium (P < 0.001), Bacteroides (P < 0.001), and a significant increase of Akkermansia (P < 0.01) was observed. It appeared that BA40 had a powerful ability to recover the microbiota, especially in restoring the abundance of Bacteroides and increasing the abundance of Akkermansia. Meanwhile, the results of the linear discriminant analysis (LDA) effect size (LEfSe) showed that there are significant differences in taxonomy (Figure 7F). The dominant species (LDA >4) of the BA40 pre-treatment group were the phylum-level Verrucomicrobiae and genus-level Akkermansia, which degrades the excess mucus (mucous mucus) produced by the inner walls of the intestine (31). Akkermansia is anti-inflammatory and is a protection against obesity, colon cancer, and autism (32). Compared with the infected group, the phylum-level Proteobacteria, family-level Staphylococcaceae, order-level Enterobacterales, and genus-level Clostridium dominated the infected group. These bacteria are the main pathogens that endanger human health (33) and the results showed that the sudden increase in the proportion of Enterobacterales and Proteobacteria could induce intestinal permeability decrease (such as intestinal leakage) and injure intestinal health.



Bacterial Metabolism of BA40 Treatment

The microbial metabolic function presented in Figure 8 was obtained based on the clusters of orthologous groups of proteins (COG) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database. Figure 8A shows the changes of the COGs in the four different groups. In the infected group, the information Storage (A), cellular Processes (W), and metabolism (Q) were significantly enhanced (P < 0.05). The other functions exhibited no difference (P > 0.05) among the four groups.
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FIGURE 8. Dynamic of bacterial functional profiles analyzed by PICRUSt (n = 6). (A) Clusters of orthologous groups of proteins (COG) function classification. (B) Metabolic pathways in level 1. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog functional predictions (Level 2). (D) KEGG ortholog functional predictions of the relative abundances of top 30 metabolic functions (Level 3). *Means P < 0.05 for BA40 vs. Control and #P < 0.05 for BA40 vs. PB6. a, bMeans with a row with different superscripts significantly differ (P < 0.05).


Figure 8B shows the microbial gene function plots of the bacteria in the first level. In the BA40 treatment, the environmental information processing and cellular processes were significantly enriched (P < 0.05) compared with the PB6 group. Furthermore, membrane transport and carbohydrate metabolism occupied more than 10% of the enriched pathways in the experimental groups (Figure 8C). Additionally, the sequences related to cell growth and death, folding, sorting, and degradation, transcription, replication and repair, nucleotide metabolism, and the metabolism of other amino acids were significantly enriched (P < 0.05) in the BA40 treatment group. Figure 8D presents the third level of the microbial gene functions of bacteria. Amino acid metabolism (glyoxylate and dicarboxylate metabolism) was dramatically enriched (P < 0.05) by the C. perfringens pre-treatment. In contrast, nucleotide metabolism (purine metabolism), energy metabolism (2-oxocarboxylic acid metabolism), and carbohydrate metabolism (starch and sucrose metabolism) increased with the BA40 treatment.




DISCUSSION

Clostridium perfringens is one of the most common causes of food poisoning. The Centers for Disease Control and Prevention (CDC) estimated that this bacterium causes nearly 1 million illnesses in the United States every year (34, 35). Many studies illustrated that probiotics exert antimicrobial activity using different mechanisms. This study aimed to investigate whether or not BA40 can induce protective effects to prevent C. perfringens infection in mice and measured its function by analyzing the intestinal mucosal structure, apoptosis-related gene expression, inflammation response, and intestinal microorganisms. We also compared it with the probiotic product named PB6 and figured out which one has the best preventive effect against C. perfringens infection.

The intestinal barrier is mainly composed of three parts, namely, the mucus layer, the epithelial layer, and the underlying lamina propria. The intestinal mucosal barrier is the first line of defense against pathogens (36, 37). The core TJs complex consists of ZOs (Zonula Occludens), occludin, and claudin family members. They connect the intestinal epithelial cells and play the important role of regulating paracellular permeability (38). Intestinal pathogens could impair the intestinal mucosal barrier and cause a systemic inflammatory response, generating a host immune response (39, 40). Many studies have shown that animals (such as piglets, broilers) infected with C. perfringens may have highly fatal enteritis and suppressed growth rates (41). Meanwhile, the high levels of DLA and DAO in the serum revealed intestinal barrier injuries (42, 43). Thus, we first evaluated the protective effects of BA40 after the infection. However, our results presented that BA40 protected the gut barrier and maintained the DAO activity and DLA concentrations against the challenge of C. perfringens. Moreover, the jejunum villus morphology analysis in the BA40 group illustrated that the BA40 treatment reversed the discontinuous brush borders and blunt villi which only occurred in the infected group. The protective effects were observed clearly in Figure 3, and BA40 was stronger than PB6 in protecting the jejunum against the C. perfringens infection. One mechanism revealed that the intestinal epithelial cell apoptosis and shedding by the pathogens may increase gut permeability (44). Furthermore, the results of the H&E, SEM, TEM, TJs structure and the expression of TJs markers (ZO-1, Occludin, and Claudin-1) showed that BA40 effectively attenuated the intestinal barrier dysfunction caused by C. perfringens compared with the PB6 group.

Recent studies showed that a possible mechanism of probiotics is the regulation of the immune response; probiotics altered the inflammatory response by stimulating cytokine production (45, 46). Pro-inflammatory cytokines modulate host immunity against many pathogens through multiple mechanisms such as facilitating immune cells differentiation and proliferation, reducing apoptosis, and promoting NO production (47). However, if the immune response is excessive, it could cause tissue injury or damage. For example, C. perfringens infection induces a strong inflammatory response and causes tissue damage. Not only can it increase the NO production, iNOS activity, and the mRNA expression of IL-1β, IL-6, and IFN-γ, but also increase the concentration of the cytokines (IL-1β, IL-6, TNF-α, and IgG) in the serum (48). On the other hand, the anti-inflammatory cytokine IL-10 could inhibit immune cells (T cell) proliferation and decrease the host immune response (49). In our study, the IL-10 concentration and expression were decreased by the BA40 pre-treatment, and the plausible explanation was that the BA40 decreased the inflammatory response.

The initiation of cell apoptosis was activated by the imbalance between the Bax (pro-apoptosis proteins) and Bcl-2 (anti-apoptosis protein) (50). A multiple function protein that could also induce apoptosis is p53 (51). Gong et al. (30) studied that L. plantarum induces apoptosis by improving the p53 and decreasing the Bcl-2 in the ilea. In our study, the apoptosis-related genes demonstrated that the probiotics could reform apoptosis induced by C. perfringens in the jejunum. It plays a role because the anti-apoptosis genes were mainly upregulated and the pro-apoptosis genes were downregulated. Furthermore, compared with the infected group, the p53 expression in the BA40 group was downregulated, which indicated that the BA40 could prevent cell apoptosis in the jejunum by the p53 signaling pathway. However, the relative mRNA expression of p53 and caspase-9 had no statistical difference between the control and PB6 groups. From the other side, the results indicated that the probiotic functions of BA40 was stronger than PB6.

Recently, gut microbiota has become the most mainstream research object. Gut microorganism exerts critical roles in many aspects, including the immune system, digestion, prevention of enteric pathogen infection, and metabolism function (52). As the report described, probiotic supplementation could modulate the gut microbial community and its relative function (53). Bacillus amyloliquefaciens could produce several extracellular enzymes to augment the digestibility and absorption of nutrients in addition to the overall intestinal immune function (54). Additionally, B. amyloliquefaciens exerted antagonistic activities against pathogens by producing diverse bioactive metabolites including lipopeptides, fengycin, and iturin (55). One study reported that the fengycin secreted by B. amyloliquefaciens could competitively combine the receptor protein accessory gene regulator (AgrC) of bacterial quorum-sensing systems to inhibit the pathogens colonized in animal intestines (8). This process may be applied by BA40 to inhibit the colonization of C. perfringens in the small intestine.

Combined with the PCA analysis, the BA40 treatment recovered and improved the microbiota composition damaged by the C. perfringens infection. Firmicutes and Bacteroidetes were reported to be associated with energy efficiency, growth performance, and host health (56). Akkermansia is the only member of Verrucomicrobiota (phylum) in the gut of mammals and is easy to detect by using 16s rRNA sequencing. A large number of studies reported that the changes of Akkermansia in the gut are associated with the health of the host (57–59). Akkermansia could ferment mucin and release free sulfate and produces acetate and propionate in the gut, and Akkermansia secretes panels of enzymes, such as glycosyl hydrolases, proteases, sulfatases, and sialidases (32).

Additionally, it should be noted that if the proportion of Proteobacteria in the gut is higher than others, it can influence the metabolic process, immune system, and imbalance the gut microbial composition (60). The high proportion of Bacteroides fragilis also leads to the increased risk of infection and disease (61). Staphylococcus is considered to be a disease-causing pathogen in humans and other animals (62). In this study, we used a high-throughput sequencing method based on the 16s rRNA genes and investigated the positive effects of BA40 on the gut microbiota under the challenge of C. perfringens. In the infected group, we observed some changes which suggested that the microbial community is in disorder. The increase in the Proteobacteria and the decrease in the Firmicutes/Bacteroidetes ratio were related to the damaged intestinal health. However, the pre-treatment group of BA40 relieved this trend. As for the genus level, we investigated that the Bacteroides and Staphylococcus declined and Akkermansia saw a significant increase between the control group and BA40 group, and BA40 processed a stronger ability in restoring and improving the gut community than PB6. The LDA (score >4) analysis showed that the Bacteroides, Staphylococcus and Enterococcus et al. made the major contributions in the infected group. However, in the BA40 group, Akkermansia became the predominant member of the microbiota community. Kang et al. reported that in dextran sulfate sodium (DSS)-treated mice, the protective role of the extracellular vesicles of Akkermansia is evident (63). Previous studies suggest that the abundance of Akkermansia decreased significantly in patients and mice with inflammatory bowel disease (64). Our results indicate that BA40 could regulate the abundance of Akkermansia which could protect the intestinal health against intestinal inflammation, and the relative abundance of Akkermansia may become the biomarker to detect the inflammation response in the gut. The mechanism of Akkermansia in protecting the intestinal homeostasis is that it produces acetate and propionate in the gut, which could improve the immune barrier of the host and inhibit the pathogenic substances, such as enterotoxin, to be transferred from the gut to the blood (65). The abundance of Akkermansia was increased by the BA40 treatment, so the possible mechanism is that BA40 digests the substrates, then degrades the available polysaccharides which could be applied by Akkermansia and promote its proliferation.

The microbiota composition was changed by C. perfringens and the metabolic pathways (COG function) were also altered, including the RNA processing and modification, extracellular structures, secondary metabolites biosynthesis, transport, and catabolism, which were reversed by the probiotic pre-treatment. One possible reason for the metabolism function prediction results is that the BA40 improves the digestibility and absorption of nutrients, and the Akkermansia used these available polysaccharides to enhance the membrane transport and carbohydrate metabolism function in the BA40 group. Similarly, the results of the KEGG gene function analysis (level 1–3) illustrated that gut microbes affect the host metabolic alterations in health and disease. The purine metabolism, 2-oxocarboxylic acid metabolism, and starch and sucrose metabolism were enriched in the BA40 treatment, while the glyoxylate and dicarboxylate metabolism were enriched in the infected group. For the metabolism function prediction, the BA40 group had better performance than the control group, which increased the starch, sucrose, and 2-oxocarboxylic acid metabolism.

Some reports demonstrated that the diet with the use of L. gasseri and low-purine could modulate intestinal purine metabolism. The probiotic supplementation with low-purine diets also improves the host immune system and weakens viral replication, assisting in the treatment of COVID-19 (66). The 2-oxocarboxylic acid metabolism may be related to the mechanism by which the serum growth factors regulate cell multiplication (67). In the BA40 group, we observed that the 2-oxocarboxylic acid metabolism was activated. The starch and sucrose metabolism plays pivotal roles in many biological processes, including the development, stress response, yield formation, and as signals to regulate expression of microRNAs, transcription factors, and for crosstalk with hormonal, oxidative, and defense signaling (68). In the BA40 group, the starch and sucrose metabolism were stronger than the other treatments, mainly through generating sugars as metabolites to fuel growth and synthesize the essential compounds (including protein, cellulose) to support the host as a defense against the invasion of pathogens. In contrast, some studies reported that glyoxylate and dicarboxylate metabolism could become a valuable biomarker to distinguish the liver diseases of the subjects, such as liver cirrhosis (69). In our studies, the infected group activated the glyoxylate and dicarboxylate metabolism and may induce liver injury or damage if the experiment continues for a while.



CONCLUSIONS

To sum it up, the present study demonstrated that the pre-treatment with BA40 exerted the stronger ability compared with PB6 in relieving the C. perfringens infection in mice through modulating the intestinal structure, immune response, anti-apoptosis, gut microbiota, and metabolic pathways of microbial composition, indicating that BA40 could be a potential probiotic product for preventing C. perfringens infection and protecting the intestinal barrier.
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Gut hormones are not only able to regulate digestive, absorptive, and immune mechanisms of the intestine through biological rhythms, but impact the host through their interactions with intestinal microorganisms. Whether hormones in ruminal fluid have an association with the ruminal ecology is unknown. Objectives of the study were to examine relationships between the diurnal change in ruminal hormones and microbiota in lactating cows, and their associations in vivo and in vitro. For the in vivo study, six cows of similar weight (566.8 ± 19.6 kg), parity (3.0 ± 0.0), and milk performance (8,398.7 ± 1,392.9 kg/y) were used. They were adapted to natural light for 2 weeks before sampling and fed twice daily at 07:00 a.m. and 14:00 p.m. Serum, saliva, and ruminal fluid samples were collected at 02:00, 10:00, and 18:00 on the first day and 06:00, 14:00, and 22:00 on the second day of the experimental period. The concentrations of melatonin (MLT), growth hormone (GH), and prolactin (PRL) were measured via radioimmunoassay, whereas amplicon sequencing data were used to analyze relative abundance of microbiota in ruminal fluid. JTK_CYCLE analysis was performed to analyze circadian rhythms of hormone concentrations as well as the relative abundance of microbiota. For the in vitro study, exogenous MLT (9 ng) was added into ruminal fluid incubations to investigate the impacts of MLT on ruminal microbiota. The results not only showed that rumen fluid contains MLT, but the diurnal variation of MLT and the relative abundance of 9% of total rumen bacterial operational taxonomic units (OTUs) follow a circadian rhythm. Although GH and PRL were also detected in ruminal fluid, there was no obvious circadian rhythm in their concentrations. Ruminal MLT was closely associated with Muribaculaceae, Succinivibrionaceae, Veillonellaceae, and Prevotellaceae families in vivo. In vitro, these families were significantly influenced by melatonin treatment, as melatonin treatment increased the relative abundance of families Prevotellaceae, Muribaculaceae while it reduced the relative abundance of Succinivibrionaceae, Veillonellaceae. Collectively, ruminal microbes appear to maintain a circadian rhythm that is associated with the profiles of melatonin. As such, data suggest that secretion of melatonin into the rumen could play a role in host-microbe interactions in ruminants.
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INTRODUCTION

Intestinal microbial research has achieved great success in humans and mice. A host of studies demonstrated that gut microbes play an important role in regulating digestion, absorption and metabolism of the host, and these microbes are also able to induce or prevent inflammation of the digestive tract (1–3). Intestinal microorganisms can modulate lipid, sugar and protein metabolism in the host, hence, are closely associated with a variety of diseases such as type 2 diabetes (T2D) (4), Parkinson's disease (5), colon cancer (6, 7) and even human immunodeficiency virus (HIV) infection (8).

Gut microbes exhibit robust circadian rhythms, and their circadian patterns of relative abundance, absolute abundance and metabolomics were shown to be affected by the biological rhythm of the host (9, 10), which are largely regulated by circadian secretion of several hormones including Melatonin (MLT) (11, 12).

The intestinal tract, in particular, is capable of hormonal secretion according to a circadian rhythm, and some of these hormones are able to influence the intestinal bacteria. For instance, some of these hormones could induce locally resident microbes to release functional cytokines or chemokines (13). In turn, the microbiota is able to stimulate intestinal endocrine cells to release gut peptides and hormones, effectively resulting in interactions with the host circadian clock (14). Clearly, a growing body of literature is highlighting the existence of crosstalk between host and intestinal microbiota partly due to gut hormones.

The MLT is one of the most-essential hormones involved in regulating circadian rhythms in the host, and the complex effects of this hormone on the gut microbiome has just begun to be studied (15). For instance, Ma et al. (16) demonstrated a firm connection among MLT, gut microbiota and mucosal immune cells. Paulose et al. (17) and Paulose and Cassone (18) also reported that MLT modulated in a circadian fashion intestinal microorganisms such as Enterobacter aerogenes in humans. In addition, Zhu et al. (19) reported that MLT treatment could reduce the relative abundance of Bacteroidetes from 58.93 to 41.63% while increasing Firmicutes in the intestine of mice with colitis.

Although host-microbe communication is an integral component of normal physiological mechanisms in the human body, specific factors that coordinate this communication in ruminants remain to be fully established. Microbial density in ruminal fluid can be as high as 109 cells/mL (20), and a number of studies have associated specific microbiota profiles with phenotypes such as milk yield in dairy cows (21–23). For example, Mu et al. (24) reported that abundance of Prevotella spp. in ruminal fluid was negatively correlated with milk production, whereas abundance of Succinivibrionaceae family was positively associated with milk yield (25). Furthermore, hormones such as growth hormone (GH), prolactin (PRL) and MLT in ruminants are closely linked with lactation performance (26, 27). We hypothesized that, similar to humans, hormones and ruminal microbes in ruminants follow a circadian rhythm, and the rhythmic hormones can modulate the profiles of specific bacteria. To address this hypothesis, we investigated the diurnal variation of GH, PRL, and MLT concentrations along with ruminal microbiota profiles. The linkages between these hormones and bacteria were explored in vivo and in vitro.



RESULTS


Diurnal Variation of MLT, GH, and PRL in Serum, Saliva, and Ruminal Fluid

As shown in Table 1, MLT was detectable in serum, saliva as well as ruminal fluid, and JTK_CYCLE analysis indicated that concentrations followed a circadian rhythm (Benjamini–Hochberg q-value, BH.Q < 0.05, Bonferroni-adjusted p-value, ADJ. P < 0.05). The trend of diurnal variation of MLT concentrations in these three biological fluids was similar, with higher concentrations at 2:00 and 22:00 compared with 10:00 and 14:00 (P < 0.001, Figure 1A). The concentrations of GH and PRL (Figures 1A,B) in serum, saliva, and ruminal fluid did not follow an obvious circadian oscillation (BH. Q > 0.05, ADJ. P > 0.05), despite the fact that the concentration of PRL in rumen fluid at 2:00 and 22:00 was significantly higher than that at 10:00 and 14:00.


Table 1. Melatonin (MLT) concentration in serum, saliva and rumen fluid (pg/mL).
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FIGURE 1. Diurnal change of concentrations of three hormones in different samples. (A) Line graphs show the diurnal concentration of hormones comprising melatonin (left), growth hormone (middle) and prolactin (right) in serum, saliva and rumen fluid. (B) Boxplot figures show the difference of three hormones concentration between dark (ZT2, 22) and light conditions (ZT10, 14) in serum, saliva and rumen fluid of dairy cows. Conditions are color coded (see legend). ZT, Zeitgeber time. *P < 0.05, **P < 0.01, and ***P < 0.001.




Circadian Rhythm in Ruminal Microbiota Profiles

In vivo, amplicon sequencing generated a total of 3,156,355 high-quality sequences and an average of 87,677 ± 2,506 sequences per sample, which were assigned to 2,965 OTUs. Furthermore, JTK_CYCLE analysis identified 262 OTUs exhibited a significant circadian rhythm (BH. Q < 0.05, ADJ. P < 0.05) and underscored that ~9% of ruminal microbes followed an obvious circadian rhythm (Figure 2A). At the phylum level, JTK_CYCLE analysis revealed that three predominant ruminal species, Proteobacteria, Bacteroidetes, and Firmicutes followed a circadian pattern, with relative abundance of Bacteroidetes and Firmicutes being higher in dark (Zeitgeber time, ZT 2,22) compared with light conditions (ZT 10,14; P < 0.05; Figures 2B,C). In addition, the phyla Cyanobacteria, Melainabacteria, Gracilibacteria, and Tenericutes also followed a circadian rhythm (BH. Q < 0.05, ADJ. P < 0.05). Except for Gracilibacteria, relative abundance of these microorganisms was clearly influenced by the light/dark cycle (Figures 2B,C). At the family level, JTK_CYCLE analysis revealed that Prevotellaceae, Succinivibrionaceae, Ruminococcaceae, Muribaculaceae, and Veillonellaceae followed a clear circadian oscillation (BH. Q < 0.05, ADJ. P < 0.05). Furthermore, apart from Succinibrionaceae that exhibited markedly higher abundance during light conditions (P < 0.001), the other four bacterial families substantially increased in dark conditions (P < 0.05; Figure 2D).
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FIGURE 2. Diurnal rhythms of ruminal microbiota and fermentation parameters in dairy cows. (A) Pie chart shows the percentages of cyclical OTUs and non-cyclical OTUs based on the results of JTK_CYCLE analysis. (B) The double-plot line graph—where the second cycle is a duplicate of the first cycle following the dashed line—shows the diurnal change in relative abundance of the three most predominant phylum (left) and four other phyla (right) at each time point (n = 6 per time point). All of these phyla were cycling based on the JTK_CYCLE analysis (that is ADJ. P < 0.05 and BH. Q < 0.05). Black and white boxes indicate day and night, respectively. Different colored lines represent different phylum (see legend) (C) Bar graphs show the average relative abundance of the seven phyla depicted in (B) during dark (ZT2, 22) and light conditions (ZT10, 14). Conditions are color coded (see legend). *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Upper double-plot line graph shows the diurnal relative abundance of five predominant family, which were cyclical according to the JTK_CYCLE analysis. Lower bar graph shows the mean relative abundance of the five predominant circadian family under the dark condition and light condition. (E) Colored line graphs present the content of dominant circadian rumen fermentation parameters in JTK_CYCLE analysis at each time point (n = 6 per time point). NH3-N, ammonia nitrogen; A:P, the ratio of acetate to propionate. (F) The average content of rhythmical rumen fermentation parameters under the dark condition (yellow) and light condition (green). *P < 0.05, **P < 0.01, and ***P < 0.001.




Circadian Rhythms in Ruminal Fermentation Parameters

As shown in Figure 2E, there was a clear circadian rhythm (BH. Q < 0.05, ADJ. P < 0.05) for ruminal ammonia nitrogen (NH3-N), valerate, butyrate, propionate as well as the ratio of acetate to propionate (A:P). Concentrations of NH3-N in ruminal fluid during light conditions were markedly lower than that during dark conditions (P < 0.001) (Figure 2F). Furthermore, the content of propionate, butyrate, and valerate was numerically higher during light conditions (P > 0.05; Figure 2F).



Linkages Between Ruminal Microbes and Melatonin in vivo

Correlations between ruminal bacterial families and ruminal melatonin or volatile fatty acids are reported in Figure 3. Families Muribaculaceae, Rikenellaceae, unidentified Cyanobacteria, Defluviitaleaceae, Veillonellaceae, Spirochaetaceae, and Protevotellaceae were positively correlated with ruminal melatonin. In contrast, unidentified Bacteria, Anaeroplasmataceae, and Rhodobacteraceae were negatively correlated with ruminal melatonin (Figure 3); genus Succinivibrio, Ruminobacter, Selenomonas, and Moryella also had a markedly negative correlation with ruminal melatonin (Supplementary Figure S1). In addition, in contrast to Rhodobacteraceae, the families Muribaculaceae, Rikenellaceae, unidentified Cyanobacteria and Protevotellaceae were negatively associated with propionate (Figure 3).
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FIGURE 3. The ruminal microbes correlated with ruminal melatonin and fermentation parameters. Cluster heatmap figure shows the correlation between bacterial family in the rumen and several ruminal metabolites compassing melatonin and volatile fatty acids. MLT, melatonin; TVFA, total volatile fatty acids; A:P, the ratio of acetate to propionate; f, family; g, genus.




Effect of MLT on Prevotellaceae and Succinivibrionaceae in vitro

The in vitro simulated fermentation experiment was conducted to investigate the impacts of melatonin on ruminal microbiota ex vivo. A total of three different treatments were included: (i) non-rumen fluid + non-melatonin (CK0); (ii) rumen fluid + non-melatonin (CK1); (iii) rumen fluid + melatonin (MLT). The result showed that melatonin concentration was influenced by both of time and treatment in vitro and, compared with CK0, the decrease rate of melatonin in the CK1 and MLT groups was significantly greater (Table 2). As for bacteria, amplicon sequencing of the partial 16S rRNA gene generated a total of 2,532,697 high-quality sequences and an average of 60,302 ± 1,856 sequences per sample, which were assigned to 1,639 OTUs. However, the average distinct OTUs count in CK1 was 1,158 ± 42, which was significantly different from MLT (1,226 ± 52; P = 0.001).


Table 2. Melatonin concentration of in vitro fermentation (pg/mL).
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Although the Shannon index and Beta diversity in vitro were not altered by melatonin treatment (Supplementary Figure S2), this hormone increased the relative abundance of phyla Bacteridetes and decreased Proteobacteria, Kiritimatiellaeota and Spirochaetes (P < 0.05; Figure 4A). At the family level, melatonin treatment increased the relative abundance of Prevotellaceae, F082, Muribaculaceae, and Saccharimonadaceae; however, it reduced the relative abundance of Succinivibrionaceae, Veillonellaceae, and Spirochaetaceae (P < 0.05; Figure 4B). Furthermore, at the genus level, the relative abundance of Prevotella, unidentified F082 was increased by melatonin treatment, in contrast to that of unidentified Succinivibrionaceae and Quinella (P < 0.05; Figure 4C).


[image: Figure 4]
FIGURE 4. Melatonin impacted the ruminal microbiota in vitro fermentation. (A) Boxplot graphs show the average relative abundance of bacterial phyla that were significantly different (P < 0.05) based on paired T-tests between CK1 (green box) and MLT (red box) treatments. (B) Bar graph shows the average relative abundance of bacterial family that were significantly different (P < 0.05) based on the paired T-tests between CK1 and MLT treatments. (C) Bar graph shows the average relative abundance of bacterial genus that were significantly different (P < 0.05) based on the paired T-tests between CK1 and MLT treatments. CK0, non-rumen fluid + non-melatonin; CK1, rumen fluid + non-melatonin; MLT, rumen fluid + melatonin.




Melatonin Alters Predicted Ruminal Microbial Metabolic Pathways in vitro

A total of 12 significantly different metabolic pathways in ruminal microbiota between the CK1 and MLT treatments were predicted by CowPI. For instance, melatonin facilitated Cell motility and secretion, Atrazine degradation, Phosphotransferase system (PTS), Protein folding and associated processing, Phosphonate and phosphinate metabolism, and Glycerphospholipid metabolism, while inhibited the Chlorcyclohexane and chlorobenzene degradation, Lysine biosynthesis, Transcription machinery, Gyanoamino acid metabolism, Phenylpropanoid biosynthesis and Flavane and flavonol biosynthesis functions of ruminal bacteria in vitro (Figure 5A). Additionally, family Prevotellaceae and genus Prevotella were negatively correlated with Atrazine degradation, Cell motility and secretion, and Phosphonate and phosphinate metabolism pathways (P < 0.05), but positively correlated with Chlorocyclohexane and chlorobenzene degradation, Cyanoamino acid metabolism, Flavone and flavonol biosynthesis, Phenylpropanoid biosynthesis and Transcription machinery pathways (P < 0.01; Figure 5B and Supplementary Figure S3). The family Succinivibrionaceae and genus unidentified Succinivibrionaceae had a positive correlation with Cell motility and secretion, Glycerphospholipid metabolism, Lysine biosynthesis, Phosphotransferase system (PTS), and Protein folding and associated processing of ruminal microbiota in vitro (P < 0.05; Figure 5B and Supplementary Figure S3).
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FIGURE 5. Melatonin mediated the metabolism pathway of ruminal microbiota. (A) Bar chart shows different metabolic pathways predicted through applying the CowPI analysis between the CK1 and MLT treatments. The blue bar and yellow bar represent CK1 and MLT, respectively. (B) Heatmap shows the correlation between ruminal bacteria family (contain two extra genus Prevotella and unidentified Succinivibrionaceae) and the predominant metabolic pathway affected by melatonin during in vitro fermentation. f for family taxa, g for genus taxa. CK0, non-rumen fluid + non-melatonin; CK1, rumen fluid + non-melatonin; MLT, rumen fluid + melatonin.





DISCUSSION

Melatonin is an indispensable hormone regulating biological rhythms that is mainly synthesized and secreted by the pineal gland in response to environmental darkness, but limited during light conditions, which agrees with the findings that greater serum melatonin concentrations were observed at night (28). In turn, these circadian patterns regulate the rhythmicity of the biological clock in the body. At least in humans, other biological fluids such as saliva contain variable amounts of steroid hormones such as GH and PRL, and peptide hormones such as MLT partly due to diffusion from blood (29). Salivary MLT participates in the regulation of inflammatory processes, promoting antioxidant responses and cell proliferation, and contributes to the rapid healing of oral epithelial wounds (29).

The present results demonstrating that MLT in saliva of ruminants also displays circadian rhythm is similar to published work in humans and rodents. Bubenik et al. (30) were the earliest to report the presence of MLT in the ruminal muscularis and ruminal fluid of dairy cows with MLT concentrations in muscularis being greater than fluid. The origin of MLT was not evaluated. The present study not only confirmed MLT in ruminal fluid, but also that it exhibits a certain circadian rhythm, which was similar with the pattern in the serum and saliva. In addition, our detection of GH and PRL in saliva and ruminal fluid (without obvious circadian rhythms) was consistent with the findings of Koprowski et al. (31), Koyama et al. (32), and Lindell et al. (33).

Circadian oscillations of the gut microflora have been widely studied in human and mouse (34). For instance, Thaiss et al. (35) reported more than 15% of total OTUs that could be detected in mouse fecal microorganisms exhibited a circadian rhythm. This was followed by a study of Zarrinpar et al. (36), which demonstrated that 17% of total OTUs in the mouse gut microbiota exhibited a clear circadian rhythm. Unlike those previous studies, only 9% of the total OTUs in ruminal fluid demonstrated a clear and robust circadian rhythm. In fact, taking into account the fact the substantially greater number of total OTUs in rumen than intestine of human or rodents, the number of cyclical OTUs in the rumen is clearly quite considerable.

Using phyla-level assignments revealed that relative abundance of Bacteroidetes and Firmicutes oscillated diurnally in mice (36, 37). This was in accordance with the present study, as the relative abundance of Prevotellaceae, Muribaculaceae and Veillonellaceae, three dominant families of Bacteroidetes, and the Ruminococcaceae, a vital family of Firmicutes exhibited clear circadian rhythms. While the relative abundance of Proteobacteria phyla exhibited unclear rhythms in mice, the work of Liang et al. (37) inferred that the absolute abundance of Proteobacteria oscillated during the light-cycle. In contrast, the relative abundance of Proteobacteria in ruminal fluid exhibited a strong diurnal rhythm according in the present study. Succinivibrionaceae, a major family of Proteobacteria also oscillated regularly. In addition, because the phyla Bacteroidetes, Firmicutes and Proteobacteria together comprise most of the ruminal bacteria (over 97% in our study) (38), there is no doubt that nearly the entire microbiota maintains a robust circadian rhythm. Profiles of ruminal fermentation parameters, particularly the ammonia nitrogen, propionate, butyrate, and the ratio of acetate to propionate, also supported the existence of a circadian pattern.

The capacity of MLT to have a negative impact on Gram-negative bacteria is well-established (39–41). However, several recent studies have reported that MLT is not only essential to regulate the circadian rhythm of the host, but regulates the intestine by mediating metabolism of the microbiota as well as their circadian rhythms (16). Paulose and Cassone (18) demonstrated that Enterobacter aerogenes was sensitive to MLT and this hormone contributes to regulation of the circadian clock in E. aneogenes. Ma et al. (42) concluded that MLT can impact gut microbes through cytokines (e.g., IFN-γ) generated by intestinal epithelium. In addition, O'Keeffe et al. (43) demonstrated that MLT is capable to alter the metabolism of intestinal microbes in mice through NF-κB. Furthermore, Yin et al. (44) reported that administration of exogenous MLT was able to recover the disrupted diurnal rhythms of the gut microbiota in mice fed a high-fat diet.

In the present study, the families Muribaculaceae, Veillonellaceae, and Prevotellaceae, and two genera of family Succinivibrionaceae, unidentified Succinivibrionaceae spp. and Quinella spp. correlated robustly with ruminal MLT in vivo. Intriguingly, these bacterial taxa were dramatically influenced by supplemented MLT in vitro, suggesting that this hormone can mediate these cyclical microbes in the rumen. Both of the families Muribaculaceae and Prevotellaceae belong to the Bacteroidetes phylum, which demonstrated a robust circadian rhythm in response to MLT treatment in mice (44). That work also uncovered that the circadian pattern of phyla Firmicutes (contains Veillonellacea family) was impacted by MLT. Together, these findings confirm that MLT is capable of influencing circadian patterns of “rhythmic microbes” in the digestive tract including the rumen.

The fact that MLT enhanced the relative abundance of phyla Bacteroidetes and decreased Proteobacteria phyla was similar to the studies of Kim et al. (15) and Yin et al. (44) in mice. Thus, we speculate that a variety of crucial metabolic pathways within ruminal microbiota were likely to be regulated by MLT treatment. For instance, Flavonoids are a large and diverse group of secondary metabolites that are synthesized through a specific branch of the phenylpropanoid pathway (45). Flavonoids not only regulate lipid metabolism (46), but play an important role in preventing intestinal inflammation (47). Thus, the flavone biosynthesis pathway in microbiota plays a significant role on maintaining health of the host. Collectively, these results underscored the potential significance of ruminal MLT in terms of host-microbe interactions in dairy cows.

The genus Prevotella spp. and family Succinivibrionacae, localized to mucosal sites, have attracted much attention due to their association with a variety of systemic diseases including periodontitis, bacterial vaginosis, rheumatoid arthritis, metabolic disorders, and low-grade systemic inflammation (48). During gut dysbiosis, increased numbers of Prevotella were detected during persistent inflammation with HIV infections (49), metabolic syndrome (insulin-resistance) (50) as well as bowel inflammatory disease induced by NLRP6-inflammation (51). In the present study, the negative correlation between Prevotella numbers and atrazine concentrations suggested this microorganism could enhance atrazine accumulation. If, in fact, atrazine concentrations in the rumen are associated with changes in a major microbial species such as Prevotella, it could potentially lead to serious negative effects on the animal and other microbes as reported previously (52).

Beyond toxic effects, atrazine can regulate IL-1 mRNA abundance (53) and activate STAT3 signaling (54), which are well-known pro-inflammatory signals (55). Thus, we speculate that Prevotella could drive gut tissue inflammation through facilitating atrazine accumulation. Further studies appear warranted to study more closely the role of Prevotella species on physiological responses in the ruminant animal.

Recent studies provided evidence that Succinivibrionaceae species have a positive impact on milk production of lactating cows (56, 57) through their ability to utilize hydrogen and reduce production of methane (58). As such, increases in the numbers of Succinivibrionaceae should enhance availability of energy and nutrients to the host. The fact that in our study the abundance of Succinivibrionaceae was positively correlated with lysine biosynthesis suggested that this species could play a role in reducing methane. Lysine maintains the capacity to significantly inhibit both methane and carbon dioxide by shifting the equilibrium phase boundary condition to higher pressures and/or region of lower temperatures (59). Furthermore, Mu et al. (24) reported that the abundance of Prevotella spp. in ruminal fluid was negatively correlated with milk production. While the abundance of Succinivibrionaceae family was likely to positively associate with milk yield (25). Thus, the linkages between melatonin and these two species in this study might demonstrate that melatonin could affect milk production of dairy cows by regulating their ruminal microorganisms. Further research in this area is warranted.



CONCLUSIONS

In summary, the present research revealed a link between melatonin and the rhythmic oscillation of the three dominant phyla Firmicutes, Proteobacteria, and Bacteroidetes in vivo; these diurnal cyclical bacteria were closely related with melatonin in vivo and were sensitive to melatonin in vitro, indicating melatonin is likely to play a vital role in mediating ruminal microbes and their metabolic pathway.



METHODS


Cow Management

All experimental procedures were approved by the Animal Management Committee (in charge of animal welfare issue) of the Institute of Animal Science, Chinese Academy of Agricultural Sciences (IAS-CAAS, Beijing, China). Six lactating Holstein cows of similar weight (566.8 ± 19.6 kg), parity (3.0 ± 0.0) and milk performance (8,398.7 ± 1,392.9 kg/y) from Youran Dairy Farm (Inner Mongolia, China; Table 3). Cows were housed in individual 10-m2 concrete-floor pens, each of which had a separate feed bunk and watering point, feed and water was available for ad libitum consumption. The CALAN broadbent feeding system (American CALAN Inc., Northwood, USA) was used for feeding. Cows were trained to use the feeding system 3 weeks before the experiment to ensure that feeding behavior was normal. Cows were adapted to natural light for 2 weeks (from 12 to 25 April), fed twice a day (07:00 and 14:00), milk yield and feed intake recorded daily (Supplementary Tables S1, S2). Diet composition is reported in Table 4 (60).


Table 3. Body weight, number of litters, and lactation performance of lactating dairy cows.
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Table 4. TMR feed formula and its nutritional level.
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In vitro Culture

The in vitro simulated fermentation solutions were shown in Table 5. A total of three different treatments were included: (i) non-rumen fluid + non-melatonin (CK0); (ii) rumen fluid + non-melatonin (CK1); (iii) rumen fluid + melatonin (MLT). Three replicates for each treatment. The 1.2 g feed provided by Youran Dairy Farm (Inner Mongolia, China; Table 4) was weighed and used as fermentation substrates for every fermentation bottle. The standard solutions of MLT (9 ng/mL) were prepared according to Özcan and Bagci (61) using melatonin powder purchased from Sigma-Aldrich company (Sigma-Aldrich, USA). The rumen fluid was collected from four different directions of rumen of three fistula healthy Holstein cows after 2 h of morning feeding. Artificial saliva in vitro culture experiments were prepared according to Cone et al. (62). All incubation procedures were performed in a thermostatic water bath shaker (SHA-A, Hengfeng Instrument, China) at 39°C (63). After 24 h of cultivation, the fermentation bottle was taken out and placed in an ice water bath to stop the fermentation.


Table 5. Simulated ruminal fermentation solutions.
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Sample Collection

For the in vivo study, a total of 10 mL saliva, 20 mL blood, and 100 mL ruminal fluid were collected at 02:00, 10:00, and 18:00 on the first day and 06:00, 14:00, 22:00 on the second day of the experimental period following details in Negrao et al. (64), Bu et al. (65), and Wang et al. (66), respectively. For the in vitro study, the culture fluid samples were collected at 0, 4, 8, 12, 16, 20, and 24 h of fermentation, and immediately measure the pH value of these samples. All samples were protected from light during the collection and packaging process. For sample collection at night, a dark red light (Kodak Spa, NY, USA) with light intensity <3 lx was used to account for the fact that photosensitive intensity of cattle is 3 lx (67). All samples were packed in brown tubes (Corning Inc., NY, USA) and immediately frozen prior to storage at −80°C until analyzed. Details of ruminal fermentation parameter determination are described in our previous publication (68).



Light Intensity, Humidity, and Temperature

The UT382 illuminance meter (UNI-T Inc., Dongguan, China) was used to measure light intensity of the barn at the sampling time. An RC-4 automatic temperature and humidity recorder (Elitech Inc., Jiangsu, China) was also used. All these records during experimental days are reported in Supplementary Table S3.



Determination of Hormonal Concentrations

A radioimmunoassay (RIA) was used to detect the concentration of MLT, PRL, and GH in saliva, serum, and ruminal fluid. The MLT levels were measured by means of a commercial RIA kit (RE29301, IBL, Germany) that consisted of 125I-melatonin (69). The PRL and GH levels were tested according to the RIA methods of Schams et al. (70) and Bubenik et al. (71) using a bovine PRL antibody (AS1003.1, Immundiagnostik AG, Germany) and a bovine GH antibody (AS1006.1, Immundiagnostik AG, Germany). The intra-assay coefficients of variation (CV) for MLT, PRL, and GH were 5.4, 7.4, and 8%, and the inter-assay CV for MLT, PRL, and GH were 11.1, 14.3, and 11.4%, respectively. All samples were determined by Beijing North China Biotechnology Research Institute (Beijing, China). Ruminal fluid samples were centrifuged at 4,000 × g for 30 min at 4°C before hormonal tests.



DNA Extraction and Sequencing

After thawing ruminal fluid, total DNA was extracted using the QIAamp DNA Stool Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. The NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, MA, USA) was used to measure quality and quantity of DNA samples. The V3–V4 regions of 16S rRNA gene were amplified using the 341F/806R primer set (5′-CCTAYGGGRBGCASCAG-3′/5′-GGACTACNNGGGTATCTAAT-3′) according to Xue et al. (72). Subsequently, amplicons were purified by QIAquick gel extraction kit (Qiagen, Hilden, Germany). The Illumina Hiseq-PE 250 sequencing platform (SanDiego, USA) was used to conduct amplicon sequencing by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). The raw in vivo and in vitro amplicon sequence data generated in the study are available at the NCBI sequence read archive (SRA) under the accession number PRJNA666225 and PRJNA666235, respectively.



Sequencing Data Analysis

The QIIME software package was used to process raw reads (73). Operational taxonomic units (OTUs) were clustered at 97% similarity cutoff (74), and the taxonomy was analyzed with the Greengenes database. JTK_CYCLE is a nonparametric algorithm to identify rhythmic components in large group size data sets (75). This experiment refers to Thaiss et al. (35), and using JTK_CYCLE source in R program to analyse circadian rhythms of bacteria. Both Bonferroni-adjusted p-value (ADJ.P) and Benjamini–Hochberg q-values (BH.Q) <0.05 were considered significant (36). CowPI analysis was used to predict functional information (PICRUSt) within the rumen microflora (76). We used the online analysis platform developed by Aberystwyth University for CowPI analysis (https://share-galaxy.ibers.aber.ac.uk). STAMP (V.2.1.3) then was used to compare the metabolic pathway predicted by CowPI and visualized the results.



Statistical Analysis

Data analysis was carried out in Excel 2019, SAS 9.4, QIIME, GraphPad Prism software (V.8.0.2), R program (V.3.6.1), STAMP (V.2.1.3), and the Galaxy cloud platform. Hormone concentrations, relative abundance of rhythmical bacterial taxa and ruminal fermentation parameters between light/dark conditions in vivo, and the relative abundance of bacteria taxa in vitro were analyzed using paired t-tests, with P < 0.05 considered as significant. The predicted pathways were compared using the Welch's t-test performed by STAMP with a P < 0.05 being considered significant. Correlation analysis was performed using Spearman's method in R software.
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Hindgut microorganisms in newborn calves play an important role in the development of immunity and metabolism, and optimization of performance. However, knowledge of the extent to which microbiome colonization of the calf intestine is dependent on maternal characteristics is limited. In this study, placenta, umbilical cord, amniotic fluid, colostrum, cow feces, and calf meconium samples were collected from 6 Holstein cow-calf pairs. Microbial composition was analyzed by 16S rRNA gene high-throughput sequencing, and maternal transfer characteristics assessed using SourceTracker based on Gibbs sampling to fit the joint distribution using the mean proportions of each sample with meconium as the “sink” and other sample types as different “sources.” Alpha and beta diversity analyses revealed sample type-specific microbiome features: microbial composition of the placenta, umbilical cord, amniotic fluid, colostrum, and calf feces were similar, but differed from cow feces (p < 0.05). Compared with profiles of meconium vs. placenta, meconium vs. umbilical cord, and meconium vs. colostrum, differences between the meconium and amniotic fluid were most obvious. SourceTracker analysis revealed that 23.8 ± 2.21% of the meconium OTUs matched those of umbilical cord samples, followed by the meconium-placenta pair (15.57 ± 2.2%), meconium-colostrum pair (14.4 ± 1.9%), and meconium-amniotic fluid pair (11.2 ± 1.7%). The matching ratio between meconium and cow feces was the smallest (10.5 ± 1%). Overall, our data indicated that the composition of the meconium microflora was similar compared with multiple maternal sites including umbilical cord, placenta, colostrum, and amniotic fluid. The umbilical cord microflora seemed to contribute the most to colonization of the fecal microflora of calves. Bacteria with digestive functions such as cellulose decomposition and rumen fermentation were mainly transmitted during the maternal transfer process.

Keywords: maternal transfer, hindgut microbiome, dairy calf, diversity, SourceTracker


INTRODUCTION

The newborn hindgut microbiome plays important metabolic and nutritional functions (1), with one of its main roles being the development of the intestinal barrier (2) and the maturation of the innate immune system in early life (3). Available studies in humans, lambs, and foals have focused on understanding the hindgut microbiome when microbial colonization starts (4–6). However, few studies have focused on the calf microbiome (7–9).

Whether the fetal gut and the maternal uterus harbor a microbiome prior to delivery has long been controversial (10). For instance, a number of studies have reported that the uterus is sterile and that mammals are exposed to exogenous microorganisms for the first time only at birth (11, 12). However, in recent years, a microbiota has been detected in amniotic fluid, placenta, and umbilical cord of humans during pregnancy and hindgut of newborn calves prior to colostrum feeding (7, 13, 14). Consequently, these data have given rise to the hypothesis of vertical transmission of the microbiome from mothers to offspring (4, 6). Although the precise source of the newborn gut microbiome is not known with certainty (4), some scholars considered that the newborn meconium arises from intrauterine seeding (15–17). In bovine, Klein-Jöbstl et al. (18) and Alipour et al. (19) evaluated the possibility of colonization of the calf fecal microbiota, and concluded that it was maternally related.

SourceTracker script has been used to evaluate quantitatively the contribution of different maternal microbiome constituents in the meconium of the offspring (4). For instance, He et al. (4) working with humans explored maternal transfer characteristics by comparing the microbiome in meconium with that in various maternal sites and concluded that the microbiome in meconium was inoculated from amniotic fluid, feces, vaginal fluid, and saliva, with the amniotic fluid making the greatest contribution. It is unknown to what extent, if any, similar events occur in livestock species such as dairy calves.

We hypothesized that hindgut flora colonization of newborn dairy calves is strongly influenced by different maternal sources including placenta, umbilical cord, amniotic fluid, colostrum and feces. To address this objective, we screened 6 cow-calf pairs to analyze the contribution of the microbiome in the maternal feces, placenta, amniotic fluid, colostrum, and umbilical cord to the seeding of the meconium microbiome using 16S rRNA sequencing technology and SourceTracker software.



MATERIALS AND METHODS

Animal care and experimental procedures were approved by the Animal Welfare and Ethics Committee of Heilongjiang Bayi Agriculture University, DaQing, China. Animal care and handling followed the guidelines of the regulations of the Administration of Affairs Concerning Experimental Animals (State Science and Technology Commission of China, 1988).


Experimental Animals

Fifteen 3- to 5-year-old pregnant Holstein cows were procured from a large-scale commercial dairy farm within a 2-week period in December 2020. Selection of cow-calf pairs followed published criteria (20): (1) single calf; (2) calving difficulty score <3; (3) dam's colostrum quality assessed by a bovine colostrometer (HT-113ATC, Hengan Electronic Technology Co., China) of >50 mg/mL of IgG; (4) dam produced at least 3.8 L of good-quality first colostrum; and (5) calf birth weight >36 kg. Related information about cow-calf is shown in Table 1. According to the selection criteria, a total of 6 Holstein cow-calf pairs (two heifers and four steers) were selected for this research. To reduce environmental, management, and seasonal bias, all cows were fed the same diets and calved in a group calving pen without assistance, and sampled by the same experienced veterinarian. Ingredient and nutrient composition of diets and forages are shown in Table 2.


Table 1. Screening information for cows and calves.
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Table 2. Ingredients and chemical composition of dietary treatments of post-perinatal period dairy cow.
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Sample Collection

During the second stage of labor when amniotic fluid vesicles were clearly visible and intact, a 60 mL sterile syringe was used to puncture these vesicles wearing sterile surgical gloves to harvest 50 mL of amniotic fluid that were subsequently deposited in two sterile tubes (6). Samples of placenta, umbilical cord, colostrum, cow feces, and meconium were collected aseptically within 1 h after delivery. After the natural delivery of the placenta, veterinarians wearing masks and sterile gloves collected two 1 cm3 slices from different regions of the placenta and umbilical cord using sterile scalpels (15), rinsed with physiologic saline. Once the placenta dropped on the ground, sampling stopped and the cow-calf were removed from the experimental animal. When sampling the umbilical cord, care was taken to avoid collecting at the site where the cord blood vessels pass through to prevent contamination of the sample by blood. During the colostrum collection process, the teats of the cows and surrounding areas were cleaned with sterile water, and then scrubbed with 75% ethanol by veterinarians wearing masks and sterile gloves. The first few drops of colostrum (~5 mL) were discarded, and the colostrum samples (50 mL) were collected into two sterile tubes (21). Considering the non-invasive nature of the sampling, cow feces and calf meconium were all collected from the rectum of the cow and calf, respectively, by veterinarians wearing sterile gloves. Meconium samples were collected before colostrum was fed to calves just after birth. Approximately 20 g were placed into each of two sterile tubes (19). All samples were stored temporarily in liquid nitrogen after collection and transported promptly to a −80°C freezer until analysis.



DNA Extraction

Frozen samples were thawed at room temperature and total DNA extracted from each 1.5 mL sample of colostrum and 0.5 g sample of placenta, umbilical cord, amniotic fluid, cow feces and meconium using a CTAB (modified cetyltrimethylammonium bromide) method (22). The purity and concentration of DNA were assessed by agarose gel electrophoresis. A suitable amount of sample DNA was taken in a centrifuge tube and diluted with sterile water to 1 ng/μL. After extraction, the integrity of the DNA was detected by 1% agarose gel electrophoresis, and the concentration and purity of DNA detected by a NanoDrop 2000 (Thermo Fisher Scientific, United States). The isolated DNA was kept at −20°C until processing.



16S rRNA Amplification and Sequencing

Diluted genomic DNA was used as the template, and the bacterial V4 hypervariable region of 16S rDNA was amplified by PCR using specific primers with barcodes, Phusion® High-Fidelity PCR Master Mix with GC Buffer from New England Biolabs, and a high-efficiency high-fidelity enzyme according to the selection of the sequencing region. The primer pair was 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR products were multiplexed in a single pool in equimolar amounts and then detected by electrophoresis using 2% agarose gel electrophoresis after full mixing. The target bands were recovered using a gel recovery kit provided by Qiagen, and a TruSeq® DNA PCR-Free Sample Preparation Kit was used for amplicon library preparation. All PCR reactions were carried out in 30 μL reactions, 0.2 μM of forward and reverse primers, and about 10 ng template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s. Finally 72°C for 5 min. After quantification of the library with a Qubit 2.0 Fluorometer (Thermo Fisher Scientific Inc.) and quantitative PCR, sequencing was conducted using a NovaSeq6000 platform (Illumina, San Diego, CA, United States).



Sequence Analyses

According to the barcode sequence and PCR amplification primer sequence, each set of sample data was separated from the accessory data. After the barcode and primer sequences were trimmed, FLASH software (V1.2.7) (23) was used to assemble reads that were barcode and primer free to obtain the raw tags (24). QIIME software (V1.9.1) (25) was used to filter out low-quality tags, detect sequences by comparison with the species annotation database, and remove chimeras. Lastly, the effective tags were retained for further analysis (26). Uparse software (V7.0.1001) was used to cluster all tags effectively to operational taxonomic units (OTUs) based on 97% identity of the sequences (27). The Mothur method and SSUrRNA database of SILVA132 (28, 29) were used to select and annotate the representative OTUs with the highest frequencies of occurrence for taxonomic information. Alpha and beta diversity were analyzed with QIIME software (V1.9.1). All graphs were drawn with R software (V4.0.3). SourceTracker software was used to predict the likely origin of the meconium microbiome using the maternal microbiome communities as potential “sources” and the meconium microbiome communities as “sink.” LEfSe software was used to perform LDA effect size (LEfSe) analysis, and the default LDA Score filter value was 4.



Statistical Analyses

Data regarding composition of different samples were all analyzed for statistical significance via R software (V4.0.3). Differences between two groups were analyzed using Wilcoxon tests, and Tukey's test and the Wilcoxon test were selected if there were differences among more than two groups, and the confidence level was 0.05. Principal coordinate analysis and Permutational multivariate analysis of variance (PERMANOVA) were performed based on the weighted and unweighted UniFrac distances to evaluate the structural difference in the microbiota between different sample groups.




RESULTS


Alpha Diversity of the Microbiome Community in Meconium and Maternal Samples

Thirty-six examined samples were used as input for NovaSeq6000 to generate 2,260,449 high-quality sequencing reads at the genus level. Shannon, inverse Simpson, and Chao 1 estimator values for genera are also shown in Supplementary Table 1. The Shannon diversity curves leveled off, suggesting that the sequencing depth was enough to capture representative microbial diversity (Figure 1). The Shannon diversity index values varied in different groups (colostrum, 6.93 ± 2.34; meconium, 5.34 ± 2.19; cow feces, 7.76 ± 0.24; umbilical cord, 7.49 ± 0.62; placenta, 8.17 ± 1.29; amniotic fluid, 8.03 ± 1.77). Pairwise comparison by Wilcoxon test on Shannon diversity indexes for meconium and maternal parts (P < 0.05; Table 3). The coverage depth ranking is shown by rank–abundance curves; the OTU curve represented higher microbial diversity and richness (4).


Table 3. Wilcox test of alpha diversity index for meconium and maternal parts.
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FIGURE 1. (A) Shannon diversity sparse curves, (B) box plot dilution curves, (C) box plot of the Shannon diversity index, and (D) observed characteristic index of all samples. AF, cow amniotic fluid; CF, calf meconium; CM, cow colostrum; CW, cow feces; PA, cow placenta; UC, cow umbilical cord.




Beta Diversity of the Microbiome Community in Calf Meconium and Maternal Samples

Differences in the microbiome structure among the meconium and different maternal samples were evaluated by PCoA [permutational multivariate analysis of variance (PERMANOVA) by Adonis (Table 4)] and Bray-Curtis dissimilarity (Figure 2). The maternal feces clustered distinctly on the weighted and unweighted UniFrac. The weighted and unweighted UniFrac distance score 3D plot both showed that the meconium samples obviously clustered together (Figures 2A,B). In the weighted bray_curtis_dm matrix, the intergroup distance between meconium-placenta, meconium-umbilical cord, meconium-amniotic fluid, and meconium-colostrum were lower (0.33–0.46), and those between meconium-cow feces were higher (0.74). The differences between cow feces and other groups of samples were also higher (0.62–0.88, Figure 2C).


Table 4. PERMANOVA assessment of differences in bacterial community structure between two groups by Adonis.
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FIGURE 2. Dissimilarity-based multivariate analyses of microbiome communities of different sample types. Score 3D plots of principal coordinates analysis (PCoA) of different microbiome communities based on (A) weighted and (B) unweighted UniFrac distances. (C) Bray-Curtis dissimilarity matrix calculated based on microbial abundance patterns of operational taxonomic units (OTUs) of different sample types (Blue: positive, red: negative. The larger the absolute value is, the larger the area of the circle). The smaller the value of different degree indexes is, the higher the similarity (i.e., the difference between samples). AF, cow amniotic fluid; CF, calf meconium; CM, cow colostrum; CW, cow feces; PA, cow placenta; UC, cow umbilical cord.




Composition and Difference Analysis of the Microbiome Community in Meconium and Maternal Samples

The relative abundance and clustering characteristics of bacteria at the phylum, family, and genus levels from different sample types are shown in Figure 3. At the phylum level, the relative abundance of Proteobacteria in six parts, Firmicutes in five parts except colostrum, Bacteroidetes in amniotic fluid, placenta and cow feces were all >10%, and Firmicutes in colostrum and Bacteroidetes in colostrum, umbilical cord and calf feces were all close to 10, 9.8, 9.86, 9.76 and 8.94%, respectively (Figure 3A). The top represented bacterial families identified in the placenta, umbilical cord, and amniotic fluid were Pseudomonas, Moraxella, and Ruminococcus (Figure 3B). The colostrum contained mainly Burkholderiaceae, Caulobacteraceae, and Pseudomonadaceae families, and the meconium was dominated by Halomonadaceae, Moraxellaceae, and Pseudomonadaceae families. Lastly, cow feces contained mainly Ruminococcaceae, Rikenellaceae, Lachnospiraceae, and Bacteroidetes families. The microbial composition was dominated by Bacteroidetes, Brevundimonas, Halomonas, Limnobacter, Pseudomonas, and Psychrobacter.


[image: Figure 3]
FIGURE 3. Clustering graph based on Bray-Curtis distance and stacked bar charts showing the microbiome compositions of the six types of samples at the (A) phylum level, (B) family level, and (C) genus level. AF, amniotic fluid; CF, calf meconium; CM, colostrum; CW, cow feces; PA, placenta; UC, umbilical cord.


Sample type-specific OTUs (detected exclusively in one sample type) were identified in all sample groups at the genus level (Figure 4). There were 26, 22, 22, 21, 20, and 4 type-specific OTUs in the placenta, colostrum, amniotic fluid, umbilical cord, meconium, and cow feces, respectively, and 170 OTUs shared by all parts were found (Figure 4). OTUs found exclusively in one type of sample at genus level are shown in Supplementary Table 3.


[image: Figure 4]
FIGURE 4. Distribution of OTUs shared among different sample types. AF, amniotic fluid; CF, calf meconium; CM, colostrum; CW, cow feces; PA, placenta; UC, umbilical cord.


LEfSe analysis identified biomarkers with statistically significant differences among different sample types, which can be represented by the LDA score. As shown in Figure 5, 42 microorganisms at different taxonomic levels had LDA scores > 4. The microflora constituents with significant differences in abundance (largest LDA score) between the meconium and other sample types were Gammaproteobacteria, Oceanospirillales, Halomonadaceae, Halomonas, Actinobacteria, unidentified_Actinobacteria, Corynebacteriales, Dietziaceae, Dietzia, unidentified_Enterobacteriaceae, Alteromonadales, Idiomarinaceae, and Aliidiomarina, and Gammaproteobacteria.


[image: Figure 5]
FIGURE 5. LEfSe-derived phylogenetic trees of the microbiome in all different sample types. AF, amniotic fluid; CF, calf meconium; CM, colostrum; CW, cow feces; PA, placenta; UC, umbilical cord.




Source Tracing Analysis of the Microbiome Community in the Meconium and Different Maternal Sample Types
 
Overall Source Tracing Analysis of the Microbiome Community in the Meconium and Different Maternal Samples

SourceTracker software predicted the source of microbial communities in the input sample set, with meconium as the “sink” and the other sample types as different “sources.” The matching ratio of the meconium to other sample types was ordered from high to low for the umbilical cord (23.8 ± 2.21%), placenta (15.57 ± 2.2%), colostrum (14.4 ± 1.9%), amniotic fluid (11.2 ± 1.7%), and cow feces (10.5 ± 1%) (Figure 6A).


[image: Figure 6]
FIGURE 6. SourceTracker proportion estimates for a subset of “sink” samples and different “source” samples. (A) The matching ratio of microorganisms between meconium and different maternal sample types. (B) The matching ratio among the five “source” environments. AF, amniotic fluid; CF, calf meconium; CM, colostrum; CW, cow feces; PA, placenta; UC, umbilical cord; Unknown, unknown parts.


SourceTracker software was also used to compare the microorganisms in the five sample types as “sources.” Figure 6B shows that, compared with the other sample types (the autologous microorganism structural characteristics were similar to those in other sample types), the specificities were not obvious in the colostrum, placenta, umbilical cord, and amniotic fluid. However, the specificity between the cow feces and the other sample types was significant.



Source Tracing Analysis of the Microbial Community in the Meconium and Different Maternal Sample Types at the Phylum and Genus Levels

SourceTracker software was used to carry out traceability analysis for each cow-calf pair at the phylum and genus levels according to the different floras. This allowed further exploration of the matching ratio of dominant microbiome constituents between the meconium and different maternal sample types. The flora constituents that appeared in the meconium samples of the six calves were selected to ensure the significance of traceability analysis.

After screening, a total of 11 phyla, Cyanobacteria, Deinococcus-Thermus, Verrucomicrobia, Spirochaetes, Tenericutes, Acidobacteria, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and unidentified_Bacteria, were observed in the maternal transmission process at the phylum level. At the genus level, there were 118 types of major genera in each maternal sample type during the maternal transmission process, which were distributed in Actinobacteria (15 genera), Bacteroidetes (15 genera), Firmicutes (39 genera), Proteobacteria (44 genera), Cyanobacteria (1 genus), Deinococcus-Thermus (1 genus), Verrucomicrobia (1 genus), and unidentified_Bacteria (2 genera). Figure 7 presents the main phyla and genera observed during maternal transmission, and the detailed data can be found in Table 5.


[image: Figure 7]
FIGURE 7. Estimation of the matching ratio of meconium constituents to the main genera in each maternal sample type during maternal transmission. (A) Estimation of the matching proportion of the major microbiome constituents at the phylum level. (B) Estimation of the matching proportion of major microbiome constituents in Actinobacteria. (C) Estimation of the matching proportion of major microbiome constituents in Bacteroidetes. (D) Estimation of the matching proportion of major microbiome constituents in Firmicutes (selection of matching proportion in the top 20). (E) Estimation of the matching proportion of major microbiome constituents in Proteobacteria (selection of matching proportion in the top 20). AF, amniotic fluid; CF, calf meconium; CM, colostrum; CW, cow feces; PA, placenta; UC, umbilical cord; Unknown, unknown parts.



Table 5. Estimation of the matching ratio of meconium to the main genera in each part of their mothers during maternal transmission.
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DISCUSSION

Several studies have previously investigated the presence of microorganisms in the prenatal fetal gut and compared the offspring hindgut microbiome with that from different maternal sites such as the vagina, colostrum, and maternal feces (5, 6, 18, 30). Studies used healthy mare-foal, ewe-lamb, and cow-calf pairs as animal models and concluded that the prenatal gut harbored active microorganisms and that the fetal gut microbiome was seeded antenatally (7, 31). Regarding the hindgut microflora of calves, the current literature indicates that microbial communities across hindgut segments differ (32, 33). Thus, by examining the microbiome in meconium and different maternal sample types we were able to explore the possible sources of the hindgut microbiome in newborn calves. To obtain repeat and subsequent samples without euthanasia, a non-invasive and practical method (i.e., meconium examination) was chosen. The meconium microbiome represented the gut microbiome at birth without environmental influences such as feeding.

Meconium is the feces present in the hindgut of the calf before birth and can largely reflect the condition of the fetus' intestinal flora in the mother's womb. Both, the placenta after birth. Amniotic fluid is the only environment for the fetus to survive in the mother's womb and the placenta and umbilical cord are important ways for the mother to transfer nutrients to the fetus and for the fetus to metabolize them. This suggests that the similarity of the early fetal gut flora structure to its environment at the phylum level can reveal important information about the origin of microbial colonization in utero.

The bacterial microbiome of the samples from each site was analyzed using the Illumina Nova sequencing platform. At the phylum level, the dominant microbial components of the placenta, umbilical cord, amniotic fluid, colostrum, meconium, and cow feces included Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria.

Proteobacteria are gram-negative bacteria that can produce LPS (lipopolysaccharide) that can enter the blood, reduce the number of hindgut barrier cells, and increase hindgut permeability (34). Bacteroidetes produce butyrate, a product of colonic fermentation with antineoplastic properties, and are beneficial to interactions within the immune system of the host, which can activate T cell-mediated responses (35) and limit the colonization of potentially pathogenic bacteria in the GI tract (35). A previous study found that Proteobacteria, which colonized the intestines of young mice at an early stage, can activate the young mouse's immune system. The high levels of Proteobacteria in meconium in this study may also be related to the construction of the early immune system in calves (36). Thus, the presence of these bacteria in the hindgut of the neonatal calf is advantageous in the context of health (37). Actinobacteria can use carbohydrates to produce lactic acid, which can maintain the acidity of the environment and suppress the growth of pathogenic bacteria in the intestine (38). In addition, microbiota-depleted mice inoculated with Bacteroidetes and Firmicutes reflected that the two phyla both have distinct effects on hindgut immunity by differentially inducing primary and secondary response genes (39).

Similar to previous studies (18, 19, 30), the results in the present study indicated that the core community in meconium was enriched in Halomonadaceae, Pseudomonadaceae, Dietziaceae, Ruminococcaceae, Moraxellaceae, and Enterobacteriaceae. These responses were also similar to those in human studies (40). Accordingly, we speculate that the microbiome in the abovementioned core community is the “pioneer flora” during early life of the offspring. As such, it plays a central role in shaping the community of anaerobic organisms. Results from other studies (19, 30) can also be corroborated by differences in the composition of the microbiome between meconium and cow feces in the present study: compared with those in newborn calves, Proteobacteria levels were reduced in young and adult calves, and Firmicutes and Bacteroides dominated the fecal microbiome (33). These results indicated that the increasing diversity and richness in hindgut microbiome communities as the animal ages are indicative of progressive establishment of a complex microbiome during early life stages (33).

The presence of Pseudomonas, Limnobacter, and Brevundimonas as the most abundant genera in colostrum underscored the key role of colostrum in helping colonize the neonatal gut with microflora with obvious beneficial effects (e.g., probiotic effect) (41). Pseudomonas has been consistently reported to be the dominant microbe in colostrum (42) and raw milk (43). Li et al. (44) concluded that Pseudomonas, Lactococcus, and Acinetobacter were the most common genera, and Hang et al. (45) found that Streptococcus, Acinetobacter, Enterobacter, and Corynebacterium were the dominant microbiota. Although those studies differed from our results, it is possible that differences in experimental approaches and even environment account for most of the discrepancies. For example, Hang et al. (45) squeezed colostrum samples into a non-sterile bucket and collected them directly from the bucket after mixing. Clearly, use of a non-sterile container likely would have contaminated the samples.

Transmission of microbiota from milk to the developing offspring may exert many short- or long- term influences on the physiology of the offspring (46). For example, Lactobacilli in milk include species associated with the hindgut microbiome (47). These microorganisms can produce a large quantity of lactic acid, which can inhibit the growth of pathogenic bacteria (38). Lactic acid can also be converted to butyrate, which maintains the acidity of the environment and suppresses growth of pathogens in the intestine (48). In addition, it has been documented that flora in the maternal gut can reach the mammary gland via intestinal mononuclear cells during late gestation and lactation, also suggesting the existence of bacterial transmission via intestinal-lacteal routes (46). The offspring's intestinal microbiota and its immune evolution are related to milk microbiota, which are derived from the maternal entero-mammary pathway (49). Interestingly, although calves did not have access to the udder at the time of sampling in this experiment, at the phylum level the colostrum flora matched the meconium flora by 14.4%, which was very close to the match between the placental flora and the meconium flora (15.5%). This suggested that colostrum microorganisms have some influence on meconium. DiGiulio et al. (50) suggested that the perinatal transfer of beneficial microorganisms from the maternal gut to the mammary gland via the bloodstream, i.e., the adjustment of the oligo-oligosaccharides, immune factors and microbial communities in milk before delivery helped prepared, so that these prepared “beneficial bacteria” for transmission to the offspring through milk after birth. This may be a specific evolutionary phenomenon.

Quercia et al. (6) concluded that amniotic fluid and intestinal ecosystems can also contribute uniquely to the meconium microbiome community in foals. He et al. (4) studied the association of the microbiome in infant meconium with that in maternal vagina, saliva, amniotic fluid, and feces samples. Their data indicated that the meconium microbiome was seeded from multiple maternal body sites, with amniotic fluid microbiome contributing the most. Thus, vertical transmission of the microbiome from the mother to the offspring may exist. A hypothetical “enteromammary” pathway was proposed in which the selected bacteria in the maternal intestine can access the mammary glands, and dendritic cells and CD18+ cells can take up non-pathogenic bacteria from gut epithelial cells and carry them to other locations (51). The placental microbiome in mice is colonized by invasion and crossing of the endothelial lining (52), a process thought to occur during early vascularization and placentation (15). Dendritic cells from the mare penetrate the host epithelia including hindgut epithelium carrying luminal bacteria or bacterial antigens that are then released into the placenta via the bloodstream (6). Once the amniotic fluid is reached, these microbial factors may have access to the fetal gut and become a part of the meconium ecosystem (53). Various bacteria can also be released into the breast through the blood. Thus, we speculate that the main biological function of microbial factor transfer from the intrauterine region to the fetus may be beneficial to the development of digestive function and the construction of the immune system of newborn calves after delivery.

SourceTracker analysis showed that in the maternal transmission process, cow feces mainly transmitted acid-producing bacteria such as Saccharofermentans, Acetitomaculum, and Pseudoclavibacter. Saccharofermentans are fibrolytic (54) and produce short-chain fatty acids and low-density lipoprotein cholesterol (6) both of which help maintain health and provide energy for the developing intestinal wall (55). Acetitomaculum and Pseudoclavibacter produce mainly acetic acid and butyric acid, respectively (55, 56). Butyrate, as an energy source for host epithelial cells, can regulate growth and the differentiation-related activator protein 1 (AP-1) signaling pathway (57) leading to an increase in the number of immunoregulatory T regulatory (T-reg) cells. These functions may reduce the likelihood of maternal rejection of the fetal allograft (58).

Other groups of bacteria that appear mainly transmitted from cow feces are common in the digestive tract and are associated with nutrition such as the aerobic denitrification bacteria Thauera, Lysinibacillus, and Peptostreptococcus and Novosphingobium, which are core members of the gut flora in the cow (18). Cellulosilyticum, Saccharofermentans, and Ruminobacter, the main cellulose-degrading bacteria (59, 60), and Bradyrhizobium, Mogibacterium, Alcanivorax, Fastidiosipila, Saccharofermentans, and Ruminobacter, are all common bacteria in alimentary canals involved in fiber degradation (59, 61, 62). These are all key microbiome communities transmitted by amniotic fluid. In fact, these bacteria were the main transmitted bacteria that were not only in cow feces and amniotic fluid, but also in placenta and umbilical cord and dominated in the succession that occurred in early life (58). Algoriphagus, Pseudoxanthomonas, Bradyrhizobium, and Novosphingobium were the main cellulose-degrading microbiome constituents (63–65) transmitted via colostrum. In addition, it was reported that the special genus Truepera, which was mainly transmitted by colostrum, was the core flora constituent in bedding used to house cows (66).

Overall, microbial communities of the cow-calf pair encompassed a complex and shared microbiome that likely interacted to maintain health in both cows and calves (40, 67). Although there were differences in microbial community structure among different sample types of dams and offspring, the microbiome involved in cellulose degradation, fermentation, and the common flora in alimentary canals were seeded into the calf via the maternal transmission process and affected the calf's nutrition and the microbial communities existing in the calf intestine.

Some limitations in the present study must be mentioned. First, the number of cow-calf pairs could be considered small for a robust evaluation of maternal transmission. Second, a deviation in PCR results may have occurred in the analysis of low-microbial-biomass samples, and the possibility of contamination of samples cannot be completely excluded. Third, the inherent limits of molecular analyses did not allow for studying whether live or dead bacteria, even microbial debris, were present in the samples collected. Lastly, we identified numerous flora in the meconium, but the origins and timing of the colonization were not investigated, and knowledge about the influence of these microflora on the metabolism and immune function remains limited.



CONCLUSION

Data provide evidence that the fetal hindgut microbiome of the calf may arise from different maternal parts. The composition of the meconium microflora originated from multiple maternal sites including umbilical cord, placenta, colostrum, and amniotic fluid. Characteristics of the microorganisms in the placenta, umbilical cord, colostrum, and meconium were more obvious than those in amniotic fluid, and differences in the microbial characteristics between meconium and cow feces were the largest. Microflora with digestive functions such as cellulose decomposition and rumen fermentation were highly matched during the maternal transmission process. Overall, the present findings advanced our understanding of the calf gut microbiome and lays a foundation for improving the growth and development of offspring, hindgut health, and lactation potential of calves by intervening in the gut microecology of pregnant cows. Further studies are required to gain an in-depth understanding of the origin, composition, function, dynamics, and colonization time of the calf gut microbiome. Elucidating the effects of the fetal gut microbiome on development, immunity, and health throughout early life will be an important undertaking.
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Host defense peptides (HDPs) are an integral part of the innate immune system with both antimicrobial and immunomodulatory activities. Induction of endogenous HDP synthesis is being actively explored as an antibiotic-alternative approach to disease control and prevention. Butyrate, a short-chain fatty acid, and forskolin, a phytochemical, have been shown separately to induce HDP gene expression in human cells. Here, we investigated the ability of butyrate and forskolin to induce the expressions of chicken HDP genes and the genes involved in barrier function such as mucin 2 and claudin 1 both in vitro and in vivo. We further evaluated their efficacy in protecting chickens from Clostridium perfringens-induced necrotic enteritis. Additionally, we profiled the transcriptome and global phosphorylation of chicken HD11 macrophage cells in response to butyrate and forskolin using RNA sequencing and a kinome peptide array, respectively. Our results showed a strong synergy between butyrate and forskolin in inducing the expressions of several, but not all, HDP genes. Importantly, dietary supplementation of butyrate and a forskolin-containing plant extract resulted in significant alleviation of intestinal lesions and the C. perfringens colonization in a synergistic manner in a chicken model of necrotic enteritis. RNA sequencing revealed a preferential increase in HDP and barrier function genes with no induction of proinflammatory cytokines in response to butyrate and forskolin. The antiinflammatory and barrier protective properties of butyrate and forskolin were further confirmed by the kinome peptide array. Moreover, we demonstrated an involvement of inducible cAMP early repressor (ICER)-mediated negative feedback in HDP induction by butyrate and forskolin. Overall, these results highlight a potential for developing butyrate and forskolin, two natural products, as novel antibiotic alternatives to enhance intestinal health and disease resistance in poultry and other animals.
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INTRODUCTION

Antimicrobial resistance is a major threat to human health (1). Host-directed therapy has emerged as a promising antibiotic-free strategy for disease control and prevention (2, 3). Host defense peptides (HDPs), also known as antimicrobial peptides, are small molecules of the innate immune system featuring antimicrobial and immunomodulatory properties (4, 5). Inducing HDP synthesis is a host-directed antimicrobial therapy that is being actively explored for human and livestock applications (2, 6, 7). HDPs are classified into two major families, namely defensins and cathelicidins, in vertebrate animals (4, 5). Defensins contain characteristic disulfide bridges and six cysteine residues that categorize them as α-, β-, or θ-defensins (8), while cathelicidins are identified by the presence of a conserved cathelin precursor (9). The chicken genome encodes a total of 14 β-defensins known as avian β-defensin 1–14 (AvBD1–14) and four cathelicidins known as CATH1-3 and CATHB1, with their expression detected throughout the gastrointestinal (GI), respiratory, reproductive, and urogenital tracts as well as in the bone marrow and several types of immune cells (10, 11).

Butyrate is a short-chain fatty acid produced primarily by bacterial fermentation in the GI tract (12, 13). Butyrate induces HDPs mainly by acting as a histone deacetylase inhibitor (HDACi) to enhance acetylation of histones, relaxation of gene promoters, and transcription of target genes (14). Forskolin (FSK) is a natural product belonging to the diterpene family extracted from the roots of Coleus forskohlii, a member of the mint family grown in India, Nepal, and Thailand that is traditionally used to treat various inflammation-related disorders (15). FSK acts as a natural adenylyl cyclase agonist to increase the synthesis of cyclic adenosine monophosphate (cAMP) (15), which in turn activates protein kinase A (PKA) resulting in phosphorylation and activation of a transcription factor known as cAMP responsive element (CRE)-binding protein (CREB) (16). Activated CREB then binds to a CRE region of its target gene promoter leading to increased gene transcription. FSK-mediated HDP gene induction is believed to transduce through the cAMP-PKA signaling pathway (17, 18). It is well-known that a negative feedback loop exists for the cAMP-PKA pathway through upregulation of inducible cAMP early repressors (ICER) that represent a group of smaller proteins transcribed alternatively from the CRE modulator (CREM) gene (19). ICER suppresses gene transcription targeted by the cAMP-PKA-CREB pathway by competing with CREB for the CRE region of target gene promoters (19).

Integrity of mucosal barrier function is critical for the host to achieve homeostasis and defend against external insults from the environment (20). Barrier function is maintained mainly by the mucus layer and tight junctions (20). Mucin-2 (MUC2) constitutes a major component of the mucus in the GI tract (21), while tight junctions are formed by a network of transmembrane and cytosolic adaptor proteins such as claudin-1 (CLDN1) and zonula occludens-1 (ZO1) that join together the cytoskeletons of neighboring cells (22). Butyrate is capable of enhancing barrier function (12, 13), but the role of FSK in barrier function remains unknown.

We previously found butyrate and FSK to be capable of inducing chicken AvBD9 gene expression in a synergistic manner (18). In this study, we continued to investigate the role of butyrate and FSK in the expressions of other chicken HDPs both in vitro and in vivo. We also examined their impact on barrier function. Necrotic enteritis (NE), caused by Clostridium perfringens, is an economically devastating enteric disease and often associated with growth retardation, reduced feed efficiency, small intestinal pathology, and 10–20% mortality in chickens (23). The efficacy of dietary supplementation of butyrate and FSK in protecting chickens from NE was evaluated. The mechanism of action of the HDP-inducing synergy between butyrate and FSK was further explored using RNA sequencing and a chicken-specific kinome peptide array. We revealed that butyrate and FSK synergistically enhanced innate host defense, barrier function, and disease resistance without triggering inflammation and that ICER is a major negative regulator of butyrate- and FSK-induced HDP gene expression.



MATERIALS AND METHODS


Cell Culture and Stimulation

Chicken HD11 macrophage cells (24) were maintained in Roswell Park Memorial Institute (RPMI) 1640 (Hyclone, Logan, UT) supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA). After overnight seeding in 12-well plates at 1 × 106 cells/well, HD11 cells were stimulated with different concentrations of sodium butyrate (MilliporeSigma, St. Louis, MO) and FSK (Santa Cruz Biotechnology, Santa Cruz, CA) individually or in combination. Cells were subjected to total RNA isolation for subsequent quantitative reverse transcription PCR (RT-qPCR) or RNA sequencing as described below.



Dietary Supplementation of Butyrate and FSK to Chickens

A total of 60 day-old male broiler chickens were obtained from Cobb-Vantress Hatchery (Siloam Springs, AR), divided randomly into six groups of 10, and provided ad libitum with tap water and a non-medicated commercial basal diet (DuMOR Chick Starter/Grower 20%, SKU #507821099, Tractor Supply Co., Brentwood, TN). Animals were raised in santitized floor pens with fresh pine wood shavings under standard management for 4 days. While one group of animals were allowed to continue on the basal diet, five other groups were switched to experimental diets supplemented with 1 g/kg microencapsulated sodium butyrate (CM3000® containing 30% pure sodium butyrate, King Techina, Hangzhou, China), 20 mg/kg C. forskohlii (CF) extract containing 10% FSK (Vitacost, Lexington, NC), or a combination of 1 g/kg CM3000® and CF extract (5, 10, or 20 mg/kg feed). After 2 days of feeding, eight chickens from each group were euthanized for collection of the jejunum at −80°C until homogenization for RNA extraction. All animal procedures were approved by the Institutional Animal Care and Use Committee of Oklahoma State University under protocol AG1610.



RT-qPCR Analysis of Gene Expression

Total RNA was isolated from chicken HD11 cells or the jejunal segments using RNAzol RT (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol. RNA was quantified using Nanodrop 1000 (Nanodrop Products, Wilmington, DE) and the ratios of A260/A230 and A260/A280 were used to indicate RNA quality. Reverse transcription was performed using Maxima First Strand cDNA Synthesis Kit (ThermoFisher Scientific, Pittsburgh, PA), followed by qPCR analysis with QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA) in 10-μL reactions. The qPCR protocol consisted of an initial activation at 95°C for 10 min and 40 cycles of 94°C for 15 s, 55°C for 20 s, and 72°C for 30 s. Melting curve analysis was performed to determine PCR specificity, and relative fold changes were estimated with the ΔΔCt method (25) using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the reference gene for data normalization as we previously described (18, 26).



Chicken Model of Necrotic Enteritis

A total of 48 male day-of-hatch Cobb broiler chicks were obtained from Cobb-Vantress Hatchery and randomly assigned to four floor pens with 12 animals per pen. Birds were raised for 10 days on a non-medicated basal diet (DuMOR Chick Starter/Grower 20%, Tractor Supply Co.) under standard management. On day 10, chicks were weighed individually and 36 of similar body weights were transferred to battery cages with three cages per treatment and three animals per cage. Upon transfer, one group of animals continued with the basal DuMOR diet, while the other three groups were supplemented with 1 g/kg microencapsulated sodium butyrate (CM3000®, King Techina), 5 mg/kg CF extract (Vitacost), or a combination of 1 g/kg CM3000® and 5 mg/kg CF extract. Following a 3-day feeding and acclimatization, chickens were fasted overnight prior to daily challenges with the netB- and tpeL-positive C. perfringens strain Brenda B (provided kindly by Dr. Lisa Bielke at the Ohio State University) (27) to induce NE as described (28). C. perfringens was cultured sequentially in cooked meat medium (ThermoFisher Scientific) and fluid thioglycollate (ThermoFisher Scientific) broth every 18 h. Bacterial challenge was performed by feeding a 1:1 mixture of bacterial overnight culture and respective diets twice daily for 4 days. On day 19, all animals were euthanized by CO2 asphyxiation and necropsied to determine the duodenal and jejunal lesion scores in a blind manner according to a 6-point scoring system as described (29). A segment of the jejunum was also fixed in formalin (VWR International, Radnor, PA), processed, and stained with hematoxylin and eosin (VWR International). Additionally, the jejunal digesta was collected and the C. perfringens titer was determined using qPCR as described below.



Quantification of C. perfringens

Microbial DNA was isolated from the jejunal digesta using the ZR Fecal DNA Miniprep Kit (Zymo Research, Irvine, CA). DNA quality and quantity were determined using Nanodrop 1000. The C. perfringens titer was determined using a standard curve-based qPCR and C. perfringens-specific primers as described (30, 31). The standard curve was constructed using 10-fold serial dilutions of genomic DNA isolated from a known count of pure C. perfringens culture. The qPCR protocol consisted of an initial activation at 95°C for 10 min, followed by 40 cycles of 94°C for 15 s, 60°C for 20 s, and 72°C for 30 s. Melting curve analysis was performed to determine PCR specificity and the C. perfringens titer was calculated as colony-forming units (CFU)/g of the jejunal digesta.



Western Blot Analysis

Chicken HD11 cells were treated in duplicate with butyrate (2 mM) or FSK (5 or 200 μM) individually or in two different combinations for 6 h. Cells were then lysed in 0.5 mL of TNT buffer (20 mm Tris, pH 7.5, 200 mm NaCl, 1% Triton X-100) containing a cocktail of protease inhibitors (MilliporeSigma). Proteins (50 μg) in the supernatants were separated on 12% SDS-PAGE, transferred to an Immobilon-P® polyvinylidene difluoride membrane (MilliporeSigma), and blotted sequentially with a rabbit anti-CREM/ICER polyclonal antibody (MilliporeSigma, #AV34777; diluted 1:500) and a goat anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase (MilliporeSigma; diluted 1:2,000). The reactive bands were visualized using enhanced chemiluminescence (ThermoFisher Scientific).



RNA Sequencing and Analysis

Chicken HD11 cells were treated in duplicate with or without 2 mM butyrate, 5 μM FSK, or in combination for 24 h. Total RNA was isolated for cDNA library preparation using TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA), followed by RNA sequencing by Novogene (Beijing, China) on an Illumina HiSeq 2000 platform. The raw sequence reads were filtered using Cutadapt (32) and Prinseq (33). High-quality clean reads from each sample were separately aligned to the chicken genome assembly (Ensembl, Gallus gallus 5.0) using TopHat2 (34). The resulting transcript abundances were quantified using a software package, RNA-Seq by Expectation Maximization (RSEM) (35). The expression levels were determined based on the values of fragments per kilobases per million mapped reads (FPKM). Differentially expressed genes with >2-fold difference (relative to the control) and false discovery rate (FDR) <0.05 were identified using edgeR (36) and visualized on a heat map using MultiExperiment Viewer (MeV) (37). To identify enriched gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, functional enrichment of the genes was analyzed using a web-based tool, KEGG Orthology-Based Annotation System, intelligent version (KOBAS-i) (38). Only the GO terms and KEGG pathways with P < 0.05 were considered significantly enriched. Venn diagram was generated using Venny 2.0 online software (https://bioinfogp.cnb.csic.es/tools/venny/index.html).



Kinome Peptide Array and Analysis

Chicken HD11 cells were treated in duplicate with or without 2 mM butyrate, 5 μM FSK, or in combination for 4 h. Cell pellets were lysed using 100 μL lysis buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na3VO4, 1 mM NaF, 1 μg/mL leupeptin, 1 g/mL aprotinin, and 1 mM phenylmethylsulphonyl fluoride; all purchased from MilliporeSigma, St. Louis, MO). The supernatants were subsequently subjected to a chicken-specific kinome peptide array procedure as described (39) with slight modifications (40). The kinome peptide array was constructed to contain a total of 771 chicken-specific peptides that were derived from phosphorylation sites of 572 proteins. Data normalization and clustering analysis were performed as described (41). GO terms and KEGG pathway analysis were performed by uploading a list of statistically significant peptides (P < 0.001) to the Search Tool for the Retrieval of Interacting Genes (STRING) (42).



Statistical Analysis

For cell culture experiments, the results were shown as means ± standard error of the mean (SEM) of 3–4 independent experiments. Following the confirmation of normality of the data with Shapiro-Wilk test, statistical significance was determined using one-way ANOVA with post-hoc Tukey's test in Prism (GraphPad Software, La Jolla, CA). Statistical significance was considered if P < 0.05. Treatments with P < 0.20 were also indicated to show a trend.




RESULTS


Butyrate and FSK Synergistically Induce Chicken HDP and Barrier Function Genes

Butyrate is known to synergize with FSK in inducing chicken AvBD9 gene expression (18). To study whether the synergy also occurs with other HDP genes as well as two major genes involved in barrier function (MUC2 and CLDN1) (20), we first conducted both dose-response and time-course experiments in chicken HD11 macrophage cells with butyrate and FSK separately, followed by RT-qPCR analysis of gene expression. Similar to AvBD9 (18), AvBD10, MUC2, and CLDN1 were all induced by butyrate in both concentration- (Figure 1A) and time-dependent manners (Figure 1B). A peak induction of all three genes was observed with 1 mM butyrate at 24 h. A longer duration was not attempted because of much reduced cell numbers and hence RNA concentrations. Besides CLDN1, two other tight junction protein genes tested (CLDN5 and ZO1) were also significantly induced by butyrate (data not shown). Notably, higher concentrations of butyrate led to diminished inductions of all three genes examined (Figure 1A), presumably due to the presence of a negative feedback mechanism. FSK also showed a dose-dependent induction of AvBD10 and MUC2, but not CLDN1 (Figure 1C). Similar to AvBD9 (18), a maximum induction of AvBD10 by FSK occurred at 10 μM and higher concentrations showed a reduced response, while 50 μM FSK gave the strongest upregulation of MUC2 gene expression (Figure 1C). CLND1 failed to be induced by FSK at any concentrations tested, and was in fact significantly suppressed by 50 μM FSK (Figure 1C). Time-course experiments with FSK were not attempted because 24 h was known to be optimal in giving a peak induction of AvBD9 (18).
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FIGURE 1. Concentration- and time-dependent induction of avian β-defensin 10 (AvBD10), mucin 2 (MUC2), and claudin 1 (CLDN1) in macrophages by butyrate and forskolin (FSK). Chicken HD11 cells were stimulated in duplicate with different concentrations of sodium butyrate or FSK for 24 h, or 2 mM butyrate for 12 or 24 h, followed by RT-qPCR analysis of gene expression. (A) Concentration-dependent gene induction in response to butyrate for 24 h. (B) Time-dependent gene induction in response to 2 mM butyrate. (C) Concentration-dependent gene induction in response to FSK for 24 h. Results are shown as means ± SEM of 3–4 independent experiments. Statistical significance (P < 0.05), denoted by non-common letters, was determined using one-way ANOVA and post-hoc Tukey's test.


The synergy between butyrate and FSK in regulating HDP and barrier function genes was further explored. Similar to AvBD9 (18), AvBD10 was also induced by butyrate and FSK in a synergistic manner. A peak 58-fold induction of AvBD10 occurred in HD11 cells when 5 μM FSK was combined with 2 mM butyrate, while only 7- and 16-fold increases were observed when FSK and butyrate were applied separately (Figure 2A). Additionally, AvBD3 and AvBD8 were synergistically induced in response to butyrate and FSK (Figure 2B). Although all other chicken HDP genes were induced to different magnitudes in response to butyrate or FSK, no clear synergy was observed (Figure 2B). It is noteworthy that approximately a half number of HDP genes were more responsive to butyrate, while the other half were more readily induced by FSK (Figure 2B). Desirably, MUC2 gene expression was synergistically enhanced by butyrate and FSK (Figure 2C), but no synergy was seen with CLDN1 (Figure 2D).


[image: Figure 2]
FIGURE 2. Synergistic induction of HDP and barrier function genes in macrophages by butyrate and FSK. Chicken HD11 cells were stimulated in duplicate with 2 mM butyrate and different concentrations of FSK individually or in combination for 24 h, followed by RT-qPCR analysis of AvBD10 (A), a panel of chicken HDP genes (B), MUC2 (C), and CLDN1 (D). Fold changes in the heatmap were log2 transformed. Results are shown as means ± SEM of three independent experiments. Statistical significance (P < 0.05), denoted by non-common letters, was determined using one-way ANOVA and post-hoc Tukey's test.


To verify whether HDP and barrier function gene induction would occur in vivo in response to butyrate and FSK, chickens were supplemented with 1 g/kg microencapsulated sodium butyrate or different concentrations of a 10% FSK-containing CF extract individually or in combination for 2 days before jejunal segments were harvested for RT-qPCR analysis of HDP and barrier function gene expression. CF extract at 20 mg/kg gave no or a minimum gene induction, while butyrate gave a modest 25- and 2-fold increase in AvBD9 and AvBD10, respectively (Figures 3A,B). Importantly, a combination of butyrate and 5 mg/kg CF extract led to an average 445- and 131-fold increase in AvBD9 and AvBD10, respectively (Figures 3A,B). MUC2 and CLDN1 expressions also tended to increase in the chicken jejunum in response to a combination of butyrate and FSK (Figures 3C,D).
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FIGURE 3. Induction of HDP and barrier function genes by butyrate and FSK in the jejunum of chickens. Five-day-old broiler chicks were fed a basal diet supplemented with or without 1 g/kg sodium butyrate or different concentrations of 10% FSK-containing Coleus forskohlii plant extract individually or in combination for 48 h. A segment of the jejunum was collected and subjected to RT-qPCR analysis of gene expressions of AvBD9 (A), AvBD10 (B), MUC2 (C), and CLDN1 (D). Results are shown as means ± SEM of eight chickens per group. Statistical significance (P < 0.05), denoted by non-common letters, was determined using one-way ANOVA and post-hoc Tukey's test. Treatments with P < 0.20 were also indicated to show a trend.




Butyrate and FSK Synergistically Alleviate NE in Chickens

To evaluate the efficacy of butyrate and FSK in alleviating NE, chickens were supplemented with butyrate and FSK-containing CF extract individually or in combination for 4 days prior to daily challenges with C. perfringens to induce NE as described (28). As expected, the C. perfringens infection developed characteristic gross lesions in the small intestine (Figure 4A). Average lesion scores of 2.5 and 3 were observed in the duodenum and jejunum, respectively, if left unintervened (Figure 4B). Butyrate or FSK at the concentrations used tended to reduce the lesions in the duodenum, but not in the jejunum. Importantly, a combination of butyrate and FSK caused a significant decrease in the lesion score in the duodenum (P < 0.05) with a strong tendency also in the jejunum (P = 0.17) (Figure 4B). Similarly, butyrate and FSK alone failed to suppress C. perfringens colonization in the jejunum, and only the combination gave a significant, 4-log reduction in the bacterial titer (P < 0.05) (Figure 4C). Consistently, C. perfringens infection gave an obvious damage on the jejunal mucosa, and supplementation of butyrate or FSK alone showed no visible improvement, while only the combination was capable of restoring the epithelial integrity (Figure 4D). Overall, these results indicated a strong synergy between butyrate and FSK in ameliorating NE in broiler chickens.
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FIGURE 4. Alleviation of necrotic enteritis in chickens by butyrate and FSK. Chickens were fed a basal diet supplemented with or without 1 g/kg of sodium butyrate, 5 mg/kg of 10% FSK-containing Coleus forskohlii plant extract, or the combination for 3 days prior to induction of necrotic enteritis. After 4 days of infection, intestinal lesions, bacterial titer, and histology were examined in the duodenum and jejunum of each chicken. (A) Representative lesions in the jejunum of each group. (B) The lesions in the duodenum and jejunum were scored and compared among different groups (n = 9) 4 days post infection. (C) The titer of Clostridium perfringens in the jejunal contents of each animal. Statistical significance (P < 0.05), denoted by non-common letters, was determined using one-way ANOVA and post-hoc Tukey's test. Treatments with P < 0.20 were also indicated to show a trend. (D) Representative jejunal morphology of each group of chickens.




Butyrate and FSK Enhance Barrier Function Without Triggering Inflammation

To achieve a global understanding of the effect of butyrate and FSK on the transcriptome, RNA sequencing was performed with chicken HD11 cells following a 24-h treatment with or without butyrate, FSK or in combination. A total of 51 genes were found to be differentially regulated by butyrate, with 18 genes being upregulated and 33 downregulated (fold change > 2 and FDR < 0.05) (Figure 5A). Of note, four chicken HDP genes including AvBD2, AvBD6, AvBD7, and CATH2, were upregulated. FSK differentially regulated 2,416 genes, while the butyrate/FSK combination resulted in differential regulation of 2,480 genes (Figure 5B). Of all differentially regulated genes, a majority (2, 27) were regulated by both FSK and the butyrate/FSK combination, while 422 genes were uniquely regulated by the combination. Further evaluation of the cellular processes revealed that butyrate preferentially impacted defense and stress responses, while most processes affected by FSK and the butyrate/FSK combination were involved in DNA replication and repair and chromosomal organization (Figure 5C).


[image: Figure 5]
FIGURE 5. Transcriptome profiling of chicken macrophages in response to butyrate and FSK. Chicken HD11 cells were treated in duplicate with or without 2 mM butyrate, 5 μM FSK, or in combination for 24 h, followed by RNA isolation and sequencing. (A) Differential expression of genes in response to butyrate. Fold changes in the heatmap were log2 transformed. Red color denotes upregulation, while green color denotes downregulation. (B) Venn diagram showing the number of differentially expressed genes overlapping among the three treatments. Differentially expressed genes were selected with >2-fold difference (relative to the control) and FDR <0.05. (C) Differential enrichment of cellular processes to butyrate and FSK. Only the GO terms and KEGG pathways with P < 0.05 were considered significantly enriched.


To further understand a possible involvement of different signaling pathways in butyrate- and FSK-mediated response, HD11 cells were stimulated with butyrate and FSK individually or in combination for 4 h and then subjected to a chicken-specific kinome peptide array analysis as described (41). Among a total of 771 peptides analyzed, 301, 298, and 193 peptides were differentially phosphorylated by butyrate, FSK, and the combination, respectively (P < 0.001) (Figure 6A). Of those, 107 peptides were differentially phosphorylated only by the butyrate/FSK combination. A unique phosphorylation pattern was observed with each treatment, with FSK and the butyrate/FSK combination more resembling each other (Figure 6B). STRING analysis (42) further revealed that 116 and 100 pathways were significantly affected by butyrate and FSK, respectively, while 89 pathways were significantly altered by the combination (Supplementary Figure 1).
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FIGURE 6. Kinome profiling of chicken macrophages in response to butyrate and FSK. Chicken HD11 cells were treated in duplicate with or without 2 mM butyrate, 5 μM FSK, or in combination for 4 h, followed by cell lysis and kinome peptide array analysis for differential phosphorylation status of kinases and phosphatases. (A) Venn diagram showing the number of differentially phosphorylated peptides overlapping among the three treatments. (B) Heatmap showing the profiles of differentially phosphorylated peptides in response to different treatments. Differentially regulated peptides were selected with P < 0.001 (relative to the control). Each horizontal line represents a peptide and its phosphorylation status, with red indicating phosphorylation and green indicating dephosphorylation.


Of all genes and pathways regulated by a combination of butyrate and FSK, a special attention was given to those involved in barrier function and inflammation, given their significance in intestinal health. RNA sequencing revealed that several genes involved in barrier function such as CLDN1 and PAR6 were significantly induced by butyrate (FDR < 0.05), while FSK caused a significant reduction in CLDN1 expression with a minimum impact on other tight junction genes (Supplementary Figure 2). A concomitant treatment with butyrate and FSK restored the beneficial effect of butyrate showing significant upregulation of several barrier function genes such as CLDN1 CLDN5, CLDN10, PAR6, and MUC5B (FDR < 0.05) (Supplementary Figure 2). Similarly, kinome peptide array showed that both butyrate and the butyrate/FSK combination induced a significant phosphorylation of multiple proteins involved in tight junction assembly such as Wiskott–Aldrich syndrome protein (WASP), RhoA, and Rho kinase (ROCK) (P < 0.001) (Supplementary Figure 3). These results suggested a beneficial role of butyrate and butyrate/FSK in enhancing barrier function. However, it is noted that junctional adhesion molecule 2 (JAM2) and JAM3 were significantly downregulated by both butyrate and the butyrate/FSK combination (Supplementary Figure 2), and both proteins were dephosphorylated by butyrate, but restored in response to the butyrate/FSK combination (Supplementary Figure 3).

Butyrate and FSK are known to be antiinflammatory (12, 43). As expected, no pro- or antiinflammatory genes were significantly affected by butyrate, while interleukin-8 (IL-8), IL-10, and IL-19 were induced by FSK, and IL-8, IL-19, and interferon-β (IFN-β) were augmented by the butyrate/FSK combination (data not shown). IL-1β and IFN-γ were not induced by either compound or their combination. Consistently, nuclear factor-κB (NF-κB) signaling pathway, a major pathway involved in inflammatory response (44), was not significantly affected by butyrate and FSK in either RNA sequencing or kinome peptide array analysis.



ICER Is Induced by Butyrate and FSK and Suppresses HDP Gene Induction

ICER is a major suppressor of the cAMP-PKA-CREB pathway (19), which can otherwise be activated by FSK (15). To study whether ICER is involved in reduced synergy between butyrate and higher concentrations of FSK observed earlier in both cell culture (Figure 2A) and live animals (Figures 3A,B), HD11 cells were treated for various times with 2 mM butyrate and two different concentrations of FSK (5 and 200 μM) individually or in combination. It was apparent that both concentrations of FSK quickly induced ICER mRNA expression, with a peak 25-fold induction at 3 h. However, 200 μM FSK increased ICER transcription more strongly with a 32-fold upregulation at 3 h, and the induction was maintained at 18-fold even at 24 h, whereas the ICER expression was largely reduced to a basal level at 24 h in response to 5 μM FSK (Figure 7A). In contrast, ICER was gradually upregulated in response to butyrate in a time-dependent manner, with a minimum induction at 1–3 h and peaking at 24 h. ICER mRNA expression was maximum at 3 h, but remained substantially elevated at 24 in response to a combination of butyrate and FSK, with 200 μM FSK sustaining the ICER transcription by 21-fold at 24 h (Figure 7A). At the protein level, 200 μM FSK induced ICER synthesis at a much higher level than 5 μM FSK with or without butyrate (Figure 7B). These results suggested a reduced synergy between butyrate and higher concentrations of FSK observed earlier was likely due to a stronger induction of ICER.
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FIGURE 7. Induction of inducible cAMP early repressor (ICER) in chicken macrophages in response to butyrate and FSK. (A) Chicken HD11 cells were treated with 2 mM butyrate or two concentrations of FSK (5 and 200 μM) individually or in combination for indicated times, followed by RT-qPCR analysis of ICER expression. Results are shown as means ± SEM of three independent experiments. (B) HD11 cells were treated with 2 mM butyrate in the presence or absence of 5 or 200 μM FSK for 6 h, followed by Western blot analysis of ICER. Results are shown as a representative of two independent experiments.





DISCUSSION

In this study, we have demonstrated two natural products, butyrate and FSK, showing a synergistic activity in enhancing HDP genes as well as several major genes involved in barrier function without triggering inflammatory response. Furthermore, dietary supplementation of butyrate and FSK are synergistically protective against NE, a devastating enteric disease that costs $6 billion annually to the global poultry industry (23). The HDP-inducing, barrier-protective, and antiinflammatory properties of butyrate and FSK have been confirmed independently by qPCR, RNA sequencing, and kinome peptide array. For example, both qPCR and RNA sequencing have demonstrated an induction of multiple, but not all, HDP genes in response to butyrate and FSK. Differential response of HDP genes is likely reflected by close proximity of those genes. For example, AvBD8, AvBD9, and AvBD10 are located in tandem on chicken chromosome 3 (45) and synergistically induced by butyrate and FSK. It is conceivable that these three HDP genes are likely originated from gene duplication and thus regulated similarly. It is interesting to note that approximately a half number of chicken HDP genes are highly responsive to butyrate, while the other half are responsive to FSK. Those FSK-responsive AvBD genes (AvBD1/2/5/6/7) are largely located continuously in one gene cluster on chromosome 3 that interrupts two clusters of butyrate-responsive genes (AvBD8/19/10 and AvBD3/4/14) (45, 46). Another gene cluster (AvBD11/12/13) are barely detectable in HD11 cells and therefore, no results were shown for them. Among chicken cathelicidins, CATHB1 is readily induced by butyrate, while CATH1 and CATH2 are more regulated by FSK. No synergy has been observed with any of those FSK-responsive HDP genes, while a half number of butyrate-responsive genes are induced by butyrate and FSK in a synergistic manner.

It is noted that nearly all chicken HDP genes are induced in HD11 cells in response to butyrate and FSK by RT-qPCR; however, RNA sequencing has only revealed significant upregulation of four (AvBD2, AvBD6, AvBD7, and CATH2). This apparent discrepancy is likely due to different sensitivities of the two technologies. RNA sequencing may not be sensitive enough to reliably detect those genes that are expressed in HD11 cells at extremely low levels. Furthermore, the threshold (FDR < 0.05 and fold change > 2) may be too stringent for a few HDP genes to be selected as differentially expressed genes. Nevertheless, both RT-qPCR and RNA sequencing highlight desirable preferential induction of multiple HDPs in response to butyrate and FSK.

Integrity of mucosal barrier function is maintained by the mucus layer and tight junctions (20). Butyrate is known to improve barrier integrity by inducing the expressions of MUC2 and multiple proteins involved in tight junction assembly (12). In our study, qPCR confirmed induction of MUC2, CLDN1, and CLDN5 by butyrate, and we showed for the first time that FSK is also capable of inducing MUC2, a predominant component of the mucus layer in the GI tract (21). Consistently, we demonstrated that butyrate and FSK cooperatively enhance MUC2 expression both in vitro and in vivo. Although FSK suppresses CLDN1 gene expression, a combination of butyrate and FSK reverses such an effect resulting in an upregulation of multiple claudins such as CLDN1, CLDN5, and CLDN10 as revealed by RNA sequencing. Kinome peptide array further revealed butyrate- and FSK-mediated phosphorylation of many proteins that are involved in the assembly of tight junctions such as ROCK and WASP. ROCK is a serine-threonine kinase that regulates phosphorylation of myosin light chain and F-actin, thus affecting actin polymerization and cell contraction and tight junction assembly (47). Phosphorylation and activation of ROCK also activates p21-activated kinase, which in turn activates WASP (48), resulting in the nucleation and polymerization of actin filaments and reduced permeability of tight junctions (49).

Both butyrate and FKS have been shown to be primarily antiinflammatory (12, 43). Previous work in chicken HD11 cells has found butyrate to have no effect on IL-1β expression and a minimum effect on IL-6, IL-8, and IL-12p40 (50, 51). Similarly, FSK showed no induction of IL-1β, while a combination of butyrate and FSK showed a minimum increase in IL-1β expression (data not shown). Consistently, RNA sequencing showed no significant induction of IL-1β or many other typical proinflammatory cytokine genes in response to butyrate and FSK. Furthermore, kinome peptide array indicated a minimum effect on the NF-κB pathway as well.

Butyrate is known to induce HDP expression mainly by functioning as HDACi to cause hyperacetylation of histones and hence chromatin relaxation (14). Consequently, a number of HDACi have been identified to enhance HDP expression (52–54). FSK is a natural agonist of adenylyl cyclase to activate the cAMP-PKA-CREB signaling pathway (15), which is involved in FSK-mediated HDP induction (17, 18). However, the mechanism underlying butyrate- and FSK-mediated synergy in HDP induction remains largely unknown, although both the mitogen-activated protein kinase and the cAMP-PKA pathways are involved (18).

Our preliminary studies indicated that neither FSK causes histone acetylation in HD11 cells, nor the butyrate/FSK combination leads to increased acetylation of histones relative to butyrate alone (data not shown), suggesting that histone hyperacetylation is not involved in HDP-inducing synergy between butyrate and FSK. However, biological processes such as DNA repair and chromosome organization are predominantly enriched in FSK- and butyrate/FSK-treated HD11 cells as revealed by RNA sequencing, suggesting that chromatin remodeling might be involved. Consistently, activation of the cAMP-PKA signaling was recently found to induce DNA damage and suppress DNA repair (55, 56), which subsequently help relieve DNA torsional stress and activate gene transcription at DNA damage sites, while global transcription is transiently silenced (57–59). Perhaps unsurprisingly, several small-molecule compounds that are inducers of DNA damage were recently found to upregulate HDP gene expression in a high throughput screening (53).

Furthermore, we have revealed a negative feedback mechanism involved in diminished HDP induction in response to higher concentrations of FSK with or without butyrate. ICER is transcriptionally induced by activation of the cAMP-PKA-CREB signaling pathway and serves as a major negative feedback mechanism to suppress gene transcription by competing with CREB for the same CRE region of the target gene promoter (19). We have found that ICER is quickly induced within 1 h, peaked at 3 h, and greatly subdued at 24 h in response to FSK or the FSK/butyrate combination, but higher concentrations of FSK keep ICER expression elevated even after 24 h, which is presumably responsible for reduced HDP gene expression.



CONCLUSIONS

In summary, we have demonstrated a synergy in the induction of multiple, but not all, HDP genes between butyrate and FSK both in vitro and in vivo. Barrier function is also positively impacted. Desirably, butyrate and FSK enhance HDP expression and barrier integrity without causing inflammation. Consistently, butyrate and FSK are capable of ameliorating NE in a synergistic fashion. Therefore, butyrate and FSK, two natural products with HDP-inducing, barrier protective, and antiinflammatory activities, have the potential to be developed as novel antibiotic alternatives for disease control and prevention in poultry and possibly other animals.
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Complex dietary polysaccharides such as β-glucans are widely used for their anti-inflammatory properties. We reported before that oral administration of Yeast β-glucan (YBG) in adult mice can help delay type 1 diabetes (T1D) onset and suppress gut inflammation through modulation of the structure and function of gut microbiota. Since juvenile age is characterized by profoundly changing immature gut microbiota, we examined the impact of oral treatment with YBG in non-obese diabetic (NOD) mice at this age. Juvenile mice that received daily oral administration of YBG starting at 15 days of age for 7 or 30 days were examined for changes in gut microbiota, immune characteristics, and T1D incidence. Mice that received YBG for 30 days but not 7 days, showed considerable changes in the composition and diversity of fecal microbiota as compared to controls. Predictive functional analysis, based on 16S rDNA sequences, revealed overrepresentation of glycan biosynthesis and metabolism, energy metabolism, and fatty acid biosynthesis pathways in mice that received YBG for 30 days. Immune phenotype of the colon showed skewing toward immune regulatory and Th17 cytokines with increases in IL-10, IL-17, and IL-21 and a decrease in TNF-α, although increases in some pro-inflammatory cytokines (IL-1b, IFN-γ) were observed. Most importantly, mice that received YBG treatment for 30 days showed significantly suppressed insulitis and delayed onset of hyperglycemia compared to controls. Overall, this study suggests that oral consumption of YBG beginning at pre-diabetic juvenile ages could have positive maturational changes to gut microbiota and immune functions and could result in a delay in the disease onset in those who are pre-disposed to T1D.
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INTRODUCTION

The use of β-glucans, complex dietary polysaccharides (CDP) with prebiotic properties, as dietary supplements could confer a multitude of benefits to host digestive, cardiovascular, and immune systems (1–5). Typically comprised of a β-1,3-D-glucan backbone with variability in the presence and pattern of β-1,4- and β-1,6-linked side chains and branching (6), these molecules are derived from many natural sources such as yeast (6), mushrooms (7), algae (8), and cereals (9). The impact of different types of β-glucan on gut inflammation and autoimmune disease outcomes appears to be dependent in part on its source, size, solubility, and method of administration (1, 10–13). Our previous reports (4, 5) indicate that oral treatment of murine models of type 1 diabetes (T1D) and colitis with highly purified β-glucans, starting at pre-disease/clinical stage, has an ameliorating effect on the disease outcomes. These beneficial effects of β-glucan appear to be mediated in part through changes in the gut microbiota composition and function.

T1D is an autoimmune disease that results from immune attack on the pancreatic β cells responsible for producing insulin and is characterized by failure of the pancreas to produce sufficient levels of insulin (14, 15). In human and rodent models, the gut microbiota at the onset T1D appear to be characterized by higher proportions of the Bacteroidetes phylum, primarily Bacteroides, and a diminished capacity for short-chain fatty acid (SCFA) biosynthesis (16–18). On the other hand, our reports have shown that oral administration of β-glucans significantly altered the gut microbiota through reduction of the phylum Firmicutes and enrichment of communities belonging to phylum Verrucomicrobia and Bacteroidetes (4, 5, 19) and ameliorated disease outcomes in T1D and colitis. We showed that oral administration of Yeast-derived β-glucan (YBG) and algal-derived β-glucan (paramylon, PM) caused overrepresentation of gut microbiota functions related to carbohydrate metabolism, including glycan and simple sugar metabolisms (4, 19). Importantly, in murine models of both type 1 and 2 diabetes, such changes in gut microbiota functions were associated with improved disease outcomes and reduced inflammation (4, 20).

Although T1D onset can occur at any age, it is mostly detected at juvenile age. Juvenile age is characterized by profoundly changing immature gut microbiota, which matures and stabilizes gradually during the early life (21, 22). It is generally believed that dietary practices during these ages could influence the structure and function core microbiota at later ages (23, 24). Since our previous work (4, 5, 19) showed that treatment of adult mice with β-glucan is effective in altering the gut microbiota composition leading to improved immune regulation and disease outcomes in T1D and colitis, we examined if oral administration of β-glucan at juvenile age, which involves changing/maturing gut microbiota, impacted the composition and function of microbiota and the eventual T1D onset. Here, we show that at the juvenile stage, prolonged treatment (30 days) with YBG alters the gut microbiota, immune phenotype, and disease outcomes in NOD mice. Overall, this study shows the potential of oral consumption of dietary β-glucan beginning at younger pre-diabetic ages in delaying the onset of T1D in genetically predisposed individuals.



MATERIALS AND METHODS


Mice and Treatments

NOD/LtJ (NOD/ShiLtJ) mice were originally purchased from the Jackson Laboratory (Bar Harbor, ME), with breeding colonies of the strain maintained in the specific pathogen-free (SPF) facility at the Medical University of South Carolina (MUSC). Female mice were used in each set of experiments. Mice were maintained on a standard autoclaved diet containing 44.2% (wt:wt) carbohydrates, 18.6% (wt:wt) protein, and 6.2% (wt:wt) fat (Teklad Global 18% Protein Rodent diet, Harlan Laboratories) and acidified (pH = 3.0–3.2) RO water as described in our previous report (5, 25) to reduce the chances of contamination between colonies within the facility. Monitoring of solid food and water intake indicated no difference in the eating habits between mice of different treatments (Supplementary Table 1). All studies were approved by MUSC's animal care and use committee.

Two-week old juvenile female NOD/LtJ were given either 100 μl 0.9% saline solution as control treatment or 100 μl (or 100 μg) of YBG solution, prepared from highly purified YBG (from Baker's yeast, Saccharomyces cerevisiae; >98% pure; Sigma-Aldrich) as indicated previously (26). Mice were treated every 24 h for either 7 or 30 days via oral gavage. All mice were weaned at 21 days of age, while treatment progressed in the case of those treated for 30 days. To ensure that the pre-treatment microbiota was comparable in control and YBG treated mice, dams were originated from a single cage and pups were pooled and randomized on day 14 prior to treatment initiation. Therefore, control and YBG treated mice were originated from the same pool of pups. Fecal pellets were collected from 7-day treated mice (n = 5 for control treatment and n = 5 for YBG treatment) and 30-day treated mice (n = 5 for control treatment and n = 5 for YBG treatment) immediately prior to treatment initiation and 24 h after final treatment for microbiota analysis. Cohorts of 7-day treated (n = 10 for control treatment and n = 10 for YBG treatment) and 30-day treated (n = 13 for control treatment and n = 13 for YBG treatment) mice were monitored to detect hyperglycemia by measuring blood glucose levels via the tail vein every week beginning at 8 weeks of age until 30 weeks using the Contour® blood glucose test strips and an Ascensia Contour blood glucose meter (Bayer, Leverkusen, Germany). Mice with a blood glucose level >250 mg/dL for 2 consecutive weeks were considered diabetic. Cohorts of 7-day treated mice (n = 5 for control treatment and n = 5 for YBG treatment) and 30-day treated mice (n = 4 for control treatment and n = 4 for YBG treatment) were euthanized 24 h after final treatment for obtaining intestinal tissues for qPCR assay to determine the expression profiles of cytokines. Pancreatic tissues were obtained from additional cohorts of 30-day treated mice (n = 4 for control treatment and n = 4 for YBG treatment) for determining insulitis severity.



16S RRNA Gene Sequencing and Microbiota Analyses

DNA was isolated from fecal pellets as described previously (25), with a few modifications. Pellets were resuspended in 50 mM Tris buffer (50 mM Tris, 1 mM EDTA, and 0.2% β-mercaptoethanol, pH = 7.5). After incubation at 95°C, lysis and protein digestion were performed using 10% SDS and Proteinase K. Phase separation of the DNA was performed with a 1:1 mixture of TRIZOL and chloroform and spun down at 14,000 rpm. The supernatant was transferred and then the DNA was precipitated using 0.1 mol/L sodium acetate and isopropanol. DNA was washed twice with 70% ethanol, air dried, and then resuspended in 100 μl sterilized milliQ H2O. The V3-V4 region of the 16S ribosomal RNA (rRNA) gene was sequenced on an Illumina MiSeq platform by the NC State University Genomic Sciences Laboratory (Raleigh, NC, USA). Sequence processing and classification was performed using version 1.44.3 of the mothur software package (27). The GreenGenes database (version 13.5) was used as a reference for sequencing alignment and classification into operational taxonomic unites (OTUs) using a 0.03 cutoff (28). Normalization of the data was performed by rarefying to 8,000 sequences (the number of sequences in the smallest sized sample). The OTU biome file generated was used as described previously (19) for analysis using MicrobiomeAnalyst (29) to measure alpha (Chao1, Shannon index) and beta diversity and for predictive functional analysis via PICRUSt (30) and iVikodak (31). Sequencing data was also analyzed employing Illumina Metagenomics application (Version 1.10) for additional taxonomic classification of 16S rRNA targeted amplicon reads using a more recently curated taxonomic database (RefSeq RDP 16S v3 database), which is based on FASTA from: https://benjjneb.github.io/dada2/training.html. The raw sequence reads used for these analyses can be found under the accession number PRJNA761366 in the Sequence Read Archive on the NCBI server.



Determination of Cytokine Expression Levels

Twenty-four hours after treatment, a subset of mice treated with saline or YBG for 30 days was euthanized via CO2 (flow rate of 20% displacement/minute) and the colons were collected and flushed with 1x PBS supplemented with Antibiotic/Antimicrobial solution. Pieces 1 cm in length were collected from the distal portion of the colon and stored at −80°C prior to RNA extraction using TRIZOL reagent (Invitrogen). cDNA synthesis was performed on 5 μg RNA per sample using Superscript first-strand cDNA kit (Invitrogen) and then diluted 1:4 with sterilized milliQ H2O. Cytokine-specific primer sets were used in qPCR assay to detect the expression levels of IL-1β, IL-4, IL-6, IL-9, IL-10, IL-12, IL-17, IL-21, IL-22, TNF-α, IFN-γ, and Raldh1A2 as described previously (4). Reactions of 10 μl were prepared for each sample containing 5 μl of SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad, California, USA), 0.5 μl 1X forward primer, 0.5 μl 1X reverse primer, and 3.5 μl H2O. Reaction conditions included an initial 3 min incubation at 95°C followed by 35 cycles of 95°C for 30 s and 55°C for 30s. The melting curve step was performed by increasing 0.5°C every 10 s from 65 to 95°C.



Insulitis

The pancreata collected from the mice euthanized 24 h after treatment were fixed in 10% formaldehyde, and 5 μm sections were subjected to hematoxylin and eosin (H&E) staining. Slides of each sampled pancreata were prepared in triplicate with three sections on each slide. H&E-stained sections were analyzed for the degree of insulitis using the following grading system: 0 = no islet cell infiltration, 1 = peri-insulitis with ~5% or less islet infiltration, 2 = ~5–25% islet infiltration, 3 = ~25–50% infiltration, and 4 = >50% infiltration, as described previously (25). At least 250 islets per group (at least 50 islets/mouse) were examined and graded.



Statistical Analyses

Statistical analysis, including calculation and comparison of means, standard deviation (SD), and statistical significance as measured via p-value calculation were performed on data collected for disease progression and immune phenotype analyses using GraphPad Prism v9 (San Diego, CA). A Log-rank test was performed to analyze the difference in the disease onset timing. Unpaired t-tests were used to analyze the significance of data collected from RT-PCR. GraphPad prism employs F-test to compare the variance of two groups and we considered unpaired t-test for determining statistical significance when two groups showed equal variances. To analyze differences in diversity within different gut microbiota between treatments, MicrobiomeAnalyst (29) was used, with α-diversity and β-diversity analyzed via Mann-Whitney and permutational multivariate ANOVA (PERMANOVA) methods, respectively. STAMP (32) was used to analyze differences in specific taxa between communities as well as differences in microbial function within the gut microbiota using the Benjamini and Hochberg correction method (33).




RESULTS


Diversity and Community Structure Were Influenced by Prolonged YBG Treatment in Juvenile Mice

Our previous report (4) showed that β-glucan administration is effective in delaying the onset of T1D in NOD mice when the oral treatment was initiated at pre-diabetic adult ages by impacting the composition of gut microbiota. Here, we examined if initiation of YBG treatment at juvenile age, a period of immature/maturing gut microbiota, can shape the structure and function of microbiota. Two-week-old pre-weaning, juvenile female NOD mice were treated with YBG or saline for either 7 or 30 days, and the compositions of fecal bacteria were assessed immediately after treatment by 16S rDNA sequencing. 16S rDNA sequencing data was analyzed to determine the impact of YBG treatment on fecal microbiota alpha and beta diversity. Alpha diversity analyses (Figure 1A) revealed that the fecal microbial diversity (measured via Shannon index) and richness (measured via Chao1) were relatively lower in both 7- and 30-day YBG treated mice compared to respective control groups. However, this difference was statistically significant in mice that were treated for 30 days but not for 7 days. This result suggests, as observed in our previous studies (4, 5, 19), that YBG treatment at juvenile ages results in diminished diversity, perhaps due to selective enrichment, of microbial communities. Beta diversity analysis was performed via Principal Coordinate Analysis (PCoA) using Bray-Curtis index with PERMANOVA to evaluate community structure post-treatment samples. Figure 1B shows that significant differences in the fecal microbial community structures between control and YBG-treated mice were observed only in mice that were treated for 30 days (p = 0.022). These results indicate that prolonged YBG treatment at juvenile ages alters not only the composition of the gut microbiota but also the overall community diversity and structure.


[image: Figure 1]
FIGURE 1. Diversity and community structure of fecal microbiota are significantly altered with 30-day YBG treatment beginning at juvenile age in NOD mice. Two-week-old female NOD mice were given 0.9% saline solution (control) or YBG suspension (100 μg/day) for 7 or 30 consecutive days via oral gavage. Mice for both control saline and YBG treated groups of each treatment regimen (7 or 30 days) were originated from a single pool of pups. Fecal samples collected after 7 days (5 mice/group) and 30 days (5 mice/group) of YBG treatment were subjected to 16S rRNA gene sequencing and analyzed as described in the section Materials and Methods. α and β diversity analyses were performed on OTU. Biom table of 16S rRNA gene sequencing data of fecal samples collected after the treatment. Richness and diversity (A) were calculated via Chao1 richness estimate (top panel) and Shannon index (bottom panel), respectively. P-values were determined via unpaired t-tests. Diversity between samples was determined via principal coordinate analysis (PCoA) with Bray-Curtis dissimilarity to analyze and compare the community structure between control and YBG groups (B). Statistical significance was evaluated using PERMANOVA.




Compositional Changes in the Gut Microbiota in Mice That Received YBG Treatment at Juvenile Age

The 16S rDNA sequencing data, when GreenGenes database version 13.5 was employed as reference, revealed that fecal bacterial communities were dominated, at the phylum level, by Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia in all groups (Supplemental Figure 1A). Gut communities of mice treated for 30 days were comprised 66 to 93% by Bacteroidetes, 4 to 28% by Firmicutes, 1 to 11% by Proteobacteria, and 0 to 7% by Verrucomicrobia. Between treatments, no differences in microbial communities at the phylum level were observed when the mice were treated with YBG only for 7 days. On the other hand, for mice treated for 30 days, YBG-treatment resulted in a significant increase in the abundance of Bacteroidetes (p = 0.022) and reduced levels of Firmicutes (p = 0.001) and TM7 (p = 0.008) compared to control mice (Figure 2A). At genus level, while there were no significant differences observed between 7-day YBG treated and respective control groups for mice, significantly higher abundance of AF12 (p = 0.018) and Bacteroides (p = 0.021) and significantly lower abundance Allobaculum (p = 0.02) and Oscillospira (p = 0.036) were observed in 30-day YBG treated mice compared to controls (Figure 2B, Supplemental Figure 1B). Additional differences in the microbial communities, mainly the communities depleted post-YBG treatment, at genus and species levels were identified when the data was analyzed employing Illumina Metagenomics application which used RefSeq RDP 16S v3 database (Supplemental Figure 2). Overall, these observations along with diversity and richness data indicate that prolonged treatment using YBG at juvenile age is necessary to exert major changes in the gut microbiota structure.
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FIGURE 2. Differences in the fecal bacterial composition between control and YBG-treated NOD mice. Fecal samples of mice collected after 7 (5 mice/group) and 30 days (5 mice/group) of YBG treatment were subjected to 16S rRNA gene sequencing as described and analyzed employing Illumina Metagenomics application as described for Figure 1. The relative abundances of major microbial communities at phylum (A) and genus (B) levels with statistically significant differences are shown. P-values by unpaired t-test. Additional analyses are presented in Supplemental Figures 2, 3.




YBG Treatment at Juvenile Age Causes a Shift in Gut Microbiota Function

To further assess the effects of YBG treatment at juvenile age on potential gut microbiota, PICRUSt was employed to predict the gut microbial functions from 16S rDNA sequences. This in silico analysis showed that short-term treatment with YBG for 7 days does not have an impact on the function of gut microbiota (not shown). However, the 2nd level of predictive functional hierarchy analysis showed overrepresentation of genetic information processing, energy metabolism, and the metabolism of cofactors and vitamins functions in fecal microbiota of mice treated with YBG for 30 days compared to controls (Figure 3A). On the other hand, membrane transport and transcription functions appear to be significantly underrepresented among the fecal microbiota of 30-day YBG-treated mice. The highest level (level 3) of predictive functional hierarchy analysis revealed that many microbiota functions, including glycan biosynthesis and metabolism, glycerophospholipid metabolism, and fatty acid biosynthesis were significantly overrepresented in the fecal microbiota of 30-day YBG-treated mice compared to controls (Figure 3B). These results, in addition to the upregulation of TCA cycle functions, indicate that prolonged YBG treated beginning at juvenile age causes a shift in the overall function of the gut microbiota toward glucose metabolism, as these suggest the increased breakdown of glucose through these means in YBG-treated mice. Further analysis of the predicted function via iVikodak identified Prevotella spp. as the likely primary contributors toward glycan degradation within the gut (Supplemental Figure 3). Further, Bacteroides spp. were more strongly linked to this function in YBG-treated mice, suggesting that YBG administration directly stimulates the growth of this taxon.
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FIGURE 3. Predicted functions of fecal microbiota of NOD mice treated with YBG for 30 days. PICRUSt was used to predict level 2 (A) and level 3 (B) functional profiles, based on the 16S rRNA gene sequence, of the fecal microbiota of YBG treated and control groups of mice. STAMP was used to analyze and visualize significantly altered functions between control and YBG-treated mice after 30 consecutive days of treatment. No significant differences were observed after in mice that were treated only for 7 days (not shown). FDR corrected p-values are shown. *p < 0.05, **p < 0.01, ***p < 0.001.




Prolonged YBG Treatment at Juvenile Ages Alters Immune Phenotype of Colon

Since prolonged treatment of NOD mice starting at juvenile age with YBG caused changes in fecal microbiota, we examined if these changes impact the immune profile of gut mucosa by assessing the expression levels of key cytokines in the colon. Expression levels of various cytokines were not different in mice that received YBG treatment only for 7 days compared to their control counterparts (data not shown). In mice that received 30 days of YBG treatment, however, we observed higher expression levels of cytokines IL-10, IL-17, IFN-γ, IL-1b, IL-12, and IL-21 (Figure 4). A decrease in the expression of TNF-α was also observed. These results show that long-term treatment with YBG starting at juvenile age significantly alters the immune phenotype of distal gut.


[image: Figure 4]
FIGURE 4. YBG treatment for 30 days alters the immune phenotype of large intestine of NOD mice. Two-week-old female NOD mice were given YBG or control saline via oral gavage for 7 (5 mice/group) or 30 days (4 mice/group) consecutive days and were euthanized 24 h after final treatment to harvest the intestine. cDNA was prepared from RNA extracted from the distal colon and RT-qPCR assay was performed to determine cytokine expression levels relative to β-actin expression. Assays were performed in triplicate for each sample, with P-values determined via Mann-Whitney test.




Prolonged YBG Treatment at Juvenile Ages Delays the Onset of Hyperglycemia in NOD Mice

Our previous report (4) has shown that YBG treatment at pre-diabetic adult age is effective in delaying the onset of hyperglycemia. However, it is not known if YBG treatment starting at juvenile age can impact eventual disease outcomes in NOD mice. Since prolonged YBG treatment of starting at juvenile mice produced changes in the gut microbiota composition and function, and altered the immune phenotype of gut mucosa, we examined the effect of these treatments on the T1D disease outcomes. Supplemental Figure 4 shows that there is no difference in the timing of T1D onset in NOD mice that were treated with YBG only for 7 days compared to their control counterparts. However, mice treated with YBG for 30 days showed a significant delay in the onset of hyperglycemia compared to controls (Figure 5A). A significantly lower (p = 0.008) proportion of YBG treated mice were diabetic (28%) at 30 weeks of age compared to the control group (61%).


[image: Figure 5]
FIGURE 5. Impact of 30-day YBG treatment starting at juvenile age on eventual T1D disease onset and insulitis in NOD mice. Two-week-old female NOD mice were given saline or 100 μg YBG suspension for 30 consecutive days as described previously. Starting at 8 weeks of age, blood glucose levels of these treated mice were monitored weekly for up to 30 weeks of age to detect hyperglycemia onset and the overall T1D incidence (A). Pancreatic tissues were collected from an additional cohort of control and YBG treated mice (4 mice/group) and the sections were subjected to H&E staining to assess the insulitis severity (B). Representative images showing insulitis severity grades (left panel) and the percentage of islets with different insulitis grades (right panel) are shown. Statistical analysis was performed using a log-rank test (A) and Fisher's exact test (B).


To assess the impact of prolonged YBG treatment starting at juvenile age on insulitis, cohorts of 30-day YBG or control treated mice were euthanized immediately after treatment (6 weeks of age) and pancreatic tissue sections were subjected to histopathological analysis after H&E staining. Figure 5B shows that islets of YBG treated mice had significantly less severe immune cell infiltration and damage compared to that of control mice (p < 0.0001). Approximately 6% of islets in mice treated with YBG showed an insulitis severity grade of 2 or more, while over 25% of islets in control mice showed this level of insulitis. These results indicate that treatment for a considerable duration is needed for preventing the onset of T1D even when the treatment is initiated at juvenile age. Nevertheless, these results show that YBG-induced modulation of autoimmunity is long lasting and persists even after the treatment is stopped long before the clinical disease onset stage. These results also suggest the possibility that continued oral consumption of YBG could help maintain YBG-shaped gut microbiota and immune environment, either directly or indirectly leading to further delayed disease onset.




DISCUSSION

While the impacts of β-glucan treatments on the gut microbiota and host immune system modulation have been investigated at the adult stage (4–6, 19, 20), how these prebiotic dietary complex polysaccharides modulate gut microbiota and immune function when the treatment is initiated at juvenile age is not known. The current study supports the prebiotic effects of YBG and other β-glucans even with treatment beginning in juvenile age, as seen with adult host models (4, 5, 19). Our data shows that prolonged treatment with YBG alters both the immune phenotype and gut microbiota function and improves disease outcomes in T1D-susceptible mice even when the treatment is initiated at juvenile age and stopped long before the disease onset age. Although 7-day YBG treatment starting at 2 weeks of age was insufficient, 30 days of treatment was sufficient to cause noticeable change in gut microbiota communities and gut immune phenotype and the overall disease outcome.

Oral administration of juvenile NOD mice with YBG altered abundance of some members of the gut microbiota, including Bacteroidetes and Firmicutes. Similar to adult mice (4, 5), prolonged treatment with YBG beginning at juvenile age significantly increases the relative abundance of Bacteroidetes and decreased the levels of Firmicutes in the gut. The decrease of TM7, a Gram-positive bacterial phylum that has been linked to bowel inflammation (34), with treatment is similar to that observed with probiotic treatment (35), indicating a potential indirect effect on the population of this phylum in the gut upon stimulation of natural probiotics with YBG supplementation. The increase in the genus Bacteroides and its link to glycan degradation with YBG treatment could be indicative of an increase in production of short-chain fatty acids (SCFA), which have immune system modulating properties (36), indicating a potential link between gut microbiota and the observed protection from autoimmunity. Commensal Bacteroides spp. are highly efficient at utilizing these complex dietary polysaccharides (37), so their increase here should be expected. AF12, an unculturable taxon, was also increased in YBG-treated mice, and has previously been linked to weight control and is also suggested to have a potential role in SCFA production (38). The decrease in richness and diversity within the gut microbiota after 30 days of β-glucan treatment starting at juvenile ages is similar to what has been observed previously in adult mice (4, 19). This could be indicative of the selective enrichment of specific members of the gut microbiota by YBG like prebiotics. PCoA analysis revealed that the community structures within the gut of control and YBG-treated mice were significantly different with prolonged treatment, providing further evidence of the influence of YBG on not only the composition but also the abundance of members within the gut microbiota.

Overrepresentation of functions related to glycan biosynthesis and fatty acid biosynthesis are characteristic of changes observed upon treatment with β-glucans in adult mice (4, 19). Increases in these functions suggest that YBG is being degraded in the colon and as shown in our previous report (4, 5), leading to the production of SCFA. SCFAs, which are produced by several commensal bacteria within the gut, have been linked to reductions in disease severity of several diseases through a shift away from a Th1-type response and toward Treg cell proliferation, reducing inflammation associated with autoimmunity (39, 40). The decrease in functions related to transporters and membrane transport with YBG treatment could indicate strengthening of the gut integrity, which is characteristic of the prebiotic effects linked to the reduction in gut inflammation seen with diabetes (41, 42).

Our previous report showed that the beneficial effects of YBG treatment on disease outcomes are limited to treatment initiated at pre-diabetic adult age but not at diabetic stage (4). Our current data shows that YBG treatment initiated at juvenile age for 30 days causes a significant reduction in islet infiltration/destruction by immune cells and delay in the onset of hyperglycemia in NOD mice irrespective of the fact that treatment was stopped long before the disease onset age. Since only 30-day treatment but not 7-day treatment had an impact on disease outcome, this suggests that prolonged treatment using this prebiotic agent through pre-diabetic ages could potentially prolong the protection from the clinical onset of disease further. These data, along with our previous report (4), supports the potential beneficial effects of YBG consumption as a dietary supplement at pre-clinical stages to prevent the disease in at-risk subjects. Analysis of the cytokine expression within the gut did show some evidence of a shift toward a Th17 type response with prolong YBG treatment, with increases in IL-10, IL-17, and IL-21 and a decrease in TNF-α. Previous reports have shown evidence of this shift away from a Th1-type response believed to trigger autoimmunity with T1D (4, 25). However, evidence showing increases in proinflammatory cytokines like IL-1b and IFN-γ reveal a need for further investigation into the changes brought on within the immune environment within the gut.

In conclusion, dietary supplementation of YBG beginning in infancy and at pre-clinical stages can alter the gut microbiota composition, diversity, and function, which either directly or indirectly enhances immune regulation and promotes protection from T1D. We herein provide evidence that such YBG treatment regimen is linked to delayed onset of hyperglycemia, as well as an altered immune phenotype that is potentially immune regulatory and Th17 biased. The change in microbiota and functioning within the gut when the YBG treatment is initiated at juvenile age is similar to what has been reported in adult mice, indicating that beginning treatment in infancy and continuing it may be a valid option for genetically pre-disposed individuals for establishing a stable host friendly microbiota. Importantly, studies involving the effect of treatment at early life in the absence of microbiota using germ-free mice as well as investigations of the direct role of β-glucan receptor, Dectin-1, at these ages are needed to further support the microbiota dependent mechanisms of protection from T1D achieved upon treatment with YBG.
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This study aimed to extract polysaccharides from pumpkin, characterize the structures of four of them, and evaluate their in vitro antioxidant and hypoglycemic activities. Additionally, an animal model of type 2 diabetes mellitus (T2DM) was established and used to determine their hypoglycemic and hypolipidemic effects in vivo, and the underlying mechanisms related to the regulation of gut microbiota. Water-extracted crude pumpkin polysaccharides (W-CPPs), water extraction and alcohol precipitation crude pumpkin polysaccharides (WA-CPPs), deproteinized pumpkin polysaccharides (DPPs), and refined pumpkin polysaccharides (RPPs) were sequentially extracted and purified from pumpkin powder by hot water extraction, water extraction, and alcohol precipitation, deproteinization and DEAE-52 cellulose gel column, respectively. The extraction and purification methods had significant influence on the extraction yield, physicochemical properties, and in vitro antioxidant and hypoglycemic activities. W-CCP and RPPs had a significant positive free radical-scavenging capacities and inhibitory activities on α-glucosidase and α-amylase. RPP-3 not only inhibited the uptake of glucose in Caco-2 monolayer but also promoted the excretion of glucose, while RPP-2 had no inhibitory effect. Animal experiment results showed that W-CPP treatment significantly improved the T2DM symptoms in mice, which included lowering of fasting blood glucose (FBG), reducing insulin resistance (IR), and lowering of blood lipid levels. It increased the diversity of intestinal flora and reduced the harmful flora of model mice, which included Clostridium, Thermoanaerobe, Symbiotic bacteria, Deinococcus, Vibrio haematococcus, Proteus gamma, and Corio. At the family level, W-CPP (1,200 mg/kg) treatment significantly reduced the abundance of Erysipelotrichaceae, and the Akkermanaceae of Verrucobacterium became a biomarker. Pumpkin polysaccharides reshaped the intestinal flora by reducing Erysipelotrichaceae and increasing Akkermansia abundance, thereby improving blood glucose and lipid metabolism in the T2DM mice. Our results suggest that W-CCP and RPP-3 possess strong antioxidant and hypoglycemic activities, and are potential candidates for food additives or natural medicines.

Keywords: pumpkin polysaccharides, sequential extraction and purification, structure characterization, antioxidant activity, hypoglycemic activity, gut microbiota


INTRODUCTION

Diabetes mellitus is a metabolic disease characterized by chronic hyperglycemia, which is caused by a variety of causes. Due to defective insulin secretion or impairment of insulin actions, long-term high blood sugar level can cause complications in various tissues, leading to chronic damage and dysfunction, especially the kidneys, eyes, and blood vessels (1). Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are the common types. T1DM is only about 10% and often develops in childhood and adolescence, because the destruction of pancreatic β-cell leads to an absolute deficiency or a significant decrease in insulin. Because of insulin resistance, progressive insufficient insulin secretion, or both, T2DM is relatively common and accounts for around 90% of all diabetes cases worldwide (2). According to the latest International Diabetes Federation (IDF) Diabetes Atlas, the number of people aged 20–79 with DM in 2019 was about 463 million, while there were 351.7 million in the working group aged 20–64, and the prevalence of DM is climbing year by year. In China, DM is now one of the four major chronic diseases, and chronic non-communicable diseases have become the leading cause of death and disease burden among the Chinese population, showing that DM is a global public health problem (3). Diet is the first risk factor for mortality and life expectancy loss, which fully illustrates the importance of dietary nutrition.

At present, in addition to the control of energy intake and exercise, drug therapy is required. Oral hypoglycemic drugs include sulfonylureas, metformin hydrochloride, α-glucosidase, sodium-glucose cotransporter-2 (SGLT2) inhibitors, dipeptidyl peptidase-4 (DPP-4) inhibitors, and glucagon-like peptide-1 (GLP-1) analogs (4). These drugs are effective in controlling hyperglycemia, but they also have significant side effects, such as hypoglycemia, gastrointestinal disorders, and weight gain, and they may cause drug dependence in patients (5). Therefore, it is important to find effective alternatives with low toxicity and without side effects. Dietary polysaccharides have been considered by investigators because of their low toxicity and numerous pharmacological activates, such as enhance immunity, anti-tumor, anti-mutation, lowering blood pressure, lowering blood fat, lowering blood sugar, anti-viral, anti-oxidation, anti-radiation, anti-coagulation, anti-thrombosis, and anti-aging (6). Now, the hypoglycemic activity mechanism of dietary plant polysaccharides is mainly as follows: (1) promote insulin secretion, which mainly promotes insulin secretion through anti-oxidation, anti-inflammatory, hypolipidemic, and hypoglycemic protection of the structure and function of islet β-cells; (2) enhance insulin sensitivity and improve insulin resistance; (3) regulate key enzyme activity, and promote sugar absorption, utilization, and metabolism; (4) regulate the signal pathway, activate the PI3K/Akt pathway, and, finally, regulate the ERK/JNK/MAPK pathway (5, 6) plant polysaccharides also have a regulatory effect on intestinal microbes (7). Pumpkin (Cucurbita moschata) is one of the most popular vegetables in the world, and it contains carotenoids, pectin, dietary fiber, mineral elements, polysaccharides, para-aminobenzoic acid, sterols, proteins, and peptides. At present, researchers have shown that pumpkin polysaccharides can be used as potential hypoglycemic substances and have certain therapeutic effects on diabetes (4–8), antioxidant activity (4, 9–12), lowering plasma lipids (8), improving immunity (9), and anti-cancer (13). Currently, studies on in vitro hypoglycemic activity in pumpkin polysaccharides mainly focus on radical-scavenging ability assay, plasma iron reduction ability assay, α-glucosidase and α-amylase inhibition assay, bile acid binding ability assay, and pancreatic islet β-cell damage protective ability assay (4, 9, 11–13). Among these studies, the different extraction methods had different in vitro hypoglycemia activity, which is related to its monosaccharide types and molar ratios of the pumpkin polysaccharides. Moreover, the in vitro hypoglycemia activity results had no uniform method for quantitative comparison. The human epithelial Caco-2 cell monolayer model can be used to quantify the absorption of glucose and as a supplement to evaluate the in vitro hypoglycemia activity (14).

In vivo research mainly focused on animal experiments. Current studies have shown that the regulatory mechanism of some polysaccharides in the body is closely related to intestinal microbes. Yan et al. showed that the FBG and insulin of T2DM rats were effectively controlled after the administration of total polysaccharides of polygonatum (0.1 g/kg) for 56 days. At the same time, it improved the ratio of gut microbes in rats by reducing the abundance of Bacteroides and Proteobacteria and increasing the abundance of Firmicutes. Polygonatum polysaccharides could also reduce the production of short-chain fatty acids, such as acetic acid, propionic acid, and butyric acid (15). In the study on ophiopogon japonicus polysaccharides, giving 300 mg/kg ophiopogon japonicus polysaccharides to obese mice for 12 weeks could reduce the ratio of Firmicutes/Bacteroides and restore the composition of the mouse intestinal flora to a normal state. At the same time, it increased the production of taurine, short-chain fatty acids, and their metabolites, thereby reducing blood lipids and blood sugar in mice. In addition, the indigestible ophiopogon japonicus polysaccharide degraded and utilized by the gut microbiota, and then absorbed and utilized by the host, thereby exerting the effects of weight loss, energy metabolism, and immune system enhancement (16). The research conducted by Liu et al. showed that during the treatment of T2DM in rats, pumpkin polysaccharide (1,000 mg/kg) changed the structure of gut microbiota and selectively enriched key species of Bacteroidetes, Prevotella, Deltaproteobacteria, Oscillospira, Veillonellaceae, Phascolarctobacterium, Sutterella, and Bilophila, wihch is similar with the effect of metformin of enriching the gut microbiota that produces short-chain fatty acids (7). Phytonutrients could affect the absorption and metabolism of intestinal glycolipids by regulating the growth of intestinal flora, and, in turn, the blood sugar of the body and lipids (17). The intestinal flora plays an important role in assisting digestion, host defense, and the activation of the immune system. In turn, the host environment and immune system can affect the intestinal flora. These phytonutrients can directly stimulate the intestinal flora and provide nutrients for probiotics. On the other hand, some nutrients need to be decomposed and transported by the intestinal microbial enzyme system to exert their unique physiological activities. At present, the possible mechanisms of hypoglycemia action by intestinal flora include short-chain fatty acid theory, bile acid theory, and endotoxin theory (18, 19). However, there are relatively few studies focusing on the causal relationship between polysaccharide-induced changes in the intestinal microbiome and hypoglycemic effects. Therefore, whether pumpkin polysaccharides, in addition to improving insulin resistance and reducing some biochemical indicators, can affect blood sugar and blood lipids through the regulation of intestinal flora and its metabolites is still unknown. This is a very meaningful study to promote the development of the mutual regulation of the intestinal microbiome, polysaccharides, and hypoglycemic effects. In this study, four pumpkin polysaccharides were separated and purified to evaluate their in vitro antioxidant activities, α-glucosidase and α-amylase inhibitory activities, and uptake and transport assay of glucose inhibitory activities. Furthermore, we constructed a T2DM mouse model to explore the hypoglycemic and hypolipidemic effects of pumpkin polysaccharides, as well as the mechanism related to the regulation of gut microbiota. The highly active polysaccharide components were suitable for further research, providing a theoretical basis for the future development of a functional food additive or natural medicine candidate.



MATERIALS AND METHODS


Materials

Pumpkin powder (DRN-1300) was acquired from Powdery-Hubei Health Industry Co., Ltd., (Jingmen, China). Pumpkins were selected, peeled, and cut into pieces. With seeds and flesh removed, the pumpkin meat was broken into pulp, ground, and homogenized, and then sterilized at a high temperature instantaneously, then spray-dried instantaneously at a temperature of 190°C to obtain pumpkin powder. The pumpkin powder on a dry weight basis (%, w/w) was presented as follows: carbohydrate 74.1%, protein 8.4%, lipids 2.2%, moisture 4.3%, and ash 8.4%. Tris, DEAE-52 cellulose, trifluoroacetic acid (TFA), bovine serum albumin (BSA), p-nitrophenyl-α-D glucopyranoside (pNPG), 1,1-diphenyl-2-picryl-hydrazyl (DPPH), 2,20-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS+), acarbose, L-ascorbic acid (VC), α-glucosidase, α-amylase, glucose oxidase assay kit, and monosaccharide standards, rhamnose (Rha), arabinose (Ara), xylose (Xyl), ribose (Rib), fructose (Fru), mannose (Man), glucose (Glc), galactose (Gal), fucose (Fuc), and inositol were purchased from Shanghai Yuanye Bio-Technology Co., Ltd., (Shanghai, China). Triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and glycosylated serum protein (GSP) kits were purchased from Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). Insulin determination kit (ELISA; rat insulin ELISA kit) was purchased from Hualian Branch Biotechnology (Wuhan, China); Streptozotocin (STZ, 98%) was purchased from Sigma-Aldrich (Bornem, Belgium). Roche blood glucose meter and Accu-chekactive test strips were purchased from Roche Diabetes Care GmbH (Basel, Switzerland).

Caco-2 cells were purchased from American Tissue Culture Collection (Rockville, United States). C57BL/6J male mice (6 weeks old) were purchased from Liaoning Changsheng Biotechnology Co., Ltd., (Liaoning, China) with license number SCXK (Liao) 2020-0001, and the animal quality certificate number was 210726201100350774. Dulbecco's modified Eagle medium (DMEM, SH30022.01), 0.25% trypsin with ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), 100 × penicillin and streptomycin, and 100 × non-essential amino acids were obtained from Thermo Scientific HyClone (Logan, United States). Twelve-well cell culture plates and transwell permeable polycarbonate inserts (0.4 μm) were purchased from Corning Costar (New York, United States). Lucifer yellow, HEPES sodium salt 99%, non-essential amino acids, dimethyl sulfoxide (DMSO), 3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and Hank's Balanced Salt Solution (HBSS) buffer constituents were obtained from Sigma-Aldrich (Bornem, Belgium). Phusion® High-Fidelity PCR Master Mix was brought from New England Biolabs (Massachusetts, United States). Primers were provided by Sango Biotech (Shanghai, China). Other reagents were from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China).



Pumpkin Polysaccharide Sequential Extraction and Purification

Crude pumpkin polysaccharides were prepared according to the method of Chen et al. after the optimization experiments (9). Pumpkin powder was added with distilled water at 60°C according to the material-to-liquid ratio of 1:30 and extracted in a water bath at 80°C for 4 h. The supernatant was collected after centrifugation at 2,500 × g for 15 min. A part of the supernatant was purified by nanofiltration at 40°C and 1 MPa, decolorized with activated carbon, and freeze dried to obtain water-extracted crude pumpkin polysaccharides (W-CPPs). The remaining supernatant was concentrated by distillation under reduced pressure until about 1/3 of the original volume, and then sonicated for 30 min. Anhydrous ethanol was added to make the ethanol volume fraction reach 70%. The mixture was allowed to stand at 4°C for 12 h to collect the precipitate. The above process was repeated twice. The precipitate was washed twice with ethanol and acetone, volatilized, decolorized, and freeze-dried to obtain water extraction and alcohol precipitation crude pumpkin polysaccharides (WA-CPPs).

Deproteinized pumpkin polysaccharides were prepared according to the method of Liu et al. (20). A WA-CPP solution (25 mg/ml) was mixed with 25% (w/w) Sevage reagent under continuous stirring at 150 r/min and 25°C for 15 min in a shaking incubator, while the Sevage reagent was pre-prepared by n-butanol: chloroform with a volume ratio of 1:4. After centrifugation (4,000 r/min, 30 min), the lower organic phase and deformed protein at the junction were removed. The above procedures were repeated three times, and ethanol was precipitated, concentrated, and freeze-dried to obtain deproteinized pumpkin polysaccharides (DPPs). Refined pumpkin polysaccharides (RPPs) were prepared as described with some modifications (21). DPPs were dissolved in deionized water to a 10-mg/ml solution using ultrasound. After filtration with a 0.45-um pore membrane, the DEAE-52 cellulose gel column (2.6 × 50 cm) was used for purification. The DEAE-52 cellulose gel column is eluted with distilled water first, and then eluted with gradient NaCl solution (0.1, 0.3, and 0.5 mol/L). Each fraction of 10 ml was collected at a flow rate of 1 ml/min. The total carbohydrate content was measured by phenol-sulfuric acid method at 490 nm, and then polysaccharide-containing tubes were collected and concentrated with a rotary vacuum evaporator. The collected fractions were dialyzed (MWCO: 3.5 kDa) against distilled water for 48 h, and freeze-dried to obtain four refined polysaccharide fractions (RPP-1, RPP-2, RPP-3, RPP-4), which were stored at −80°C for later use.



Physicochemical Properties of Pumpkin Polysaccharides

The extraction yield (%) of crude pumpkin polysaccharides was estimated according to the following equation: extraction yield (%, w/w) = [weight of the crude dried pumpkin polysaccharides (g)/weight of the dried powder (g)] × 100%. The extraction yield (%) of RPPs was calculated as [weight of the RPPs (g)/weight of the DPPs (g)] × 100%. The total carbohydrate content was measured at 490 nm by phenol-sulfuric acid method (22), and polysaccharide retention rate of DPPs was calculated as [weight of the DPPs (g)/weight of the WA-CCPs (g)] × 100%. The Bradford method with BSA as a standard was used to determine the protein content (23), and the protein removal rate of DPPs was calculated as = [(protein content of the WA-CCP (μg/ml) – protein content of the DPPs (μg/ml))/ protein content of the WA-CCPs (μg/ml)] × 100%. A UV-vis spectrophotometer was used to scan the RPPs (1 mg/ml) in the range of 200–800 nm. The sulfuric acid-carbazole method was used to determine the uronic acid content in the polysaccharide samples. The Folin-Ciocalteu assay with gallic acid as a standard was used to determine the total phenolic content. The iodine-potassium iodide reaction was used to detect polysaccharide side chain and branch structures. RPPs (2 mg) were added with 1.2 ml of the iodine-potassium iodide reagent (0.2% potassium iodide and 0.02% iodine), and the mixture was then scanned with the UV-Vis spectrophotometer in the wavelength range. The Congo red test can determine whether a polysaccharide sample has a triple helix structure (24). The Fehling and ninhydrin test was performed to detect the presence of reducing sugars, amino acids, and peptides.



Monosaccharide Composition Analysis

The monosaccharide composition of RPPs were analyzed with Agilent 7890 gas chromatogram (GC; Agilent Technologies, Inc., United States) according to the method of Wang et al. (25). RPPs (10 mg) were hydrolyzed with 2 mol/L TFA (5 ml) for 3 h at 120°C. After evaporating the TFA under reduced pressure, the hydrolysate was dissolved in 2–3 ml methanol, and then evaporated to dryness, and the process was repeated thrice. Then, hydroxylamine hydrochloride (10 mg), inositol (internal standard, 2 mg), and pyridine (1 ml) were added in that sequence, and the reaction was allowed to proceed for 30 min at 90°C. After cooling, acetic anhydride (1 ml) was added for 30 min at 90°C, and then distilled water (1 ml) was added to shake well. Finally, the mixture was extracted thrice with chloroform, and the chloroform layer was taken for GC analysis. The operation was performed using the following conditions: H2: 16 ml·min−1, air:150 ml·min−1, N2: 20 ml·min−1, injection temperature: 270°C, detector temperature: 270°C, column temperature programmed from 150 to 190°C at 10°C·min−1, held for 5 min at 190°C, then increased to 220°C at 2°C·min−1, and finally held for 10 min at 210°C.



Fourier Transform Infrared Spectroscopic Analysis

The primary structure of polysaccharides can be determined by FT-IR. The KBr tablet method was used for the infrared spectroscopy analysis. The dried RPPs were ground with KBr powder and then pressed into complete and transparent sheets for measurement in the range of 400–4,000 cm−1 using a Nicolet iS50 FT-IR spectrometer (Thermo Fisher Ltd., United States).



Scanning Electron Microscopy Observation

A scanning electron microscope (SEM) was used to observe the surface microstructure of the freeze-dried sample RPPs. The samples were sprayed with gold under vacuum, and SEM images were observed on a JSM-6510LV scanning electron microscope (JEOL Ltd., Japan). Photos, under different magnifications, were taken for analysis.



Determination of in vitro Antioxidant Activity

Four chemical assays to determine hydroxyl (·OH), DPPH, superoxide anion (O2·−), and ABTS+ radical-scavenging ability were conducted to evaluate the in vitro antioxidant activities of the pumpkin polysaccharides. For all the assays, W-CCPs, WA-CCPs, and DPPs were prepared at the polysaccharide samples the polysaccharide samples concentrations (2–10 mg/ml), while the concentration of RPPs ranged from 0.2 to 1 mg/ml. Meanwhile, the positive control and blank in the antioxidant reactions were VC and distilled water, respectively. According to the method of Liu et al. (26), the OH and O2·− radical-scavenging abilities were measured before recording absorbance with the salicylic acid method at 510-nm wavelength and pyrogallol at 510-nm wavelength, respectively. The scavenging capacity against DPPH and ABTS+ free radicals was assessed with radicals reacting in the dark with samples for 10 min at 519 and 734 nm by spectrophotometry, respectively, and as described by Chen, Ma, and Kitts (27). The absorbance was measured using a UV-100 spectrophotometer (Shanghai Aoyi Analytical Instrument Co., Ltd., China) operated at room temperature.



Determination of in vitro α-Glucosidase and α-Amylase Inhibitory Activities

The hypoglycemic activities of the four pumpkin polysaccharides in vitro were measured by evaluating the α-glucosidase and α-amylase inhibitory capacities (28). For all the assays, W-CCPs, WA-CCPs, and DPPs were prepared at different concentrations (2–10 mg/ml), while the concentration of RPPs ranged from 0.2 to 1 mg/ml. Then, 20 μl of 5 U/ml α-glucosidase and 100 μl of 2.5 mmol/L pNPG reaction, the 200 μL of 12.5 U/ml α-amylase and 1% (w/w) starch reaction that occurred at 37°C for 10 and 15 min in the presence of the different samples, then were separately detected at 405 nm wavelength and 540 nm by spectrophotometry to evaluating the α-glucosidase and α-amylase inhibitory capacities, respectively. Meanwhile, the positive control and blank in the enzymatic reactions were acarbose and distilled water, respectively. The absorbance was measured with Synergy ™ 2 Multi-Mode Microplate Reader (Biotek Instruments Co., Ltd., United States) operated at room temperature.



Glucose Uptake and Transport Experiments

Human colon cancer cells (Caco-2) were cultured according to Tavelin (29), with some modifications. Caco-2 cells with passage numbers 31–41 were cultured in a 25-cm2 cell culture flask at 37°C in a high-glycemic DMEM medium containing 5% CO2, and the DMEM contains 20% (v/v) heat-killed FBS, 1% non-essential amino acids, 1% L-glutamine, 20 mmol/L HEPES, 100 μg/ml streptomycin, and 100 U/ml penicillin (pH 7.4). The cells were seeded in a polycarbonate microporous membrane (0.4 μm pore size, 12 mm diameter) inserted into a transwell at a density of 1.25 × 104 cells/cm2 and cultured for 21 days, once they reached 80% confluence. In the glucose transport experiment, the observation and measurement methods of the establishment of the Caco-2 monolayer model, alkaline phosphatase activity, integrity of the differentiated cells in each monolayer, and the transepithelial electrical resistance (TEER) referred to the protocol described in detail previously (30, 31). The cytotoxicity and safe concentration range of pumpkin polysaccharides RPP-1, RPP-2, RPP-3, and RPP-4 in the Caco-2 cells were determined by the MTT assay at 570-nm absorbance.

The glucose uptake experiment was examined with the method of Yang et al. (30, 31) and Zhu et al. (5). The pumpkin polysaccharide RPP solutions (0, 0.2, 0.4, 0.6, and 0.8 mg/ml) with or without 50 mmol/L glucose in HBSS solution were added to 12-well plates. The cells were then incubated in the medium for 60 and 120 min. In the blank group and control group, the Caco-2 cells were incubated with a culture media and culture media with 50 mmol/L glucose, respectively. At the end of the incubation, the cells were lysed and centrifuged to obtain the supernatant, fats were removed with Sevage reagent, and then the volume was adjusted to 1 ml with deionized water to detect the glucose content with a glucose oxidase assay kit (Shanghai Yuanye Bio-Technology Co., Ltd.,) at 505 nm by spectrophotometry. The glucose uptake inhibition rate was calculated as in Eq. (1):
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where AS, AC, and AB are the absorbance of the sample, control, and blank group, respectively.

The glucose transport experiment for the apparent permeation rate across the Caco-2 cells used the previous protocol (13, 30, 31). To perform the transport experiments in the apical-to-basolateral (AP-BL, absorptive) direction, the pumpkin polysaccharide RPP solutions with 50 mmol/L glucose in HBSS solution (0.6 mg/ml in 0.5 ml) were added to inserts of 12-well transwell, where cells were grown for 21 days, and 20 mmol/L HEPES with 4% BSA in the HBSS solution (pH 7.4, 1.5 ml) was added into 12-well transwell BL side. In the basolateral chamber, BSA had a final concentration of 4% to mimic the physiological situation. Then, 100 μl samples were collected from the receiving chamber at 0, 30, 60, 90, and 120 min. In order to maintain a constant volume, an equal volume of the blank transport medium was added after each sampling. For the transport of the basolateral-to-apical (BL-AP, secretory) direction, the added solutions on both sides of the above 12-well transwell were interchanged, and the other follow-up operations were the same as above.

The cumulative amount of transported glucose can be calculated with the apparent permeability [Papp (in cm/s)] in Equation (2), where dQ/dt means constant flow (dpm/s), A is the filter membrane surface (cm2), and C0 is the initial glucose concentration of the side supply (dpm/cm3). The cumulative fraction transported (FAcum) of glucose can be calculated as in Equation (3), and it indicates that the cumulative amount of material being transported gradually increased.

The variables V and C represent the volume and concentration of the supply solution (index D) or receiving solution (index R). Then, f is the sample replacement factor with the formula f = 1 – VS/VR, in which VSis the sampling volume. When the receiver concentration exceeds 10% of the supplying liquid concentration, Papp can be defined as in Equation (4), where M is the total mass of the system balance, CR0 is the initial concentration of glucose in the receiving chamber, and CR(t) is the concentration of glucose at the time t. The uptake ratio (UR) is the ratio of absorption permeability to secretion permeability, which can be expressed as (Papp, AP−BL/Papp, BL−AP).
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Animal Experiment and Induction of Experimental Diabetes

All the mice were housed in the animal facility with stable moisture (50 ± 5%), dark-light cycle (12/12 h), and constant temperature (23 ± 2°C). After 1 week of accommodation, 84 mice were randomly divided into two groups: normal chow diet (NCD) and high-fat diet (HFD). The NCD and HFD groups were then fed for 4 weeks. After 28 days, the HFD mice were injected intraperitoneally with 200 mg/kg STZ to induce T2DM diabetes after a 12-h starvation period. Three hours after injection, the starved mice were fed with 4% glucose solution to prevent hypoglycemia. After 7 days, the mice were fasted again for 12 h, and blood glucose was quantified using a glucometer (Roche Diabetes Care GmbH). Mice with stable FBG of between 11.1 and 33.3 mmol/L for 2 weeks were chosen for further experiment (32). This animal experiment had passed the animal ethics review of the Animal Center of Hubei University of Traditional Chinese Medicine, with license number SCXK (E) 2017-0067. Then, the mice were separated randomly into the following four groups (n = 8/group): control group (non-diabetic rats, gavage with saline), model group (diabetic rats, gavage with saline), pumpkin polysaccharide low-dose group (PPS.L) (diabetic rats, gavage with W-CCPs at 600 mg/kg b.w.), and pumpkin polysaccharide high-dose group (PPS.H) (gavage with W-CCPs at 1,200 mg/kg b.w.). The four groups were treated by gavage for 28 days. The body weight and FBG levels were determined from tails with a Roche blood glucose meter weekly. After 28 days, all the mice were fasted for 12 h, and blood samples were collected and centrifuged to gain plasma. The plasma lipids, namely, TG, TC, LDL-C, HDL-C, and GSP, were evaluated using an automatic biochemical analyzer (Shenzhen Lei Du Life Technology Co., Ltd., Shenzhen, China). INS was evaluated by enzyme-linked immunoassay using a rat insulin ELISA kit. The cecal contents were taken out in a sterile state, mixed well, and stored in a refrigerator at −80°C for subsequent 16S rDNA microbial community analysis.



16S rDNA Microbial Community Analysis

The genomic DNA of the cecal contents was extracted with the CTAB method. Then, the purity and concentration of the DNA were detected by agarose gel electrophoresis. An appropriate amount of sample DNA was placed in a centrifuge tube, and the sample was diluted with sterile water to 1 ng/μl for PCR amplification. 16S rRNA genes of distinct regions (16S V3–V4) were amplified using a specific primer with a barcode. Next, the qualified PCR products were purified with magnetic beads and quantified by enzyme label, and then the samples were mixed in equal amounts according to the concentration of the PCR products. After fully mixing, the PCR products were detected by 2% agarose gel electrophoresis, and the target bands were recovered using a gel recovery kit from Qiagen company. TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) was used to construct the library, which was assessed on the Agilent Bioanalyzer 2100 system. Finally, TruSeq® DNA PCR-Free Sample Preparation Kit was used to construct the library and quantified by Qubit and Q-PCR. After the library was qualified, the NovaSeq6000 was used for sequencing. The sequencing data were processed as follows: first, the quality control process for tags of Qiime (V1.9.1 http://qiime.org/scripts/split_libraries_fastq.html) was applied to the FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) software that processed the data. The tags were compared with the reference database (SUCHIME, http://www.drive5.com/usearch/manual/uchime_algo.html) to detect chimera sequences, and then the chimera sequences were removed. Then, the effective tags were finally obtained (33–35). Second, operational taxonomic unit (OTU) clustering and species annotation were performed. The Uparse software (v7.0.1001, http://www.drive5.com/uparse/) was applied to cluster all the effective tags of all the samples. By default, the sequence was clustered into OTUs with 97% identity. The Mothur method and the SSUrRNA database of Silva138 (http://www.arb-silva.de/) were used to perform species annotation analysis (set threshold 0.8–1). According to the relative abundance of species at each classification level in the OUT table, the R software (v2.15.3) was used to draw histograms and heat maps. Third, alpha diversity is evaluated by QIIME, including five indicators of species as Chao1, Ace, Shannon, Simpson, and Dominance to analyze the complexity of sample species diversity, and use R software to plot and display. Fourth, beta diversity is a comparative analysis of microbial community composition of different samples. QIIME was used to calculate unifrac distance and construct a UPGMA sample clustering tree. PCA, PCoA, and NMDS diagrams are drawn with the R software. Fifth, the LEfSe software was used to perform LEfSe analysis, and the default LDA Score was set to 4 to find out the biomarkers of each group. The raw sequencing data generated in this study have been stored in NCBI SRA with the BioProject ID PRJNA760239.



Statistical Analysis

All the experiments were repeated three times, the results were expressed as mean ± standard deviation, and the statistical significance was expressed at p < 0.05. The statistical significance between the groups was evaluated by one-way ANOVA, and calculated with the SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, United States) by Bonferroni multiple comparison test. Figures were drawn using GraphPad Prism 8.0 (San Diego, United States).




RESULTS


Optimization of Sequential Extraction and Purification Process of Pumpkin Polysaccharides

The hot water extraction method is one of the most common ways to obtain polysaccharides. Comparing the extraction yield, polysaccharide content, and OH radical scavenging ability among 10 extraction conditions, the best extraction condition was that pumpkin powder was added with distilled water with the material-to-liquid ratio of 1:30, extracted at 80°C for 4 h, and then ultrasonicated for 30 min. After centrifugation, concentration, decolorization, and freeze drying, W-CCPs were obtained. WA-CCPs were obtained by ethanol precipitation and organic solvent washing. The extraction yield and polysaccharide content of W-CCPs were 47.26 and 34.41 g/100 g, and WA-CCPs were 28.25 and 88.52 g/100 g, respectively. DPPs were prepared after WA-CCPs were deproteinized, the protein removal rate and the polysaccharide retention rate of DPPs were 33.24 and 85.04%, and the polysaccharide content was 92.43 g/100 g. Then, DPPs were purified with the DEAE-52 cellulose gel column to obtain four refined pumpkin polysaccharide components, RPP-1, RPP-2, RPP-3, and RPP-4. The yields accounted for 46.85, 15.43, 12.02, and 6.73%, respectively. The schematic routes for pumpkin polysaccharide sequential extraction and purification process are graphically depicted in Figure 1. W-CCPs, WA-CCPs, DPPs, and RPPs were analyzed for their physicochemical properties, monosaccharide composition, characterization, and activities.
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FIGURE 1. Pumpkin polysaccharide sequential extraction and purification process flow. W-CPP, water-extracted crude pumpkin polysaccharides; WA-CPPs, crude pumpkin polysaccharides extracted by water and alcohol; DPPs, deproteinized pumpkin polysaccharides; RPPs, refined pumpkin polysaccharides.




Physicochemical Properties of Pumpkin Polysaccharides

The W-CCPs were a light yellow powdered solid, and the WA-CCPs and DPPs were white powdered solid. RPPs were a loosely organized white aggregate, while RPP-4 was slightly flocculent. The samples were all soluble in water, and insoluble in organic solvents such as ethanol, acetone, and chloroform. The physicochemical properties of pumpkin polysaccharides are shown in Table 1. W-CCPs and WA-CCPs were crude polysaccharides with a carbohydrate content of 34.41 and 88.52 g/100 g, DPPs and RPPs contained higher polysaccharide content with 92.43 and over 97 g/100 g. The protein content decreased sequentially after extraction and purification. W-CCPs, WA-CCPs, and DPPs were mixtures that contain reducing sugars, polyphenols, uronic acid, soluble starch, and some amino acids, peptides and other substances. The purified polysaccharide component RPPs did not contain reducing sugars, polyphenols, and soluble starch except RPP-1 and RPP-2 that had a small amount of starch, but all contained uronic acid, amino acids and peptides. DPPs are separated in the DEAE-52 cellulose gel column to obtain RPP-1, RPP-2, RPP-3, and RPP-4, as shown in Figure 2A, of which, RPP-1 is a neutral polysaccharide, and RPP-2, RPP-3, and RPP-4 are all acidic polysaccharides. The components of RPP-1 and RPP-2 were relatively single and did not contain impurities such as protein and nucleic acid, and uronic acid content was 4.32 and 11.18%, respectively. RPP-3 and RPP-4 contained impurities such as protein, and uronic acid content was 19.35 and 23.14%, respectively, which was significantly higher than the corresponding content of RPP-1.


Table 1. Physicochemical properties and monosaccharide composition of the pumpkin polysaccharides.
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FIGURE 2. Purification and monosaccharide composition of RPPs and their ultraviolet (UV)-visible (vis) spectra. (A) Gas chromatography (GC) of monosaccharides and internal standard, L-rhamnose, D-xylose, D-arabinose, D-ribose, D-fructose, D-mannose, D-glucose, D-galactose, D-fucose, and inositol (from left to right). (B–E) Hydrolyzed production of RPP-1, RPP-2, RPP-3, RPP-4, and inositol. Purification of RPPs and their UV-vis spectra. (F) DEAE-cellulose anion-exchange chromatography of DPPs. (G) UV-vis spectrum of the RPPs and the iodine-potassium iodide reagent. (H) Maximum absorption wavelengths of RPPs and Congo red complex increases under alkaline conditions.


The monosaccharide compositions of the four RPPs are summarized in Table 1 and Figure 2. The peak times of monosaccharide standards in gas chromatogram were: L-rhamnose 14.812 min, D-rrabinose 15.763 min, D-xylose 16.242 min, D-ribose 16.657 min, D-fructose 24.526, D-mannose 24.915 min, D-glucose 25.228 min, D-galactose 25.924 min, L-fucose 27.584 min, and inositol peaked at 27.584 min. The purified pumpkin polysaccharide components RPP-1, RPP-2, RPP-3, and RPP-4 run by GC are shown in Figures 2B–E. RPP-1 and RPP-2 contained Rha, Ara, Xyl, Man, Glc, Gal, and Rha, Ara, Xyl, Man, Glc, separately, while RPP-3 and RPP-4 were all composed of different molar percentages of Rha, Ara, Xyl, Rib, Fru, Man, Glc, Gal, and Fuc. Glc was considered the dominant monosaccharide in RPP-1 and RPP-2, whereas Rha was the predominant monosaccharide in RPP-3 and RPP-4. Moreover, Rib, Fru, and Fuc existed in RPP-3 and RPP-4. According to the comparison between the peak time of the monosaccharide standards and the polysaccharide samples using the area normalization method, through the calculation of the peak area, the molar ratio of the monosaccharide composition of the pumpkin polysaccharides RPP-1, RPP-2, RPP-3, and RPP-4 were obtained and the results are shown in Table 1. The molar ratio of Xyl, Ara, Man, Glc, Gal, and Rha in RPP-1 was 1:1.6:0.4:12.7:2.4:2.1, and Xyl, Ara, Man, Glc, and Rha in RPP-2 was 1:1.1:3.4:13.1:2.9, while nine monosaccharides, Xyl, Ara, Rib, Fru, Man, Glc, Gal, Rha, and Fuc in RPP-3 and RPP-4 were 1:1.7:1:1.4:1.3:1.3:2.1:2.7:1.2 and 1:2.6:1.1:1.4:2.2:0.9:1.8:3.8:1.5, separately.



Preliminary Structural Characteristics and Microstructures of RPPs

The UV spectrum of RPPs had a characteristic absorption peak of sugars at a wavelength of 220 nm. There were no obvious characteristic absorption peaks between 260 and 280 nm of RPP-1 and RPP-2, indicating that there were no protein and nucleic acid, and that no absorption peak in the visible part showed no pigment after purification. However, RPP-3 and RPP-4 had a slight fluctuation at 260 nm, which was consistent with the protein content data in Table 1. The UV-visible spectrum of the RPPs and the iodine-potassium iodide reagent are shown in Figure 2. After the polysaccharide components RPP-1, RPP-2, RPP-3, and RPP-4 reacted with iodine-potassium iodide, the maximum absorption peak appeared at 350 nm in the UV spectrum. There was no absorption peak over 530 nm, but the intensity of the absorbance of RPPs at this wavelength was weakening, indicating that the spatial conformations of the four components were different. According to literature reports (36), this phenomenon showed that these four polysaccharide components may contain relatively long side chain structures and more branched structures. Congo red is an acid dye that can form complexes with polysaccharides with a triple structure. Compared with Congo red, the maximum absorption wavelength of the complex increases under alkaline conditions. As the concentration of the sodium hydroxide solution gradually increased from 0 to 0.5 mol/L, the maximum absorption wavelengths of the polysaccharide component RPPs all increased first and then decreased, as shown in Figure 2. SEM images of the four polysaccharide components, RPP-1, RPP-2, RPP-3, and RPP-4, are shown in Supplementary Figure 1. The surface morphology of RPP-1 and RPP-2 were irregular fragmented aggregates. Among them, the surface of RPP-1 was relatively flat and smooth with tight combination, while RPP-2 was mainly presented as small clumps, thick, and uneven surface. The surface morphology of RPP-3 was a rough spherical structure, with many fluffy debris. RPP-4 was mainly presented as a wrinkled flocculent structure, loose and porous but not tightly coupled.

After chromatography, the infrared scan spectra of RPP-1, RPP-2, RPP-3, and RPP-4 had roughly the same characteristic absorption peak trend, but the peak width and numbers were different, as shown in Figure 3. RPP-1, RPP-2, RPP-3, and RPP-4 had relatively strong wide peaks at 3,373, 3,372, 3,369, and 3,166 cm−1, respectively, which is in the range of 3,500–3 200 cm−l where O-H stretching vibration peaks. The absorption peaks of RPP-1, RPP-2, and RPP-3 in this range were wider than that of RPP-4, indicating the existence of intermolecular hydrogen bonding (2). RPP-1, RPP-2, RPP-3, and RPP-4 had relatively strong absorption peaks at 2,929, 2,934, 2,926, and 2,928 cm−1, respectively, which were C-H stretching vibration peaks, but RPP-4 was relatively weak. Near 1,600 and 1,400 cm−1 were derived from the asymmetric and symmetric stretching vibrations of the carboxyl bond (C=O), respectively (37), proving the existence of uronic acid in RPPs and containing -COOH group. In particular, RPP-4 had the largest peak of carboxyl group. The absorption peak of RPP-4 at 1,744 cm−1 was the characteristic absorption peak of methoxy groups in pectin polysaccharides, which proves the existence of methoxy groups in RPP-4. RPP-3 had an absorption peak at 1,576 cm−1, indicating that there is N-H variable angle vibration. The absorption peak at 1,000–1,200 cm−1 is caused by the vibration of the sugar ring backbone C-O and C-C, and has different spectral shapes for polysaccharides composed of different monosaccharides (38). According to Qiao et al. (39), RPP-1, RPP-2, and RPP-4 had three absorption peaks, indicating these three polysaccharides were pyranose, of which near 1,020 cm−1 was the C-O stretching vibration absorption peak of the pyranose ring. When pyranose is characterized by absorption around 840 cm−1, it generally contains β-type glycosidic bonds, so RPP-1, RPP-2, and RPP-4 were pyranose-containing β-type glycosidic bonds (40). RPP-3 had two absorption peaks at 1,146 and 1,019 cm−1, indicating that it had furanose.
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FIGURE 3. Fourier transform infrared (FT-IR) spectrum of RPPs. RPPs, refined pumpkin polysaccharides. Deproteinized pumpkin polysaccharides were separated in DEAE-52 cellulose gel column to obtain RPP-1, RPP-2, RPP-3, and RPP-4. RPP-1 was a neutral polysaccharide, while RPP-2, RPP-3, and RPP-4 were all acidic polysaccharides.




In vitro Antioxidant Activities of Four Pumpkin Polysaccharides

The ·OH radical-scavenging abilities of W-CCPs, WA-CCPs, DPPs, RPPs and VC are shown in Figure 4A. Pumpkin polysaccharides subjected to water extraction, alcohol precipitation, deproteinization, and chromatography had certain effects on the scavenging of ·OH radicals. The scavenging rate of ·OH free radicals of the four pumpkin polysaccharides and VC was enhanced with the increase in sample amounts. When W-CCPs were 10 mg/ml, the scavenging ability of ·OH radicals reached 78.36%. The ·OH radical-scavenging abilities of the RPPs after chromatographic purification were similar and higher than that of WA-CCPs and DPPs, indicating that the purification of pumpkin polysaccharides improved its OH radical-scavenging abilities to a certain extent. Moreover, at a concentration of 1 mg/ml, the scavenging rates of the four components of the refined pumpkin polysaccharide were 48.57, 42.83, 52.46, and 57.57%, respectively. Among them, RPP-4 had the highest ability to scavenge OH free radicals. The DPPH radical-scavenging abilities of W-CCPs, WA-CCPs, DPPs, RPPs and VC are shown in Figure 4B. W-CCPs reached 96.69% DPPH radical-scavenging ability at a concentration of 4 mg/ml, which was significantly higher than that of pumpkin polysaccharide after alcohol precipitation and deproteinization. The DPPH radical-scavenging ability curves of the RPPs all showed a trend of first rising and then falling. When the sample concentration reached 1 mg/ml, the DPPH radical-scavenging capabilities of RPP-1, RPP-2, RPP-3, and RPP-4 were 63.13, 54.52, 22.45, and 18.34%, respectively. The clearance effect of RPP-1 and RPP-2 in the chromatographic polysaccharide fraction was better and much higher than that of RPP-3 and RPP-4.
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FIGURE 4. Antioxidant activities of four pumpkin polysaccharides: W-CCPs, WA-CCPs, DPPs, and RPPs. (A) Hydroxyl (OH) radical scavenging abilities. (B) 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging abilities. (C) Superoxide anion ([image: image]) radical scavenging abilities. (D) 2,20-Azino-bis-3-ethylbenzthiazoline- 6-sulphonic acid (ABTS+) radical scavenging abilities. VC is the positive control. Each value was represented as mean ± SD of three independent experiments. W-CPPs, water-extracted crude pumpkin polysaccharides; WA-CPPs, crude pumpkin polysaccharides extracted by water and alcohol; DPPs, deproteinized pumpkin polysaccharides; RPPs, refined pumpkin polysaccharides.


The O2·− radical-scavenging abilities of W-CCPs, WA-CCPs, DPPs, RPPs, and VC are shown in Figure 4C. The O2·− radicals present in the body come from superoxide anions, which are transformed into H2O2 and ·OH by the disproportionation reaction, causing damage to the body. The four pumpkin polysaccharides all had the effect of scavenging [image: image] radicals, as shown in Figure 4C. Before the concentration reaches 8 mg/ml, the effects of the first three had obvious differences, which are in the order of: WA-CCPs > DPPs > W-CCPs, and WA-CCPs could achieve a 50% clearance rate. After chromatography, the removal ability of each component of RPPs was also different in the order of RPP-4, followed by RPP-3 and RPP-2, and the worst was RPP-1. Moreover, at a concentration of 1 mg/ml, the scavenging rates of these four were 67.37, 43.52, 39.37, and 30.61%, respectively. The ABTS+ radical-scavenging abilities of W-CCPs, WA-CCPs, DPPs, RPPs, and VC are shown in Figure 4D. ABTS+ generates stable free radicals under active oxygen, showing a blue-green color. If it reacts with antioxidant substances, the color will become lighter. The four pumpkin polysaccharides all had a weak ability to remove ABTS+, with a removal rate of <20%, and certain concentration dependence. Our results, thus, indicated that the four polysaccharides from pumpkin had positive scavenging capacities on the OH, DPPH, [image: image], and ABTS+ radicals.



In vitro α-Glucosidase and α-Amylase Inhibitory Activities of Four Pumpkin Polysaccharides

The in vitro hypoglycemic effects of the four pumpkin polysaccharides were investigated via α-glucosidase and α-amylase inhibitory activity assays using acarbose as a positive reference. The α-glucosidase inhibitory activities of W-CCPs, WA-CCPs, DPPs, RPPs, and acarbose are shown in Figure 5A. The W-CCPs had a certain ability to inhibit α-glucosidase, and the inhibition rate was up to 53.9% when the concentration reached 8 mg/ml, while the WA-CCPs and DPPs had no α-glucosidase inhibitory ability. The α-glucosidase inhibitory ability of the purified pumpkin polysaccharides RPP-1, RPP-3, and RPP-4 was enhanced with the increase of concentration, among which RPP-2 even had no inhibitory ability. Moreover, at a concentration of 1 mg/ml, the α-glucosidase inhibitory ability of RPP-3, RPP-4, and RPP-1 reached 55.25, 30.36, and 19.24%, respectively. The α-amylase inhibitory activities of W-CCPs, WA-CCPs, DPPs, RPPs, and acarbose are shown in Figure 5B. α-Amylase can hydrolyze the α-1,4-glycosidic bond inside starch, and the hydrolyzed products are dextrin, oligosaccharides, and monosaccharides. Similarly, the W-CCPs had a higher ability to inhibit α-glucosidase with 42.02 inhibition rate than the WA-CCPs and DPPs, and the inhibition rates of the latter were 27.54 and 23.75%, respectively. The excellent inhibitory effects of W-CCPs against α-amylase and α-glucosidase may be attributed to its simple extraction process and no exposure to organic solvents. This phenomenon was consistent with the results of the antioxidant activities obtained in vitro (Figures 4A,B). The purified pumpkin polysaccharide RPPs all exhibited a better inhibitory effect on α-amylase within the range of the determined concentrations. Our results, thus, indicated that the four polysaccharides from pumpkin, especially W-CCPs and RPP-3, had positive α-amylase and α-glucosidase inhibitory capacities.


[image: Figure 5]
FIGURE 5. In vitro hypoglycemic effects of the four pumpkin polysaccharides: W-CCPs, WA-CCPs, DPPs, and RPPs. (A) α-Glucosidase inhibitory activities; (B) α-amylase inhibitory activities. Each value was represented as mean ± SD of three independent experiments. W-CPPs, water-extracted crude pumpkin polysaccharides; WA-CPPs, crude pumpkin polysaccharides extracted by water and alcohol; DPPs, deproteinized pumpkin polysaccharides; RPPs, refined pumpkin polysaccharides. Acarbose is the positive control.




In vitro Glucose Uptake Inhibitory Activities and Transport Effect of Pumpkin Polysaccharide RPPs

When Caco-2 cells were cultured on filter supports for 21 days and differentiated to Caco-2 monolayers, the morphology are shown in Supplementary Figure 2. Under an inverted microscope (Supplementary Figure 2A), the multiple cells were closely connected and arranged in a “paving stone” mosaic arrangement. The well-differentiated Caco-2 cell monolayer contained dense microvilli and neat brush borders (Supplementary Figures 2D,E) and tight junctions among the cells (Supplementary Figure 2F). The formation of tight junctions and microvilli well-mimicked the apical side of the small intestinal epithelial cells facing the intestinal lumen (AP side) and the basolateral membrane (BL side). After the cells were cultured for 21 days, the TEER rose to 499 ± 18 Ω·cm2 and remained relatively stable (Figure 6B). Meanwhile, the alkaline phosphatase activity ratio was 16.41 ±0.79 (Table 2) and the lucifer yellow apparent permeability coefficient was 2.36 × 10−7 cm/s, which showed that the monolayer was well-differentiated and could be used for a transport experiment (41). The MTT method was used to determine the toxic effects of the four pumpkin polysaccharides, RPP-1, RPP-2, RPP-3, and RPP-4 on Caco-2 cells. In Figure 6A, the results show that the four RPPs have no cytotoxicity at a concentration of 0.2–0.8 mg/ml, and that they could significantly promote cell proliferation at a concentration of 0.4–0.6 mg/ml. Therefore, the sample concentration in the uptake experiment was in the range of 0.2–0.8 mg/ml, and transport experiment was at 0.6 mg/ml.
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FIGURE 6. Pumpkin polysaccharide RPPs on the glucose uptake and transport across Caco-2 cell monolayer. (A) RPPs on the activity of colon cancer cells Caco-2. (B) Inhibition rate of RPPs on Caco-2 glucose uptake. (C) RPPs on the transport of glucose across Caco-2 cell monolayer. Each point represents the mean ± SD for at least three independent monolayers (a<b<c<d<e, all p < 0.01). RPPs, refined pumpkin polysaccharides; UR, uptake ratio.



Table 2. Effect of pumpkin polysaccharide RPPs on the transport of glucose across Caco-2 cell monolayer.
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The addition of the four pumpkin polysaccharide RPPs (0, 0.2, 0.4, 0.6, and 0.8 mg/ml) in a 50-mmol/L glucose medium changed the inhibition rate of glucose uptake in the Caco-2 monolayer after the 21-day culture (Figure 6B). Under the same sample concentration and reaction time, RPP-3 had the best inhibitory effect (80.8%, 120 min) on glucose uptake in the Caco-2 monolayer, followed by RPP-4 and RPP-1. With the increase of sample concentration and reaction time, the inhibitory effect of these three RPPs showed a trend of increasing, but RPP-1 showed a slight drop at 0.8 mg/ml concentration. Moreover, RPP-2 had a slight inhibitory effect of glucose uptake in the Caco-2 monolayer under 0.2 mg/ml concentration, while the inhibitory effect of RPP-2 was reduced and even had a promoting effect of glucose uptake. The effect of RPPs on the transport of glucose across the Caco-2 cell monolayer is shown in Figure 6C, and different uptake ratios (URs) of glucose transport in the presence of pumpkin polysaccharide RPPs are shown in Table 3. The addition of RPP-3, RPP-4, and RPP-1 significantly decreased the rate of glucose transport across the cell monolayer to 1.74, 2.63, and 3.91, respectively (p < 0.01). The glucose permeation level of RPP-3 in the AP-BL direction was lowest at 12.79 ± 1.28, while in the BL-AP direction it was highest at 7.37 ± 0.63 among the other groups (p < 0.01). It indicated that RPP-3 could inhibit the absorption and promote the excretion of glucose in Caco-2 cells. In addition, RPP-2 did not change the transport of glucose across the cell monolayer.


Table 3. Relationship between alkaline phosphatase activity and culture time of Caco-2 monolayer.
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Pumpkin Polysaccharide Treatment Alleviates Blood Glucose and Lipid Metabolic Disturbance in T2DM Mice

During the experiment, the bodyweight of the mice in the normal diet group increased rapidly for 1–5 weeks and remained stable for 6–10 weeks. The weight of the mice in the HFD of the pumpkin polysaccharide intervention group increased rapidly for 1–5 weeks, and was significantly higher than that of the mice in the normal diet group. In the 5th week, the weight of the mice was significantly reduced after STZ injection. The model mice had typical symptoms of polydipsia, polyphagia, and polyuria, and their body weight was significantly lower than that of the normal diet group after 1 week. After the diabetes model was successfully established on the 6th week, the mice in the HFD group received drug intervention. One week after intervention with pumpkin polysaccharide (the 8 week), the weight of the mice in the HFD group slowly recovered, and the final weight was 22.57 ± 1.26 g, which was significantly lower than that of the normal group, which was 25.37 ± 2.26 g. Through the administration period, the weight of the mice in the model group presented a downward trend, from 23.38 to 21.55 g. The bodyweight of the mice in the PPS.L and PPS.H groups remained almost stable, and slightly higher than during the observation period.

The FBG of the normal control mice remained below 7 mmol/L, while the blood glucose of the model group mice was always at a high level and showed an upward trend with the highest value at 23.05 ± 5.03 mmol/L after 4 weeks. After 4 weeks of administration, the PPS.L and PPS.H groups could significantly lower the FBG of mice by 34.06 and 37.87%, respectively (p < 0.05). The FBG and GSP of the model group was significantly higher than those of the control group (p < 0.01). Compared with the model, the GSP and INS of each drug intervention group decreased, but there was no significant difference observed. Among them, the FBG and HOMA-IR of the PPS.H group were remarkably lower than those of the model group (p < 0.01), and the symptoms of insulin resistance were, thus, improved (Figures 7A–E). The above results indicated that pumpkin polysaccharides could reduce the levels of FBG and GSP, and improve the insulin resistance of mice. Compared with the normal group, the plasma TC, HDL, and LDL levels of the model group were significantly higher (p < 0.01), pointing out that the mice in the model group had dyslipidemia. After 4 weeks of pumpkin polysaccharide treatment, the plasma TC and LDL levels of the PPS.H group were significantly lower than those of the model group, and the serum HDL and TG level showed a decreasing trend (Figures 8A–D).
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FIGURE 7. Effect of crude pumpkin polysaccharide on plasma sugar related indexes and weight in mice for 4 weeks. (A) Fasting blood glucose (FBG). (B) Glycosylatedplasma protein (GSP). (C) Insulin (INS). (D) Homeostasis model assessment-insulin resistance index (HOMA-IR). (E) Body weight of mice. Eight mice in each group. Values are expressed as mean ± SD. ##p < 0.01, #p < 0.05 vs. control group; **p < 0.01, *p < 0.05 vs. model group. PPS.L, pumpkin crude polysaccharide low-dose group (diabetic rats, gavage with W-CCPs at 600 mg/kg b.w.); PPS.H, pumpkin crude polysaccharide high-dose group (diabetic rats, gavage with W-CCPs at 1,200 mg/kg b.w.).
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FIGURE 8. Effect of crude pumpkin polysaccharide on the plasma lipids in mice. (A) Total cholesterol (TC). (B) Triglycerides (TG). (C) Low-density lipoprotein (LDL). (D) High density lipoprotein (HDL). Eight mice in each group. Values are expressed as mean ± SD. ##p < 0.01, #p < 0.05 vs. control group; **p < 0.01, *p < 0.05 vs. model group. PPS.L, pumpkin crude polysaccharide low-dose group (diabetic rats, gavage with W-CCPs at 600 mg/kg b.w.); PPS.H, pumpkin crude polysaccharide high-dose group (diabetic rats, gavage with W-CCPs at 1,200 mg/kg b.w.).




Pumpkin Polysaccharide Treatment Modulated Gut Microbiota Structure in T2DM Mice

Many studies have reported that gut microbial metabolism disorders may be an important cause of metabolic disorders. In order to evaluate the effect of pumpkin polysaccharides on the gut microbiota of T2DM mice, barcode pyrosequencing technology was used to analyze the structural changes in the gut microbiota of mice in the four groups. The alpha diversity and beta diversity were calculated with the QIIME2 software. Alpha diversity refers to the diversity in a specific area or ecosystem. Through the Alpha diversity index analysis of the differences between groups, it can be judged whether there are significant differences between each group (42) or observed species (Figure 9A) illustrates that the four groups had significant differences (p < 0.05). Next, the β diversity of the four groups was analyzed by Non-Metric Dimensional Score (NMDS) to show that the clusters of the gut microbiota in each group were roughly separated. that only the model group was distributed in the first and second quadrants, and that PPS.H and PPS.L were closer to the control group (Figure 9B). The above results indicated that the crude pumpkin polysaccharide treatment significantly changed the intestinal microbial community of mice. To investigate the changes in specific bacteria, an OTU table was generated through analysis, which can reflect the classification of bacteria and quantify relative bacterial abundance. Comparing with the database Silva138 for species annotation statistics (43), it was found that there are a total of 1,210 OTUs, of which the number of OTUs that can be annotated to the database was 1,204 (99.5%). As compared with the control group, the abundances of Verrucomicrobiota, Proteobacteria, and Actinobacteria were increased, and those of Firmicutes and Bacteroidetes were decreased at the phylum level in the model and PPS groups. At the family level, the abundances of Erysipelotrichaceae and Lactobacillaceae were decreased in both the PPS.L and PPS.H groups compared with the model group. Overall, the crude pumpkin polysaccharide treatment increased the relative abundance of the intestinal flora of T2DM mice (Figure 9C). Based on the heat map analysis, we next determined specific genus differences between the four groups. As revealed in Figures 9D,E, the abundance of 21 genera indicates the difference in the gut microbial community of mice with different treatments, which suggests that the remission of T2DM by PPS may be connected to a subset of the bacterial taxa. In the model group, higher abundances of Clostridia, Thermoanaerobaculia, Symbiobacteriia, Deinococci, Vampirivibrionia, Gammaproteobacterial, and Corio bacteria, accompanied by low levels of Negativicutes and Saccharimonadia, were observed,. Nevertheless, the PPS treatment reversed the above changes.
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FIGURE 9. Regulation of PPS on the imbalance of intestinal microbiota in T2DM mice. All mice were sacrificed and colonic samples were collected for 16SrDNA gene sequencing. (A) Alpha diversity index-observed species. (B) Beta-diversity-NMDS. (C) Alteration of gut microbiota composition at family level. (D) Heatmap of genera level of each sample. (E) Phylogenetic tree of the genus level.


Further starting from the abundance of species at different levels, different species could be obtained through conventional T-tests. At the genus level, compared with the normal group, the abundance of Akkermansia and Anaerotruncus increased significantly in the model group (p < 0.05) (Figure 10A). In the PPS.H group, the abundance of Akkermania also increased significantly (p < 0.05), accompanied by remarkably low levels of Enterorhabdus, Colidextribacter, Alistipes, and Blauti (Figure 10B). Compared with the model group, the abundance of Lactobacillus and Colidextribacter decreased significantly in the PPS.H group (p < 0.05) (Figure 10C). Finally, the linear discriminant analysis effect size (LEFSE) method was used to compare the composition of the gut microbiota of the three test groups. There were significant differences in the structural composition of the gut microbiota among them (Figure 10D). A total of 20 biomarkers were detected at the class level; Bacteroidia, Clostridia, and Verrucomicrobiae were biomarkers of the control, model, and PPS groups, respectively. At the family level, Lactobacillaceae and Muribaculaceae were the biomarkers of the control group, and Akkermansiaceae was the biomarker of the PPS.H group (Figure 10D).
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FIGURE 10. Species differences between t-test groups of control and model. (A) Control and PPS.H. (B) Model and PPS.H. (C) At genus level. (D) Linear discriminant analysis (LDA) and LDA of effect size (LEFSe) of different groups of microbial flora. The maximum difference between groups after LDA uses a threshold score > 4.





DISCUSSION

Four pumpkin polysaccharide samples, W-CCPs, WA-CCPs, DPPs, and RPPs, were sequentially extracted and purified by hot water extraction, water extraction and alcohol precipitation, deproteinization, and DEAE-52 cellulose gel column. W-CCPs, WA-CCPs, and DPPs are mixtures that contain reducing sugars, polyphenols, uronic acid, and soluble starch, and some amino acids, peptides, and other substances, while the purity of RPPs exceeds 97%, and they do not contain reducing sugars and polyphenols. The protein content decreased, and polysaccharide content increased sequentially after extraction and purification. It shows that the decolorization, deproteinization, and cellulose gel column processes play a certain role in purification. RPP-1 is a neutral polysaccharide, while RPP-2, RPP-3, and RPP-4 are all acidic polysaccharides. This is similar to Zhu et al. (5) and ShanChen et al. (21), who used cellulose DEAE-52 to separate pumpkin polysaccharides and obtain two acidic polysaccharides, but the solubility of the elution solution is not exactly the same. RPP-3 and RPP-4 contain higher protein and uronic acid content than RPP-1 and RPP-2. The content of uronic acid and sulfuric acid groups in the polysaccharide component may be related to their antioxidant potentials (44). Some polysaccharides (glycoproteins) linked to proteins might have stronger biological activity than those without protein, but that requires further verification and discussion by experiment.

Refined pumpkin polysaccharides may contain relatively long side chain, branched structures, and triple helical structure. According to literature reports (36), the maximum absorption peak appeared at 350 nm of RPPs reacting with iodine-potassium iodide shows that these four polysaccharide components may contain relatively long side chain structures and more branched structures. The combination of Congo red and polysaccharide components also confirms that RPPs all have a triple helical structure. This was due to the combination of Congo red and the polysaccharide component with a triple structure, which formed a special complex under weakly alkaline conditions and led to an increase in the maximum absorption wavelength, as shown in Figure 1. The alkalinity continued to increase, then the triple helix was unraveled, and the complex cannot be formed, so the maximum absorption wavelength of the reaction system decreased. The infrared spectrum results show that RPPs contained -COOH group (37, 45); especially, RPP-4 has a large peak of carboxyl and methoxy groups. This is consistent with the higher uronic acid level in RPP-4, as shown in Table 1. The porosity of PPRs range from compact to lose, and the shape ranged from flaky to spherical. This may be related to the extraction method, chemical properties, and structural characterization of pumpkin polysaccharides. The results of monosaccharide compositions of the four RPPs are different from those of previous reports. Zhu et al. demonstrated that a polysaccharide from pumpkin fruit are mainly composed of Ara, Man, Glc, and Gal, with a molar ratio of 1:7.79:70.32:7.05 (5). ShanChen et al. demonstrated that two purified polysaccharides, which were obtained from pumpkin with the combination of an aqueous two-phase system and DEAE cellulose-52 column chromatography, are mainly composed of Glu, Gal, and Ara, with a molar ratio of 14.5:1.6:1.2:1 (21). Wang et al. obtained a polysaccharide from pumpkin seeds, which is composed of Man, Glc, and Gal, with a molar ratio of 1:4.26:5.78, by ultrasound-assisted extraction and two-step column chromatography (46). These show that different extraction methods have an impact on monosaccharide types and molar ratios of the pumpkin polysaccharide obtained.

Carbohydrates are enzymatically decomposed by α-glucosidase, leading to increased blood sugar. During removal, the sample inhibits the activity of α-glucosidase, which shows the decomposition of carbohydrates and reduces the absorbance. In this study, the pumpkin polysaccharides exhibit excellent radical-scavenging ability assay, α-glucosidase and α-amylase inhibition assay, especially W-CCPs, RPP-3, and RPP-4, which are positively correlated with the concentration of the solution. In general, W-CCPs, RPP-3, and RPP-4, which have stronger antioxidant activity, also have better α-glucosidase and α-amylase inhibitory activities. According to previous reports, similar results have been observed that extracted or molecularly modified pumpkin polysaccharides have better in vitro antioxidant and hypoglycemic activities (9–12). The non-purified pumpkin polysaccharides (WA-CCPs, DPPs), which were extracted by hot water extraction and water extraction and alcohol precipitation, have lower in vitro antioxidant and hypoglycemic activities than the hot water-extracted pumpkin polysaccharide, W-CCPs. This result shows that although sequential extraction improved polysaccharide yield, the antioxidant and hypoglycemic effects did decrease. It may be because the biological activity of pumpkin polysaccharide was destroyed by the increase in extraction steps, time, and the application of organic reagents. Among the RPPs, RPP-3 and RPP-4 had better OH and [image: image] radical-scavenging abilities, as shown in Figure 4, which indicates that the higher uronic acid content and sulfuric acid groups in the composition of pumpkin polysaccharides, the stronger their antioxidant capacities are (44). Then, RPP-3 and RPP-4 had a significant inhibitory effect on glucose absorption in the Caco-2 monolayer, while RPP-2 had no inhibitory effect. RPP-3 could not only inhibit the uptake of glucose in the Caco-2 cells, but it promoted the excretion of glucose, which can be developed as an additive component of natural medicine or functional food to control blood sugar. These confirm the α-glucosidase and α-amylase inhibition assay results and show the excellent in vitro hypoglycemic activity. By comprehensive comparison, the water extraction method used to obtain pumpkin polysaccharides has been found to be relatively simple, highly efficient, and has high biological activity, so it is most suitable for extracting pumpkin polysaccharides for future animal experiments and intervention trials.

Simultaneously, the W-CCPs show an outstanding·OH, DPPH, and O2·− scavenging ability in all the samples, as well as α-glucosidase, α-amylase inhibitory activity, so they were selected as an intervention drug for animal experiments. In the in vivo experiment, the pumpkin polysaccharide treatment (PPS.H group, namely 1,200 mg/kg W-CCPs) significantly improved the symptoms of diabetic mice by lowering FBG and reducing insulin resistance, which is consistent with previous information that pumpkin or pumpkin polysaccharides had anti-hyperglycemic, anti-hyperlipidemia, and antioxidant effects (4, 8, 47, 48). Our studies show that the hypoglycemic effect of pumpkin polysaccharides can be partially explained by the decrease in glucose absorption rate, increase in peripheral glucose utilization, and removal of free radicals. T2DM can not only cause the disorder of glucose metabolism in the body, but it also has a great destructive effect on the lipid metabolism of the body, and it eventually leads to abnormalities in various indexes of blood lipids in the body (49). In our study, the crude pumpkin polysaccharide treatment significantly lowered the plasma TC, TG, and LDL levels, which is consistent with previous studies on pumpkin polysaccharides (8), acid hydrolysates of pumpkin polysaccharides (4), and pumpkin crude extract (50). Interestingly, in our experiment, the HDL level of mice in the model group was highest after 4 weeks of treatment, which is contrary to the results of other studies. The research of Lu shows that the blood sugar reduction of pumpkin acid hydrolyzed polysaccharide is very complicated and includes a series of complex cell signal transduction and related genes and proteins, and that the treatment is slow (4). However, the LDL/HDL values of the four groups of the control, model, pumpkin polysaccharide low-dose, and high-dose groups are calculated to be 0.13, 0.169, 0.1184, and 0.044, respectively. The trend of these ratios was in line with the trend of dyslipidemia in diabetic mice. The HDL value of the model group increased, and the increase is a compensatory behavior of the body after LDL increased significantly. Therefore, for studies on the use of food-derived active substances to treat diabetes, it is recommended to appropriately extend the time of administration, and 6–8 weeks is recommended.

In addition, studies have reported that active ingredients in many food sources have a good intervention effect on T2DM, especially polysaccharides from mushrooms (cordyceps sinensis, omphalialapidescens, richolomamongolicum, aroniamelanocarpa, red ginseng, and shiitake), vegetables and fruits (red pepper, soybeans, purple carrots, potatoes, momordicacharantia, cucumber, eggplant, celery), and cereals (wheat, rice, corn, oat, barley, sorghum) (6). Pumpkin polysaccharides are also considered to be effective regulators of gut microbiota, which can nourish certain useful microorganisms to play an active role in controlling metabolic diseases such as diabetes (7). In our study, by 16S rDNA analysis, the supplementation of pumpkin polysaccharides changed the abundance of the gut microbiota of mice and reshaped the composition. At the phylum level, Verrucobacteria, Proteobacteria, and Actinomycetes increased, and Firmicutes and Bacteroides decreased in the model group, which is consistent with previous studies on flora disorders of T2DM (18, 51, 52). A total of 20 biomarkers are detected, and at the class level, Bacteroidia, Clostridia, and Verrucomicrobiae are biomarkers in the control, model, and PPS groups, respectively. Clostridia contains a lot of opportunistic pathogens, such as Clostridium clostridioforme, Clostridium hathewayi, Clostridium symbiosum, and Eggerthella sp., which have been confirmed as biomarkers in the microbiota of patients with T2DM (52). When MyD88-deficient non-obese diabetic mice (NOD) fecal microorganisms were administered to NOD mice, there is a promotion in Clostridiaceae as well as Lachnospiraceae plus a downfall in Lactobacillaceae (53). These demonstrate that the transfer of gut microbiota from diabetes-protected MyD88-deficient NOD mice can reduce insulitis and significantly delay the onset of diabetes. Simultaneously, at the family level, Akkermansiaceae is the biomarker of the PPS.H group. The Verrucomicrobia flora is enriched in the mucus layer of the intestine, and its representative bacteria is Akkermansia muciniphila (AKK bacteria). The research by Shin et al. showed that the abundance of AKK bacteria in the intestine of T2DM mice treated with metformin was significantly increased (54). In in vitro experiments, the relative abundance of AKK bacteria also increased when metformin was added to the culture medium for fecal bacteria (55). AKK bacteria may be a potential probiotic for the treatment of diabetes, and they are also the only intestinal microbes that can be cultured at present. At the same time, they have become a key organism at the mucosal interface between the intestinal lumen and host cells because of their special performance in the degradation process of mucin. This is related to inflammatory bowel disease, obesity, colitis, type 1/2 diabetes, and other metabolic disorders (56). A clinical study has found that pasteurized AKK improves insulin sensitivity (28.62 ± 7.02%), insulinemia (−34.08 ± 7.12%), and plasma TC in overweight/obese insulin-resistant volunteers (57). These confirm that pumpkin polysaccharides could promote the proliferation of Akkermansia to recover from T2DM, which is related to the release of various by-products, such as acetic acid, when AKK degrades mucin (58).

The t-test results show that both PPS.L and PPS.H decreased Erysipelotrichaceae, which has been confirmed to be extremely sensitive to changes in the concentration of phenyl sulfate and has a strong correlation with diabetic nephropathy. The intestinal microbial-derived metabolite phenol undergoes a sulfation reaction in the liver to synthesize phenyl sulfate. After phenyl sulfate enters the kidney through the blood, it will cause damage and loss of kidney podocytes in diabetic rats (59, 60). In addition, Etxeberria et al. observed that supplementation of the flavonol quercetin could inhibit the growth of Erysipelotrichacea (61). In these studies, dietary intake regulates and reshapes the composition of the gut microbiota, which is similar to our research. Our pumpkin polysaccharides could inhibit the growth of Erysipelotrichaceae to relieve the symptoms of diabetes. At present, there is limited evidence on the effect of pumpkin polysaccharides on the gut microbiota. There is only one study on the effect of pumpkin polysaccharides on gut microbiota, and it changed the structure of gut microbiota, mainly showing that it selectively enriches some key bacterial genera of Bacteroidetes, Prevotella, Deltaproteobacteria, Oscillospira, Veillonellaceae, Phascolarctobacterium, Sutterella, and Bilophila (7), which is similar to our result. These bacteria can produce butyric acid to promote insulin secretion after meals and improve diabetes (62). In short, our research shows that the treatment of pumpkin polysaccharides reshapes the intestinal flora of T2DM mice by increasing the abundance of intestinal flora, reducing the abundance of harmful bacteria, and promoting the growth of probiotics. Among them, the most representative ones are Erysipelotrichaceae and Akkermansia. The correlation between these gut microbiotas and the production of short-chain fatty acids, especially butyric acid, revealed the potential mechanism of pumpkin polysaccharides in the treatment of T2DM, and ultimately mediate their beneficial effects on the host.

In conclusion, the extraction and purification methods had a significant influence on extraction yield, polysaccharide content, physicochemical properties, monosaccharide composition, preliminary structural characterization, microstructure, and in vitro antioxidant and hypoglycemic activity. W-CCPs and RPPs had a significantly positive capacity to scavenge·OH, DPPH, [image: image] and ABTS+ radicals, and α-glucosidase and α-amylase inhibitory activities. The RPPs had a strong glucose uptake and transport inhibition in the order of RPP-3 > RPP-4 > RPP-1 > RPP-2. RPP-3 could not only inhibit the uptake of glucose in the Caco-2 monolayer, but it could also promote the excretion of glucose. The animal experiment results indicate that treatment with crude pumpkin polysaccharides could significantly improve the symptoms of T2DM mice by lowering FBG, reducing insulin resistance, and lowering blood lipid TC, TG, and LDL levels. It could increase the diversity of intestinal flora and reduce the harmful flora of model mice. The pumpkin polysaccharides reshaped the gut microbiota by reducing Erysipelotrichaceae and increasing Akkermansia abundance, thereby improving the blood sugar and blood lipids of the T2DM mice.
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Clostridium butyricum (CB) can enhance antioxidant capacity and alleviate oxidative damage, but the molecular mechanism by which this occurs remains unclear. This study used enterotoxigenic Escherichia coli (ETEC) K88 as a pathogenic model, and the p62-Keap1-Nrf2 signaling pathway and intestinal microbiota as the starting point to explore the mechanism through which CB alleviates oxidative damage. After pretreatment with CB for 15 d, mice were challenged with ETEC K88 for 24 h. The results suggest that CB pretreatment can dramatically reduce crypt depth (CD) and significantly increase villus height (VH) and VH/CD in the jejunum of ETEC K88-infected mice and relieve morphological lesions of the liver and jejunum. Additionally, compared with ETEC-infected group, pretreatment with 4.4×106 CFU/mL CB can significantly reduce malondialdehyde (MDA) level and dramatically increase superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) levels in the serum. This pretreatment can also greatly increase the mRNA expression levels of tight junction proteins and genes related to the p62-Keap1-Nrf2 signaling pathway in the liver and jejunum in ETEC K88-infected mice. Meanwhile, 16S rDNA amplicon sequencing revealed that Clostridium disporicum was significantly enriched after ETEC K88 challenge relative to the control group, while Lactobacillus was significantly enriched after 4.4×106 CFU/mL CB treatment. Furthermore, 4.4×106 CFU/mL CB pretreatment increased the short-chain fatty acid (SCFA) contents in the cecum of ETEC K88-infected mice. Moreover, we found that Lachnoclostridium, Roseburia, Lactobacillus, Terrisporobacter, Akkermansia, and Bacteroides are closely related to SCFA contents and oxidative indicators. Taken together, 4.4×106 CFU/mL CB pretreatment can alleviate ETEC K88-induced oxidative damage through activating the p62-Keap1-Nrf2 signaling pathway and remodeling the cecal microbiota community in mice.
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Introduction

Oxidative stress occurs when the production rate of free radicals in the body [mainly reactive oxygen species (ROS) and reactive nitrogen species (RNS)] exceeds the elimination rate of the body’s antioxidant system, resulting in an imbalance in oxidant and antioxidant effects (1). This induces lipid peroxide production, cross-linking of DNA or RNA, oxidative impairment, and protein configuration changes, which can cause dysfunction and diseases of tissues and cells. Oxidative stress can occur in response to various conditions. For example, when pathogens invade the animal body, adenosine triphosphate (ATP) is produced through the electron transport chain to provide immune response, but the body also produces a large quantity of ROS, inducing oxidative stress (2, 3). Additionally, when a pathogen is ingested, glycolysis is activated to increase the consumption of molecular oxygen, which in turn promotes the accumulation of ROS (2, 3). Enterotoxigenic Escherichia coli (ETEC) K88 is a gram-negative bacterium with adhesive flagella that can attach to intestinal epithelial cells (IECs), promote secretion of pro-inflammatory factors by IECs, and cause intestinal inflammation (4). After colonization, ETEC can produce enterotoxins that damage intestinal epithelial cells, causing the spread of pathogens to other organs, such as the spleen and liver (5, 6). Yacoub et al. (7) found that ETEC infections can increase liver enzyme levels, and induce reversible and irreversible liver damage. An important feature of ETEC infection is breakdown of the oxidation/antioxidant balance accompanied by the appearance of ROS (8). ROS, which are the main cause of impairment of normal cells and tissues, have been shown to be an inevitable result of the development of various diseases. Studies have shown that ETEC can promote the metabolism of methionine and cysteine, and produce toxic homocysteine, which induces oxidative stress in the body (9). Therefore, ETEC can cause oxidative stress in the animal body. Accordingly, relieving oxidative stress has become a potential method of reducing the symptoms of ETEC infection.

Recent studies have shown that the Kelch-like ECH-associated protein-1 (Keap1)-NF-E2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling pathway is a redox sensitive signal system and can regulate the body in the redox state and maintain the body stability. Nrf2 can respond to oxidative stress, is an important transcription factor that regulates oxidative stress in cells, and promotes the production of proteins involved in anti-oxidative stress, thereby exerting an antioxidant effect (10). Keap1 is a regulator of oxidative stress that combines with Nrf2 in the cytoplasm to fix Nrf2 in the cytoplasm and combines with E3 ubiquitination ligase to promote the ubiquitination and degradation of Nrf2. When the body is subjected to oxidative stress, Keap1 is inactivated, inhibits the ubiquitination and degradation of Nrf2, promotes Nrf2 accumulation, activates Nrf2, enters the nucleus, binds with ARE, and induces transcription and expression of downstream antioxidant enzyme genes to activate the defense system and alleviate oxidative damage (11, 12). In addition, the crossregulation between the Keap1-Nrf2 pathway and autophagy can resist oxidative stress (12). p62 is a substrate and active molecule involved in autophagy that can competitively bind to Keap1 with Nrf2, promote Nrf2 nuclear transfer, activate the Nrf2/ARE signaling pathway, and then exert antioxidant effects and maintain the body’s barrier function (11–13). And it has been pointed out that intestinal microbiota and their metabolites are part of the intestinal ecosystem, which together maintain the intestinal health of humans and animals. The host provides colonization sites for intestinal microbiota, and intestinal microbiota help the intestine resist invasion by harmful substances, such as pathogens (14). Intestinal microbiota can interact with the host to maintain the integrity of the tissue morphology and barrier function and promote intestinal health (14). Therefore, effective regulation of p62-Keap1-Nrf2 signaling pathway and restoration or maintenance of intestinal microbiota may be an effective strategy to alleviate ETEC K88-induced oxidative damage.

Clostridium butyricum (CB)is a strict anaerobe that can resist acid and tolerate high temperatures. This organism can colonize the cecum and colon, and can produce beneficial substances including a variety of digestive enzymes, vitamin B, and short-chain fatty acids (SCFAs) in its metabolic process (15, 16). Zhao et al. (17) found that CB can effectively reduce the inflammatory response and epithelial barrier damage in Salmonella-infected chickens through in vivo and in vitro studies. Similarly, our previous study found that CB alleviated ETEC-induced inflammatory responses in weaned piglets, and confirmed that CB is a safe and effective feed additive (18). Additionally, studies have reported that CB can alleviate oxidative damage (19, 20), but its mechanism is still not very clear. Therefore, this study was conducted to establish a pathogenic model for mice challenged with ETEC K88, and to analyze the molecular mechanism of CB pretreatment in alleviating ETEC K88-induced oxidative damage in mice based on the p62-Keap1-Nrf2 signaling pathway and intestinal microbial community, in order to provide a basis for the rational use of CB in feed.



Materials and Methods


Experimental Materials

CB was isolated from the feces of healthy piglets and its identity confirmed based on colony morphology, Gram staining, and sequencing of its 16S rDNA. ETEC K88 was obtained from the Laboratory of College of Animal Science and Veterinary Medicine, Tianjin Agricultural University. Live ETEC K88 was inoculated into Luria–Bertani liquid medium and incubated at 37°C for 24 h. Live CB was inoculated into Reinforced Clostridial Medium, a liquid medium, and incubated at 37°C for 48 h. Bacteria liquid: glycerol (1:1) was then stored in a refrigerator at −80°C for subsequent experiments. CB and ETEC K88 were enumerated on solid medium before the experiment. Kunming mice were purchased from the China National Institute for Food and Drug Control. Male Kunming mice aged 9–10 weeks that were in good health and weighed 22–25 g were selected for the experiment.



Experimental Designs


Experiment 1 Establishment of ETEC disease model

Forty-eight mice were randomly divided into three groups [control group (CONT), low-dose group (L-ETEC), and high-dose group (H-ETEC)], with sixteen replicates in each group. The mice in the CONT group were gavaged with 0.2 mL normal saline, while those in the L-ETEC group were gavaged with 0.2 mL 3.7 × 107 CFU/mL ETEC K88 and those in the H-ETEC group were gavaged with 0.2 mL 3.7 × 108 CFU/mL ETEC K88. After 24 h, six mice with similar body weights were randomly selected and sacrificed in each group, and their serum antioxidant indexes were detected. The optimal concentration of the ETEC disease model was then selected.



Experiment 2 Effects of CB on Growth Performance in Mice

Forty-eight mice were randomly divided into three groups [control group (CONT), low-dose group (L-CB), and high-dose group (H-CB)], with sixteen replicates in each group. The mice in the CONT group were gavaged with 0.2 mL normal saline, while those in the L-CB group were gavaged with 0.2 mL 4.4 × 105 CFU/mL CB and those in the H-CB group were gavaged with 0.2 ml 4.4 × 106 CFU/mL CB. All of the mice were gavaged once daily at 13:00 for 15 d. The weight of the mice was recorded on days 0, 7, and 14, after which the optimal concentration of CB was selected.



Experiment 3 Mechanism of CB alleviation of ETEC K88-induced oxidative damage in mice

Ninety-six mice were randomly divided into 6 groups, with 16 mice in each group. Mice in the CONT group were gavaged with 0.2 mL normal saline on days 1-16; mice in the H-ETEC group were gavaged with 0.2 mL normal saline on days 1-15 and with 0.2 mL 3.7 × 108 CFU/mL ETEC K88 on day 16; mice in the L-CB group were gavaged with 0.2 mL 4.4 × 105 CFU/mL CB on days 1-16; mice in the H-CB group were gavaged with 0.2 mL 4.4 × 106 CFU/mL CB on days 1-16; mice in the L-CB+H-ETEC group were gavaged with 0.2 mL 4.4 × 105 CFU/mL CB on days 1–15 and with 0.2 mL 3.7 × 108 CFU/mL ETEC K88 on day 16; mice in the H-CB+H-ETEC group were gavaged with 0.2 mL 4.4 × 106 CFU/mL CB on days 1–15 and 0.2 mL 3.7×108 CFU/mL ETEC K88 on day 16. Six mice with similar body weight were randomly selected and sacrificed in each group at 24 h after ETEC K88 challenge. The morphological structures of the liver and jejunum were observed, and the serum oxidation indexes and mRNA expression levels of the tight junction proteins and genes related to the p62-Keap1-Nrf2 signaling pathway in the liver and jejunum were determined.

Mice in the CONT, H-ETEC, H-CB and H-CB+H-ETEC groups were selected for analysis of the microbial community structure and its changes, and the contents of short-chain fatty acids (SCFAs) were determined.

The mouse cages were disinfected before the test, and mice were allowed to adapt to the environment for 3 d. During the experiment, all mice were allowed to drink and eat freely, and the temperature and humidity were controlled within ranges of 18–22°C and 50–60%, respectively; moreover, there was a 12 h light/dark cycle, and good ventilation was maintained. The maintenance feed for mice was purchased from Beijing Keao Xieli Feed Co, Ltd (Beijing, China). The composition of the feed ingredients: corn, soybean meal, fish power, flour, bran, NaCl, calcium hydrogen phosphate, stone powder, a variety of vitamins, a variety of trace elements, amino acids, etc. The guaranteed values for product composition analysis are shown in Table S1 (Supplementary Material).




Sample Collection and Processing

Blood was collected from the retrobulbar venous sinus of mice and placed in ice for 2–3 h. Next, sera were obtained by centrifugation at 7,000 rpm and 4°C for 20 min, after which samples were stored at −20°C until determination of oxidation indexes. After the blood was collected, the mice were sacrificed by cervical dislocation (note that they were fasted for 12 h before sacrifice, but they could drink freely before the blood was collected). The liver and jejunum tissues were then taken under aseptic conditions and divided into two parts. One part was fixed in 4% paraformaldehyde and stored at room temperature to be used for the observation of shape and structure of tissue, while the other was put in a Ziplock bag and then immediately placed into liquid nitrogen. Samples were then moved to a −80°C freezer and stored until subsequent determination of the mRNA expression levels of the target gene. The cecum contents were collected under aseptic conditions, placed in a 1.5 mL centrifuge tube, and stored in a refrigerator at −80°C until use for the determination of SCFAs and the extraction of intestinal genomic DNA.



Observation of Tissue Histopathology

Mice liver and jejunum tissues were fixed in 4% paraformaldehyde for at least 48 h at room temperature. After dehydration in the different concentrations of ethanol, the tissues were transparent with xylene, embedded in paraffin wax and then sectioned. Paraffin section (thickness usually 3-5 μm) were stained with hematoxylin and eosin (H&E) for routine examination. Some main steps were described below. First, the paraffin sections were dewaxed with xylene, hydrated with different concentrations of ethanol and washed with distilled water. Second, the sections were incubated in hematoxylin and eosin solution, and rinsed with distilled water. Third, the sections were dehydrated, and ethanol was removed with xylene. Finally, the sections were sealed by neutral balsam, and observed using an ECHO Revolve Hybrid microscope.

Additionally, the ECHO app was used to measure villus height (VH) and crypt depth (CD) in the jejunum tissue. The VH was measured from the villus tip to the bottom. The CD was measured from the crypt tip to the bottom. An average of twelve villi and crypts was expressed as a mean VH and CD for each mouse.



Detection of Serum Oxidation Indices

The content of malondialdehyde (MDA) in the serum was determined by the TBA colorimetric method, the content of superoxide dismutase (SOD) in the serum was determined by the xanthine oxidase method, and the content of glutathione peroxidase (GSH-Px) in the serum was determined by visible light colorimetry. The MDA, SOD and GSH-Px assay kits were purchased from Nanjing Jiancheng Biology Engineering Institute (Nanjing, China). Specific testing methods referred to Sun et al. (21).



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

After the frozen liver and jejunum tissues of mice were homogenized in liquid nitrogen, the RNA in the tissues was extracted with TRIzol reagent (Takara Biotechnology, Dalian, China) according to the manufacturer’s instructions. Following reverse transcription of RNA into cDNA, qPCR was performed using the primers shown in Table 1. Among them, p62 and Nrf2 specific primers were designed using primer 5 and the full sequences of their genes obtained from NCBI. p62, Nrf2, Heme oxygenase-1 (HO-1) (22), GSH-Px (23), SOD1 (24), SOD2 (22), claudin 1 (25), claudin 8 (26), occludin (27), and zonula occludens-1 (ZO-1) (25) mRNA expression levels were measured using LightCycler® 480 real-time PCR and calculated based on 2-ΔΔCt. Data are shown as ratios of abundance of target gene transcripts in the treated mice to those in the control group after normalization to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (25). Kits for nucleic acid extraction, reverse transcription, and qRT-PCR were purchased from GeneCopoeia (Rockville, USA).


Table 1 | Primer sequences information.





16S rDNA Amplicon Sequencing for Cecum Microbiota

After the collected samples were thawed, the genomic DNA of the mice ceca was extracted by the cetyltrimethyl ammonium bromide (CTAB) method, then stored in the refrigerator at low temperature (−20°C) until further PCR amplification and sequencing.

The following 16S rRNA gene primers were used to amplify the 16S rRNA gene V3-V4 region of cecum microbiota: 341F: 5’-CCTAYGGGRBGCASCAG; 806R: 5’-GGACTACNNGGGTATCTAAT-3’. Following amplification, 2% agarose gel electrophoresis was used to detect the purity and concentration of the extracted genomic DNA. PCR products were then purified and recovered with a PCR extraction kit for quantitative determination (QIAGEN, Germany). Finally, the amplified PCR products were sequenced on the Illumina NovaSeq 6000 platform by Beijing Novogene Biology Information Technology Co., Ltd (Beijing, China). All raw data have been deposited in NCBI BioProject (accession number: PRJNA765776).



Detection of Short-Chain Fatty Acids (SCFAs)

After the collected samples were thawed, about 0.5 g of the cecal content was put into 1.5 mL centrifuge tubes. Next, 1.25 mL of ultrapure water was added, after which the samples were vortexed for 3–5 min. Samples were subsequently centrifuged at 5,000 rpm for 10 min, after which 1.5 mL of the supernatant was collected and placed in a centrifuge. To the tubes, 0.2 mL of 25% metaphosphoric acid solution was added at a ratio of 5: 1. Samples were subsequently shaken well, placed in an ice-water bath for 30 min, then centrifuged for 10 min at 10,000 rpm at 4°C for 10 min. The supernatant was then collected, after which the contents of butyrate, acetate, propionate and total SCFAs in the cecum contents were determined by gas chromatography (Agilent 7890B). Gas chromatographic conditions were described below. The separation was performed on a DB-FFAP (30 m × 0.25 μm × 0.25 mm) column. The injector temperatures were 220°C, and the carrier gas (nitrogen) was injected at a rate of 1.0 mL/min. The detector temperatures were 250°C. The initial temperature was 100°C and the temperature was risen at 30°C per minute for 6 min.



Statistical Analysis

SPSS 22.0 was used to perform one-way ANOVA of the growth performance, oxidation index, relative gene expression, and cecal short-chain fatty acids of mice in different groups, with Duncan’s and LSD method used to identify significant differences among groups. For nonparametric data, Mann-Whitney U test was performed.

Flash V1.2.7 (28) was used to splice the sample reads after the primer and barcode sequences to give sequences, which were then filtered and analyzed using QIIME V1.9.1. Next, Uparse v7.0.1001 (29) was used to cluster the sequences, with those having more than 97% similarity being considered the same operational taxonomic unit (OTU). Each OTU sequence was subsequently extracted and annotated using Mothur and the SSUrRNA database (30) of SILVA132 (31).

QIIME (version 1.9.1) was used to conduct α-diversity analysis (including ACE, Shannon, Coverage, Chao1) for OTUs with similarity levels greater than 97%. R (version 2.15.3) was then used to make species composition histograms and linear discriminant analysis (LDA) distribution histograms based on the OTUs abundance information to visually characterize the similarities and differences in bacterial community composition.

Spearman’s correlation values of species, oxidative stress indices, and SCFA contents were calculated using the psych package in R, and their significance was tested to identify mutual relationships between the oxidative stress index, SCFA contents, and microbial species richness (alpha diversity). The top 20 species based on abundance at the genus level were chosen for correlation analysis.




Results


Optimization of ETEC K88 and CB Doses

As shown in Figures 1A–C, after ETEC K88 challenge, the MDA level in the serum was significantly higher than that of the CONT group (all p < 0.001), especially in the H-ETEC group. The SOD and GSH-Px levels in the serum in the H-ETEC group were significantly lower than those in the CONT (all p < 0.001) and L-ETEC groups (all p < 0.001). Based on the obtained results, 3.7×108 CFU/mL was selected as the optimal concentration for the ETEC K88 pathogenic model.




Figure 1 | Effects of different levels of ETEC on (A) MDA, (B) SOD, and (C) GSH-Px in the serum of mice (n = 6 mice per group). Effects of different levels of CB on (D) body weight and (E) average daily gain of mice (n = 16 mice per group). Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).



As shown in Figures 1D, E, the average body weight of mice in the H-CB group was significantly higher than that of mice in the CONT (day 7 p = 0.038, day 14 p = 0.003) and L-CB groups (day 7 p = 0.012, day 14 p = 0.013) on day 7 and day 14. On days 0–7, the average daily weight gain of mice in the L-CB and H-CB groups was significantly higher than that in the CONT group (p = 0.017 and p < 0.001 respectively), and that the effects in the H-CB group were more obvious (p < 0.001). On days 7–14, the average daily gain of mice in the CONT group was significantly lower than that in the L-CB and H-CB groups (all p < 0.001). But based on the above body weight results, we are still not sure which concentration of CB has a better therapeutic effect on oxidative damage in mice. Therefore, 4.4 × 105 CFU/mL and 4.4×106 CFU/mL CB were used for subsequent experiments.



CB Helps to Maintains the Integrity of Tissue Morphology Structure in Mice

As shown in Figures 2A–F, the liver structure was normal with orderly arranged-hepatic in the CONT, L-CB and H-CB groups. In the liver of mice in H-ETEC group, a large number of inflammatory cells gathered around the vessels (red arrows), or inflammatory cells (blue arrows) dispersed in the vessels and hepatic sinuses, and the hepatic sinusoidal space was slightly enlarged. In the L-CB+H-ETEC and H-CB+H-ETEC groups, inflammatory cells diffused in the hepatic sinus space, and there was no large accumulation of inflammatory cells. Taken together, these results indicated that CB pretreatment can alleviate liver damage caused by ETEC K88 challenge.




Figure 2 | Effects of CB and/or ETEC K88 on observation of tissular morphology. (A–F) hematoxylin-eosin staining in the liver of mice. (A) CONT, (B) H-ETEC, (C) L-CB, (D) H-CB, (E) L-CB+H-ETEC, (F) H-CB+H-ETEC; (G–L) hematoxylin-eosin staining in the jejunum of mice. (G) CONT, (H) H-ETEC, (I) L-CB, (J) H-CB, (K) L-CB+H-ETEC, (L) H-CB+H-ETEC. Bar = 100 μm.



As shown in Figures 2G–L, jejunal villi were arranged neatly in the CONT, L-CB and H-CB groups, while in the H-ETEC group, the jejunal villi became shorter, the number of inflammatory cells in villi increased, intestinal epithelial cells separated from lamina propria, and even fell off in intestinal cavity. The degree of separation and abscission of epithelial cells from lamina propria were alleviated to a certain extent in L-CB+H-ETEC and H-CB+H-ETEC groups. Taken together, these results indicated that CB pretreatment can alleviate ETEC K88-induced jejunum tissue lesions.

As shown in Figure 3 and Table S2 (Supplementary material), when compared with the CONT group, ETEC K88 treatment alone could significantly increase crypt depth, reduce the jejunal villus height and VH/CD ratio (p = 0.031, p < 0.001 and p < 0.001, respectively). In addition, the jejunal villus height (p = 0.043 and p < 0.001, respectively) and VH/CD ratio (p = 0.043 and p < 0.001, respectively) showed significant changes after treatment with CB alone. When compared with the H-ETEC group, co-treatment with CB and ETEC K88 dramatically decreased crypt depth (p = 0.047 and p < 0.001, respectively) and significantly increased the villus height and VH/CD (all p < 0.001).




Figure 3 | Effect of CB and/or ETEC K88 on the jejunal form of mice. (A) villus height, (B) crypt depth, (C) VH/CD (n = 6 mice per group, n =12 villi and crypts per mouse). Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).





CB Helps to Maintains the Soundness of Barrier Function in Mice

As shown in Figures 4A–D, following treatment with CB alone, the mRNA expression level of claudin 1 in the liver increased significantly (all p < 0.001). Additionally, the mRNA expression levels of occludin in the liver changed significantly after treatment with 4.4 × 106 CFU/mL CB (p < 0.001). Following challenge with 3.7 × 108 CFU/mL ETEC K88, the mRNA expression levels of claudin 1 and occludin in the liver did not change significantly (p = 0.815 and p = 0.210, respectively), while the mRNA expression levels of claudin 8 and ZO-1 in the liver were significantly reduced (all p < 0.001). CB pretreatment reversed the downregulation of claudin 8 and ZO-1 mRNA expression induced by ETEC K88 in a dose-dependent manner, further promoted the expression of claudin 1 and occludin at the transcriptional level in the liver. As shown in Figures 4E–H, when compared with the CONT group, the mRNA expression levels of claudin 1 in the jejunum did not change significantly (p = 0.939), the mRNA expression level of claudin 8 in the jejunum was significantly increased (p = 0.008), and the mRNA expression level of ZO-1 and occludin in the jejunum was significantly decreased (p = 0.045 and p = 0.036, respectively) in the H-ETEC group. Additionally, in the L-CB and H-CB groups, the mRNA expression level of claudin 1, claudin 8, occludin, and ZO-1 in the jejunum increased significantly (all p < 0.001). When compared with the H-ETEC group, the mRNA expression levels of claudin 8 (p = 0.002 and p < 0.001, respectively), occludin (p = 0.033 and p < 0.001, respectively), and ZO-1 (p = 0.015 and p < 0.001, respectively) in the jejunum were significantly increased in the L-CB+H-ETEC and H-CB+H-ETEC groups. Additionally, the mRNA expression level of claudin 1 in the jejunum in the H-CB+H-ETEC group was significantly higher than that in H-ETEC group (p < 0.001). Taken together, these results indicated that 4.4 × 106 CFU/mL CB pretreatment can reverse the downregulation expression of tight junction proteins (claudin 1, claudin 8, occludin, and ZO-1) at the transcriptional level in the liver and jejunum.




Figure 4 | Effects of CB and/or ETEC K88 on the mRNA expression levels of tight junction proteins. (A–D) The mRNA expression levels of claudin 1, claudin 8, occludin, and ZO-1 in the livers of mice were measured by qRT-PCR (n = 6 mice per group). (E–H) The expression of claudin 1, claudin 8, occludin, and ZO-1 in the jejunum of mice was measured by qRT-PCR (n = 6 mice per group). Data are shown as the ratios of abundance of target gene transcripts in treated mice to those in control mice after normalization to GAPDH. Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).





CB Helps to Protect Mice Against ETEC K88-Induced Oxidative Damage Through Regulation of the p62-Keap1-Nrf2 Signaling Pathway

As shown in Figures 5A–C, after treatment with CB alone, the MDA level in the serum did not differ significantly from that of the CONT group (p = 0.960 and p = 0.468, respectively), while the SOD and GSH-Px levels had increased significantly (all p < 0.001). Additionally, the MDA level in the H-ETEC group was significantly increased relative to the CONT group (p < 0.001), while the SOD and GSH-Px levels were significantly decreased (all p < 0.001). However, CB pretreatment significantly reduced MDA levels and increased SOD and GSH-Px levels in the serum in a dose-dependent manner in ETEC K88-infected mice, and 4.4 × 106 CFU/mL CB significantly interfered with ETEC K88-induced oxidative damage in mice.




Figure 5 | Effects of CB and/or ETEC K88 on the levels of MDA, SOD, GSH-Px, p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 in mice. (A–C) The levels of MDA, SOD, and GSH-Px in the serum of mice were measured (n = 6 mice per group). (D–I) The mRNA expression levels of p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 in the livers of mice were measured by qRT-PCR (n = 6 mice per group). (J–O) The mRNA expression levels of p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 in the livers of mice were measured by qRT-PCR (n = 6 mice per group). Data are shown as ratios of abundance of target gene transcripts in the treated mice to those in the control mice after normalization to GAPDH. Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).



As shown in Figures 5D–I, the mRNA expression level of SOD2 in the liver was significantly reduced in the H-ETEC group compared to the CONT group (p = 0.012). In the L-CB and H-CB group, the mRNA expression levels of Nrf2 (p = 0.001 and p < 0.001, respectively), GSH-Px (p = 0.005 and p = 0.001, respectively), SOD1 (p = 0.014 and p = 0.018, respectively), and SOD2 (p = 0.018 and p < 0.001, respectively) in the liver were significantly increased compared to the CONT group. In addition, compared to the CONT group, the mRNA expression levels of p62 and HO-1 in the liver were significantly increased in the H-CB group (p = 0.008 and p = 0.007, respectively). When compared with the H-ETEC group, the mRNA expression levels of p62 (all p < 0.001), Nrf2 (all p < 0.001), HO-1 (p = 0.024 and p < 0.001, respectively), GSH-Px (all p < 0.001), SOD1 (all p < 0.001), and SOD2 (p = 0.033 and p < 0.001, respectively) in the liver were significantly increased in the L-CB+H-ETEC and H-CB+H-ETEC groups in a dose-dependent fashion. As shown in Figures 5J–O, the mRNA expression levels of p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 in the jejunum were significantly decreased in the H-ETEC group when compared with the CONT group (p = 0.009, p = 0.002, p = 0.012, p = 0.043, p = 0.018 and p = 0.035, respectively). When compared with the H-ETEC group, co-treatment with 4.4 × 105 CFU/mL CB and ETEC K88 significantly increased the p62, Nrf2 and GSH-Px mRNA expression levels in the jejunum (p = 0.048, p = 0.020, and p = 0.035, respectively). Additionally, although HO-1, SOD1, and SOD2 mRNA expression levels in the jejunum did not change significantly (p = 0.912, p = 0.068, and p = 0.867, respectively), they did show an upward trend. Furthermore, co-treatment with 4.4 × 106 CFU/mL CB and ETEC K88 significantly increased the p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 mRNA expression levels in the jejunum when compared with the H-ETEC group (all p < 0.001). Taken together, these results indicate that CB pretreatment can increase the mRNA expression of p62, Nrf2, HO-1, GSH-Px, SOD1, and SOD2 in the liver and jejunum of ETEC K88-infected mice in a dose-dependent manner.



CB Helps to Protect Mice Against ETEC K88-Induced Oxidative Damage by Remodeling the Cecum Microbial Community Structure

PCR amplification and sequencing were performed on the 16S rDNA V3-V4 region of the genomic DNA of the cecal contents. After obtaining the raw tags of 12 samples and performing splicing, quality control, and filtering to remove the chimera, a total of 47,918 ± 2,940 effective tags, 19,785,811 ± 1,224,633 bp bases, and a 413 bp AvgLen (average length of effective tags) were obtained. Based on the minimum number of sample sequences and clustering the OTUs at 97% similarity, a total of 1296 OTUs were obtained, including 1 kingdom, 13 phyla, 21 classes, 43 orders, 72 families, 158 genera, and 141 species.

As shown in Figure 6A, the ACE and Chao1 indexes did not differ significantly among the four groups (p = 0.887), indicating that there was no significant difference in the abundance of cecal bacteria among treatment groups. Additionally, the coverage was around 0.99, indicating that the sequencing results fully reflected the actual situation of the microbiota. The Shannon’s index of the H-ETEC, H-CB, and H-CB+H-ETEC groups was lower than that of the CONT group, and there was a significant difference between the H-CB+H-ETEC group and CONT group (p = 0.021), indicating that the diversity of the bacterial community tended to decrease in ceca treated with ETEC K88 and CB. At the phylum level, the top 10 species in terms of relative abundance were selected. The mean value of abundance was then used to calculate the proportion of each bacterial group in the samples of the four groups, and relative abundance histograms of the species were made (Figure 6B). The results showed that Firmicutes and Bacteroidetes were the dominant phyla in all groups, and that there were no significant differences in relative abundance (p = 0.648 and p = 0.646, respectively). However, the Firmicutes/Bacteroidetes ratio in the H-CB group was significantly higher than that in the other three groups (p = 0.003, p = 0.011 and p = 0.010, respectively). To determine the specific cecal microbiota in the different treatment groups, the LDA score was set at 4 at the phylum-to-species classification level, LEfSe multi-level species difference discriminant analysis was performed, and an LDA distribution histogram was made (Figures 7A–D). Mice in the H-ETEC group showed lower abundance of Bacillales, Staphylococcaceae, Staphylococcus, and Staphylococcus_lentus than in the H-CB group (Figure 7A), whereas unidentified_Clostridiales, unidentified_Clostridiales, and Clostridium_disporicum in the H-ETEC group exhibited higher abundance than in the CONT group (Figure 7B). Additionally, mice treated with 4.4 × 106 CFU/mL CB showed higher levels of Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, Bacillales, Staphylococcaceae, and Staphylococcus than in the CONT and H-CB+H-ETEC groups, whereas unidentified_Lachnospiraceae, Bacteroidetes, Bacteroidia, and Bacteroidales in the H-CB group showed lower abundance than the CONT group (Figures 7C, D).




Figure 6 | Effects of CB and/or ETEC K88 on the cecal microbial community structure. (A) Alpha diversity of cecal microbiota in mice (n = 3 mice per group). (B) Relative abundance of cecal microbiota of mice in different groups at the phylum level (n = 3 mice per group). Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).






Figure 7 | Identification of specific microbial communities under CB and/or ETEC K88. Different bacteria communities from the phylum to species level were evaluated by linear discriminant analysis coupled with effect size (LEfSe). (A) Among four different groups, (B) between CONT and H-ETEC groups, (C) between CONT and H-CB groups, and (D) among CONT, H-CB and H-CB+H-ETEC groups (n = 3 mice per group).



As shown in Figure 8, the concentrations of propionate (p = 0.014) and total SCFAs (p = 0.010) in the H-ETEC group were significantly lower than those in the CONT group. When compared with the CONT group, there were no significant differences in the concentrations of acetate (p = 0.211), propionate (p = 0.602), butyrate (p = 0.107), and total SCFAs (p = 0.238) in the H-CB group. The concentrations of acetate (p = 0.369 and p = 0.328, respectively), propionate (p = 0.124 and P = 0.192, respectively), butyrate (p = 0.374 and P = 0.478, respectively), and total SCFAs (p = 0.082 and p = 0.209, respectively) in the H-CB+H-ETEC group were not significantly different compared with those in the CONT and H-ETEC groups, but the concentrations tended to increase compared with the H-ETEC group. These findings indicated that CB pretreatment can increase the concentrations of SCFAs in the cecum of ETEC K88-infected mice to a certain extent.




Figure 8 | Effects of CB and/or ETEC K88 on (A) acetate, (B) propionate, (C) butyrate and (D) total short-chain fatty acids in the cecum of mice (n = 3 mice per group). Values shown are the means ± SEM. Different small letters indicate significant differences (p < 0.05).



Spearman’s correlation was used to analyze the oxidation indicators (MDA, SOD, GSH-Px), SCFAs, and microbiota to evaluate the correlation between ETEC K88-induced oxidative stress and changes in the intestinal microbiota and their metabolites (Figures 9A, B). As shown in Figure 9A, Roseburia was significantly positively correlated with acetate and propionate (p = 0.027 and p = 0.048, respectively), while Lachnoclostridium was significantly positively correlated with SCFA contents (p = 0.032, p < 0.001, p = 0.032 and p = 0.002, respectively). Terrisporobacter was found to have a significant negative correlation with propionate and total short-chain fatty acids (p = 0.011 and p = 0.042, respectively). As shown in Figure 9B, Lachnoclostridium had a significant negative correlation with MDA (p = 0.010) and a significant positive correlation with SOD (p = 0.006). In addition, Bacteroides was significantly negatively correlated with GSH-Px and SOD (p < 0.001 and p = 0.011, respectively), Lactobacillus was positively correlated with SOD (p = 0.033), and Akkermansia was positively correlated with GSH-Px (p = 0.033). It should be noted that Lachnoclostridium, Lactobacillus, and Roseburia all belong to Lachnospiraceae. Taken together, these results indicate that a positive effect of CB pretreatment on ETEC K88-infected mice may be achieved by increasing the abundance of Lactobacillus and the contents of SCFAs.




Figure 9 | Correlation among cecal microbiota, cecal SCFAs and oxidative stress indexes. (A) Spearman’s correlation analyses between the cecal SCFAs and microbiota at the genus level (n = 3 mice per group). (B) Spearman’s correlation analyses between the cecal microbiota and oxidative stress indexes at the genus level (n = 3 mice per group). * represents the specific genus whose abundance were significantly correlated with cecal SCFAs or oxidative stress indexes. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01.






Discussion

In the animal body, when the oxidative and antioxidant balance is disturbed by a pathogen infection, oxidative stress will occur (32). The integrity of tissue morphology and barrier function is one of the most important indicators used to evaluate the health of animals. Additionally, villus height and crypt depth are key factors that determine intestinal absorption and digestion of nutrients, and their ratio reflects intestinal function (33). When the intestinal villus height becomes shorter, the absorption area of the intestine decreases, which affects nutrient absorption (34). This study showed that ETEC K88 can reduce villus height and VH/CD ratio, increase crypt depth, which may affect digestion and absorption in mice. Oxidative stress has been reported to be important to impairment of barrier function. Specifically, it can change the structure of the occludin-ZO-1 complex by stimulating tyrosine phosphorylation, destroy tight junctions, and destroy barrier function (35). ETEC K88 was previously shown to induce impairment of barrier function of pig intestinal epithelial cells by reducing the expression of ZO-1 and occludin (36), and these effects were confirmed in mice in the present study. This study also revealed that CB pretreatment can increase the villus height and VH/CD ratio in the jejunum of ETEC K88-infected mice, promote intestinal development, and maintain the integrity of intestinal villus structure. This pretreatment also improves expression of the tight junction protein in the liver and jejunum at the transcriptional level, maintains tissue barrier function, and alleviates oxidative damage caused by ETEC K88 in mice, which is consistent with the results reported by Chen et al. (37). Therefore, determining how CB pretreatment can improve ETEC K88-induced oxidative damage in mice was the focus of this study.

MDA, SOD, and GSH are all important markers reflecting the degree of oxidative stress. Among these, SOD and GSH are members of the body’s antioxidant system that can effectively decompose peroxides and lipid peroxides; therefore, the levels of SOD and GSH can reflect the body’s ability to scavenge oxygen free radicals (38, 39). GSH-Px can utilizes reduced GSH to convert H2O2 to water, effectively maintaining cell stability and protecting cell structure (40). MDA is a lipid metabolite that can directly reflect the intensity and rate of lipid peroxidation in the body and indirectly reflect the extent of tissue impairment by free radicals (41). This study revealed that CB pretreatment can reverse the upregulation of MDA levels and the downregulation of SOD and GSH-Px levels in the serum by ETEC K88, and alleviate oxidative damage. The p62-Keap1-Nrf2 signaling pathway is the most important endogenous antioxidant signaling pathway in the body and can regulate the expression of antioxidant enzyme genes (42). Therefore, we determined the expression of p62, Nrf2, HO-1, GSH-Px and SODs genes at the transcriptional level in mouse liver and jejunum. The results suggested that after treatment with ETEC K88 alone, the mRNA expression of genes related to the p62-Keap1-Nrf2 signaling pathway were all significantly lower in jejunum, while only SOD2 mRNA expression was significantly lower in liver, indicating that jejunum is more susceptible to ETEC K88 than liver. Moreover, CB pretreatment increased the expression of p62, Nrf2, HO-1, GSH-Px, and SODs genes in the liver and jejunum of ETEC K88-infected mice. The upregulation of antioxidant enzyme genes is an adaptation to oxidative stress. In addition, it has been confirmed in our previous in vitro study that CB could activate the Nrf2/ARE signaling pathway to alleviate ETEC K88-induced oxidative damage in porcine intestinal epithelial cells (43). Therefore, it is speculated that the role of CB in alleviating oxidative damage in ETEC K88-infected mice may be related to the activation of the p62-Keap1-Nrf2 signaling pathway, and the effect in the H-CB+H-ETEC group was more obvious than that in the L-CB+H-ETEC group.

The intestinal microbiota constitutes a natural barrier against invasion by exogenous pathogens, and plays an important role in host metabolism, immunity, and evolution (44). Therefore, we used 16S rDNA amplicon sequencing to detect changes in mouse cecum microbiota. Firmicutes and Bacteroidetes dominate animal intestines, and their abundance ratio is often used as a sign of intestinal microbial disorders (45). This study found that at the phylum level, the dominant bacteria in the ceca of mice were Firmicutes and Bacteroidetes, and their ratio was significantly higher in the H-CB group, indicating CB treatment could maintain the balance of intestinal microbiota. In addition, the abundance of Clostridium disporicum in ETEC K88-challenged mice was significantly higher than that in the CONT group, Staphylococcus_lentus and Lactobacillus were significantly clustered in the H-CB group in this study. Clostridium_disporicum is a saccharolytic species within Firmicutes that exists in the ceca of mice (46) and is related to the degradation of complex organic matter (47), but its actual effects in the intestine are unclear. However, studies have shown that Clostridium_disporicum was found in the intestinal microbiota of patients with gastrointestinal dysfunction (48), so it is speculated that this organism may play a negative role in the intestine. However, Lactobacillus are gram-positive bacteria that can promote the fermentation of carbohydrates into lactic acid. Moreover, the combination of Lactobacillus reuteri CCM8617 and flaxseed can increase the concentration of SCFAs in the intestines of mice, maintain the integrity of the mucosa, promote the growth of intestinal epithelial cells, have a biological antagonistic effect on the pathogenic bacteria E.coli O149:F4, and promote intestinal health (49). It is worth noting that Staphylococcus lentus, which was significantly enriched in the cecum after treatment with CB, is an animal pathogen (50). Moreover, it has been reported that CB may carry virulence genes capable of producing botulinum toxin or clostridium toxin, which are pathogenic and interfere with the balance of intestinal microbiota (51). Thus, the probiotic effects of CB and factors that trigger the expression of pathogenic factors require further investigation.

The metabolites of gut microbiota, which are the result of interactions between the host and the microbiota, play key roles in maintenance of the integrity of the mucosal structure and tissue repair and can indirectly reflect the health of the body (14). SCFAs are derived from microbial fermented carbohydrates and play key roles in infection by pathogens (52). Therefore, this study determined the levels of butyrate, acetate, propionate, and total SCFAs in the cecum contents. It was found that ETEC K88 decreased the levels of SCFAs in the cecum contents, while CB pretreatment increased the levels of SCFAs to some extent. Among SCFAs, butyrate can enhance intestinal barrier function by regulating endogenous host defense peptides and promote the body to clear ETEC O157:H7 (53, 54), acetate can impair metabolic function of ETEC K88, inhibit the accumulation of toxic homocysteine, and alleviate oxidative damage (9), and propionate can inhibit the growth and reproduction of Salmonella typhimurium by reducing pH (55). SCFAs can be quickly absorbed by the small intestine, after which they act as substrates to participate in energy production, maintain intestinal morphology and function, improve inflammation, and relieve oxidative stress (56, 57). Therefore, we hypothesized that CB alleviation of ETEC K88-induced oxidative damage in mice might be achieved by increasing the concentrations of SCFAs.

To better understand the relationship between intestinal microbiota and their metabolites and oxidative stress, this study used Spearman’s correlation analysis to determine if there was a close relationship between Lachnospiraceae (including Lachnoclostridium, Roseburia, and Lactobacillus), Terrisporobacter, Akkermansia, Bacteroides, and SCFAs content and oxidative stress indicators. It should be noted that Lachnospiraceae are producers of SCFAs (58). The results revealed that Terrisporobacter is positively correlated with oxidative stress, which is consistent with the results of previous studies (59). Moreover, Akkermansia is a Verrucomicrobia that can promote intestinal health (60). In this study, one important finding was that the abundance of Lactobacillus was significantly and positively correlated with SOD, suggesting that the CB pretreatment may have alleviated ETEC K88-induced oxidative damage by increasing the abundance of Lactobacillus.

In this study, ETEC K88 was used as the disease-causing model for in vivo tests. The results revealed that the alleviation of oxidative damage by CB was closely related to the p62-Keap1-Nrf2 signaling pathway and intestinal microbial community structure via the potential mechanism of action shown in Figure 10. CB can up-regulate the mRNA expression of genes related to the p62-Keap1-Nrf2 signaling pathway, promote the expression of tight junction proteins at the transcriptional level, and alleviate ETEC K88-induced oxidative damage. Additionally, it can also promote the proliferation of (Lactobacillus), compete with pathogenic bacteria for colonization sites, produce SCFAs, maintain body barrier function, and alleviate ETEC K88-induced oxidative damage. However, this study did not knock out the Nrf2 gene to further verify the role of the p62-Keap1-Nrf2 signaling pathway in the mitigation of oxidative damage by CB, which remains to be further investigated.




Figure 10 | Diagram outlining the mechanism of CB on alleviating ETEC K88-induced oxidative damage.





Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/bioproject/, PRJNA765776.



Ethics Statement

The animal study was reviewed and approved by Tianjin Agricultural University.



Author Contributions

JQ, HL, and ZS designed the experiments. ZS, XL, YQ, and KW performed the experiments. ZS analyzed the experimental data. JQ and HL wrote this paper. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This project was financially supported by the Tianjin Natural Science Foundation [20JCZDJC00190] and the Tianjin “131” Innovative Talents Team [20180338].



Acknowledgments

The authors thank members of their laboratory for helpful and constructive suggestions.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.771826/full#supplementary-material



Abbreviations

CFU, Colony forming unit; PCR, Polymerase chain reaction; MDA, Malondialdehyde; SOD, Superoxide dismutase; GSH-Px, Glutathione peroxidase; qRT-PCR, Quantitative real-time polymerase chain reaction; ZO-1, Zonula occludens-1; HO-1, Heme oxygenase-1; ROS, Reactive oxygen species; RNS, Reactive nitrogen species; Nrf2, NF-E2-related factor 2; Keap1, Kelch-like ECH-associated protein-1; ARE, Antioxidant response element; SCFAs, Short-chain fatty acids; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; CTAB, Cetyltrimethyl Ammonium Bromide; OTU, Operational taxonomic unit; VH, Villus height; CD, Crypt depth; ATP, Adenosine triphosphate; LDA, Linear discriminant analysis.



References

1. Kohen, R, and Nyska, A. Oxidation of Biological Systems: Oxidative Stress Phenomena, Antioxidants, Redox Reactions, and Methods for Their Quantification. Toxicol Pathol (2002) 30:620–50. doi: 10.1080/01926230290166724

2. Muralidharan, S, and Mandrekar, P. Cellular Stress Response and Innate Immune Signaling: Integrating Pathways in Host Defense and Inflammation. J Leukoc Biol (2013) 94(6):1167–84. doi: 10.1189/jlb.0313153

3. Hernandez, EP, Talactac, MR, Fujisaki, K, and Tanaka, T. The Case for Oxidative Stress Molecule Involvement in the Tick-Pathogen Interactions -an Omics Approach. Dev Comp Immunol (2019) 100:103409. doi: 10.1016/j.dci.2019.103409

4. Devriendt, B, Stuyven, E, Verdonck, F, Goddeeris, BM, and Cox, E. Enterotoxigenic Escherichia Coli (K88) Induce Proinflammatory Responses in Porcine Intestinal Epithelial Cells. Dev Comp Immunol (2010) 34(11):1175–82. doi: 10.1016/j.dci.2010.06.009

5. Gong, Y, Jin, X, Yuan, B, Lv, Y, Yan, G, Liu, M, et al. G Protein-Coupled Receptor 109A Maintains the Intestinal Integrity and Protects Against ETEC Mucosal Infection by Promoting IgA Secretion. Front Immunol (2021) 11:583652. doi: 10.3389/fimmu.2020.583652

6. Mirhoseini, A, Amani, J, and Nazarian, S. Review on Pathogenicity Mechanism of Enterotoxigenic Escherichia Coli and Vaccines Against it. Microb Pathog (2018) 117:162–9. doi: 10.1016/j.micpath.2018.02.032

7. Yacoub, AM, Sabra, S, and Kourashi, MA. Pathological Changes in Liver Structure and Function of Oreochromis Niloticus Experimentally Exposed to Escherichia Coli. Int J Biotech Bioeng (2017) 3:95–106. doi: 10.25141/2475-3432-2017-4.0095

8. Tang, Z, Yin, Y, Zhang, Y, Huang, R, Sun, Z, Li, T, et al. Effects of Dietary Supplementation With an Expressed Fusion Peptide Bovine Lactoferricin-Lactoferrampin on Performance, Immune Function and Intestinal Mucosal Morphology in Piglets Weaned at Age 21 D. Br J Nutr (2009) 101:998–1005. doi: 10.1017/S0007114508055633

9. Ducarmon, QR, Zwittink, RD, Hornung, BVH, van Schaik, W, Young, VB, and Kuijper, EJ. Gut Microbiota and Colonization Resistance Against Bacterial Enteric Infection. Microbiol Mol Biol Rev (2019) 83:e00007–19. doi: 10.1128/MMBR.00007-19

10. Loboda, A, Damulewicz, M, Pyza, E, Jozkowicz, A, and Dulak, J. Role of Nrf2/HO-1 System in Development, Oxidative Stress Response and Diseases: An Evolutionarily Conserved Mechanism. Cell Mol Life Sci (2016) 73:3221–47. doi: 10.1007/s00018-016-2223-0

11. Wen, Z, Liu, W, Li, X, Chen, W, Liu, Z, Wen, J, et al. A Protective Role of the NRF2-Keap1 Pathway in Maintaining Intestinal Barrier Function. Oxid Med Cell Longev (2019) 2019:1759149. doi: 10.1155/2019/1759149

12. Bartolini, D, Dallaglio, K, Torquato, P, Piroddi, M, and Galli, F. Nrf2-P62 Autophagy Pathway and its Response to Oxidative Stress in Hepatocellular Carcinoma. Transl Res (2018) 193:54–71. doi: 10.1016/j.trsl.2017.11.007

13. Liu, Y, Kern, JT, Walker, JR, Johnson, JA, Schultz, PG, and Luesch, H. A Genomic Screen for Activators of the Antioxidant Response Element. Proc Natl Acad Sci USA (2007) 104:5205–10. doi: 10.1073/pnas.0700898104

14. Kayama, H, Okumura, R, and Takeda, K. Interaction Between the Microbiota, Epithelia, and Immune Cells in the Intestine. Annu Rev Immunol (2020) 38:23–48. doi: 10.1146/annurev-immunol-070119-115104

15. Liu, L, Zeng, D, Yang, M, Wen, B, Lai, J, Zhou, Y, et al. Probiotic Clostridium Butyricum Improves the Growth Performance, Immune Function, and Gut Microbiota of Weaning Rex Rabbits. Probiotics Antimicrob Proteins (2019) 11:1278–92. doi: 10.1007/s12602-018-9476-x

16. Kong, Q, He, GQ, Jia, JL, Zhu, QL, and Ruan, H. Oral Administration of Clostridium Butyricum for Modulating Gastrointestinal Microflora in Mice. Curr Microbiol (2011) 62:512–7. doi: 10.1007/s00284-010-9737-8

17. Zhao, X, Yang, J, Ju, Z, Wu, J, Wang, L, Lin, H, et al. Clostridium Butyricum Ameliorates Salmonella Enteritis Induced Inflammation by Enhancing and Improving Immunity of the Intestinal Epithelial Barrier at the Intestinal Mucosal Level. Front Microbiol (2020) 11:299. doi: 10.3389/fmicb.2020.00299

18. Li, H, Liu, X, Shang, Z, and Qiao, J. Clostridium Butyricum Helps to Alleviate Inflammation in Weaned Piglets Challenged With Enterotoxigenic Escherichia coli K88. Front Vet Sci (2021) 8:683863. doi: 10.3389/fvets.2021.683863

19. Liu, J, Fu, Y, Zhang, H, Wang, J, Zhu, J, Wang, Y, et al. The Hepatoprotective Effect of the Probiotic Clostridium Butyricum Against Carbon Tetrachloride-Induced Acute Liver Damage in Mice. Food Funct (2017) 8:4042–52. doi: 10.1039/c7fo00355b

20. Li, J, Shen, H, Zhao, Z, Cao, D, Zeng, M, Cai, H, et al. Protective Effects of Clostridium Butyricum Against Oxidative Stress Induced by Food Processing and Lipid-Derived Aldehydes in Caco-2 Cells. Appl Microbiol Biotechnol (2020) 104:9343–61. doi: 10.1007/s00253-020-10896-2

21. Sun, Z, Li, H, Li, Y, and Qiao, J. Lactobacillus Salivarius, a Potential Probiotic to Improve the Health of LPS-Challenged Piglet Intestine by Alleviating Inflammation as Well as Oxidative Stress in a Dose-Dependent Manner During Weaning Transition. Front Vet Sci (2020) 7:547425. doi: 10.3389/fvets.2020.547425

22. Chen, X, Xi, Z, Liang, H, Sun, Y, Zhong, Z, Wang, B, et al. Melatonin Prevents Mice Cortical Astrocytes From Hemin-Induced Toxicity Through Activating Pkcα/Nrf2/HO-1 Signaling In Vitro. Front Neurosci (2019) 13:760. doi: 10.3389/fnins.2019.00760

23. Yang, SH, Yu, LH, Li, L, Guo, Y, Zhang, Y, Long, M, et al. Protective Mechanism of Sulforaphane on Cadmium-Induced Sertoli Cell Injury in Mice Testis via Nrf2/ARE Signaling Pathway. Molecules (2018) 23:1774. doi: 10.3390/molecules23071774

24. Li, C, Tan, F, Yang, J, Yang, Y, Gou, Y, Li, S, et al. Antioxidant Effects of Apocynum Venetum Tea Extracts on D-Galactose-Induced Aging Model in Mice. Antioxidants (Basel) (2019) 8:381. doi: 10.3390/antiox8090381

25. Ruan, YC, Wang, Y, Da Silva, N, Kim, B, Diao, RY, Hill, E, et al. CFTR Interacts With ZO-1 to Regulate Tight Junction Assembly and Epithelial Differentiation Through the ZONAB Pathway. J Cell Sci (2014) 127:4396–408. doi: 10.1242/jcs.148098

26. Sassi, A, Wang, Y, Chassot, A, Komarynets, O, Roth, I, Olivier, V, et al. Interaction Between Epithelial Sodium Channel γ-Subunit and Claudin-8 Modulates Paracellular Sodium Permeability in Renal Collecting Duct. J Am Soc Nephrol (2020) 31:1009–23. doi: 10.1681/ASN.2019080790

27. Li, XF, Zhang, XJ, Zhang, C, Wang, LN, Li, YR, Zhang, Y, et al. Ulinastatin Protects Brain Against Cerebral Ischemia/Reperfusion Injury Through Inhibiting MMP-9 and Alleviating Loss of ZO-1 and Occludin Proteins in Mice. Exp Neurol (2018) 302:68–74. doi: 10.1016/j.expneurol.2017.12.016

28. Magoč, T, and Salzberg, SL. FLASH: Fast Length Adjustment of Short Reads to Improve Genome Assemblies. Bioinformatics (2011) 27:2957–63. doi: 10.1093/bioinformatics/btr507

29. Haas, BJ, Gevers, D, Earl, AM, Feldgarden, M, Ward, DV, Giannoukos, G, et al. Chimeric 16s rRNA Sequence Formation and Detection in Sanger and 454-Pyrosequenced PCR Amplicons. Genome Res (2011) 21:494–504. doi: 10.1101/gr.112730.110

30. Wang, Q, Garrity, GM, Tiedje, JM, and Cole, JR. Naive Bayesian Classifier for Rapid Assignment of rRNA Sequences Into the New Bacterial Taxonomy. Appl Environ Microbiol (2007) 73:5261–7. doi: 10.1128/AEM.00062-07

31. Edgar, RC. UPARSE: Highly Accurate OTU Sequences From Microbial Amplicon Reads. Nat Methods (2013) 10:996–8. doi: 10.1038/nmeth.2604

32. Valko, M, Rhodes, CJ, Moncol, J, Izakovic, M, and Mazur, M. Free Radicals, Metals and Antioxidants in Oxidative Stress-Induced Cancer. Chem Biol Interact (2006) 160:1–40. doi: 10.1016/j.cbi.2005.12.009

33. Chang, Y, Cai, H, Liu, G, Chang, W, Zheng, A, Zhang, S, et al. Effects of Dietary Leucine Supplementation on the Gene Expression of Mammalian Target of Rapamycin Signaling Pathway and Intestinal Development of Broilers. Anim Nutr (2015) 1:313–9. doi: 10.1016/j.aninu.2015.11.005

34. Taylor, SR, Ramsamooj, S, Liang, RJ, Katti, A, Pozovskiy, R, Vasan, N, et al. Dietary Fructose Improves Intestinal Cell Survival and Nutrient Absorption. Nature (2021) 597(7875):263–7. doi: 10.1038/s41586-021-03827-2

35. Rao, RK, Basuroy, S, Rao, VU, Karnaky, KJ Jr, and Gupta, A. Tyrosine Phosphorylation and Dissociation of Occludin-ZO-1 and E-Cadherin-Beta-Catenin Complexes From the Cytoskeleton by Oxidative Stress. Biochem J (2002) 368:471–81. doi: 10.1042/BJ20011804

36. Roselli, M, Finamore, A, Britti, MS, Konstantinov, SR, Smidt, H, de Vos, WM, et al. The Novel Porcine Lactobacillus Sobrius Strain Protects Intestinal Cells From Enterotoxigenic Escherichia Coli K88 Infection and Prevents Membrane Barrier Damage. J Nutr (2007) 137:2709–16. doi: 10.1093/jn/137.12.2709

37. Chen, L, Li, S, Zheng, J, Li, W, Jiang, X, Zhao, X, et al. Effects of Dietary Clostridium Butyricum Supplementation on Growth Performance, Intestinal Development, and Immune Response of Weaned Piglets Challenged With Lipopolysaccharide. J Anim Sci Biotechnol (2018) 9:62. doi: 10.1186/s40104-018-0275-8

38. Poprac, P, Jomova, K, Simunkova, M, Kollar, V, Rhodes, CJ, and Valko, M. Targeting Free Radicals in Oxidative Stress-Related Human Diseases. Trends Pharmacol Sci (2017) 38:592–607. doi: 10.1016/j.tips.2017.04.005

39. Lehoux, S. Redox Signalling in Vascular Responses to Shear and Stretch. Cardiovasc Res (2006) 71:269–79. doi: 10.1016/j.cardiores.2006.05.008

40. Fridlyand, LE, and Philipson, LH. Oxidative Reactive Species in Cell Injury: Mechanisms in Diabetes Mellitus and Therapeutic Approaches. Ann N Y Acad Sci (2005) 1066:136–51. doi: 10.1196/annals.1363.019

41. Ho, E, Karimi Galougahi, K, Liu, CC, Bhindi, R, and Figtree, GA. Biological Markers of Oxidative Stress: Applications to Cardiovascular Research and Practice. Redox Biol (2013) 1:483–91. doi: 10.1016/j.redox.2013.07.006

42. Li, T, Jiang, D, and Wu, K. P62 Promotes Bladder Cancer Cell Growth by Activating KEAP1/NRF2-Dependent Antioxidative Response. Cancer Sci (2020) 111(4):1156–64. doi: 10.1111/cas.14321

43. Dou, C, Shang, Z, Qiao, J, Wang, Y, and Li, H. Clostridium Butyricum Protects IPEC-J2 Cells From ETEC K88-Induced Oxidative Damage by Activating the Nrf2/ARE Signaling Pathway. Oxid Med Cell Longev (2021) 2021:4464002. doi: 10.1155/2021/4464002

44. Gagnière, J, Raisch, J, Veziant, J, Barnich, N, Bonnet, R, Buc, E, et al. Gut Microbiota Imbalance and Colorectal Cancer. World J Gastroenterol (2016) 22(2):501–18. doi: 10.3748/wjg.v22.i2.501

45. Wang, QP, Browman, D, Herzog, H, and Neely, GG. Non-Nutritive Sweeteners Possess a Bacteriostatic Effect and Alter Gut Microbiota in Mice. PloS One (2018) 13:e0199080. doi: 10.1371/journal.pone.0199080

46. Horn, N. Clostridium Disporicum Sp. Nov. A Saccharolytic Species Able to Form Two Spores Per Cell, Isolated From a Rat Cecum. Int J Syst Bacteriol (1987) 37:398–401. doi: 10.1099/00207713-37-4-398

47. Vilajeliu-Pons, A, Puig, S, Pous, N, Salcedo-Dávila, I, Bañeras, L, Balaguer, MD, et al. Microbiome Characterization of MFCs Used for the Treatment of Swine Manure. J Hazard Mater (2015) 288:60–8. doi: 10.1016/j.jhazmat.2015.02.014

48. Mangin, I, Bonnet, R, Seksik, P, Rigottier-Gois, L, Sutren, M, Bouhnik, Y, et al. Molecular Inventory of Faecal Microflora in Patients With Crohn's Disease. FEMS Microbiol Ecol (2004) 50:25–36. doi: 10.1016/j.femsec.2004.05.005

49. Andrejčáková, Z, Sopková, D, Vlčková, R, Hertelyová, Z, Gancarčíková, S, and Nemcová, R. The Application of Lactobacillus Reuteri CCM 8617 and Flaxseed Positively Improved the Health of Mice Challenged With Enterotoxigenic E. Coli O149:F4. Probiotics Antimicrob Proteins (2020) 12:937–51. doi: 10.1007/s12602-019-09578-x

50. Mazal, C, and Sieger, B. Staphylococcus Lentus: The Troublemaker. Int J Infect Dis (2010) 14:e397–7. doi: 10.1016/j.ijid.2010.02.502

51. Cassir, N, Benamar, S, and La Scola, B. Clostridium Butyricum: From Beneficial to a New Emerging Pathogen. Clin Microbiol Infect (2016) 22:37–45. doi: 10.1016/j.cmi.2015.10.014

52. Leshem, A, Liwinski, T, and Elinav, E. Immune-Microbiota Interplay and Colonization Resistance in Infection. Mol Cell (2020) 78:597–613. doi: 10.1016/j.molcel.2020.03.001

53. Kelly, CJ, Zheng, L, Campbell, EL, Saeedi, B, Scholz, CC, Bayless, AJ, et al. Crosstalk Between Microbiota-Derived Short-Chain Fatty Acids and Intestinal Epithelial HIF Augments Tissue Barrier Function. Cell Host Microbe (2015) 17:662–71. doi: 10.1016/j.chom.2015.03.005

54. Xiong, H, Guo, B, Gan, Z, Song, D, Lu, Z, Yi, H, et al. Butyrate Upregulates Endogenous Host Defense Peptides to Enhance Disease Resistance in Piglets via Histone Deacetylase Inhibition. Sci Rep (2016) 6:27070. doi: 10.1038/srep27070

55. Jacobson, A, Lam, L, Rajendram, M, Tamburini, F, Honeycutt, J, Pham, T, et al. A Gut Commensal-Produced Metabolite Mediates Colonization Resistance to Salmonella Infection. Cell Host Microbe (2018) 24:296–307.e7. doi: 10.1016/j.chom.2018.07.002

56. Morrison, DJ, and Preston, T. Formation of Short Chain Fatty Acids by the Gut Microbiota and Their Impact on Human Metabolism. Gut Microbes (2016) 7:189–200. doi: 10.1080/19490976.2015.1134082

57. Tong, LC, Wang, Y, Wang, ZB, Liu, WY, Sun, S, Li, L, et al. Propionate Ameliorates Dextran Sodium Sulfate-Induced Colitis by Improving Intestinal Barrier Function and Reducing Inflammation and Oxidative Stress. Front Pharmacol (2016) 7:253. doi: 10.3389/fphar.2016.00253

58. Meehan, CJ, and Beiko, RG. A Phylogenomic View of Ecological Specialization in the Lachnospiraceae, a Family of Digestive Tract-Associated Bacteria. Genome Biol Evol (2014) 6:703–13. doi: 10.1093/gbe/evu050

59. Cai, C, Zhang, Z, Morales, M, Wang, Y, Khafipour, E, and Friel, J. Feeding Practice Influences Gut Microbiome Composition in Very Low Birth Weight Preterm Infants and the Association With Oxidative Stress: A Prospective Cohort Study. Free Radic Biol Med (2019) 142:146–54. doi: 10.1016/j.freeradbiomed.2019.02.032

60. Shin, NR, Lee, JC, Lee, HY, Kim, MS, Whon, TW, Lee, MS, et al. An Increase in the Akkermansia Spp. Population Induced by Metformin Treatment Improves Glucose Homeostasis in Diet-Induced Obese Mice. Gut (2014) 63:727–35. doi: 10.1136/gutjnl-2012-303839




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Li, Shang, Liu, Qiao, Wang and Qiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 23 November 2021
doi: 10.3389/fnut.2021.774766






[image: image2]

Dietary Amylose/Amylopectin Ratio Modulates Cecal Microbiota and Metabolites in Weaned Goats

Kefyalew Gebeyew1,2, Kai Chen1,3, Teketay Wassie1, Md. Abul Kalam Azad1, Jianhua He3, Weimin Jiang4, Wu Song4, Zhixiong He1,2* and Zhiliang Tan1,2


1CAS Key Laboratory for Agro-Ecological Processes in Subtropical Region, National Engineering Laboratory for Pollution Control and Waste Utilization in Livestock and Poultry Production, Hunan Provincial Key Laboratory of Animal Nutritional Physiology and Metabolic Processes, Institute of Subtropical Agriculture, The Chinese Academy of Sciences, Changsha, China

2University of Chinese Academy of Sciences, Beijing, China

3College of Animal Science and Technology, Hunan Agricultural University, Changsha, China

4Herbivore Nutrition Department, Hunan Institute of Animal and Veterinary Science, Changsha, China

Edited by:
Guoxun Chen, The University of Tennessee, Konoxville, United States

Reviewed by:
Junhua Liu, Nanjing Agricultural University, China
 Shanlong Tang, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (CAAS), China
 Aoyun Li, Huazhong Agricultural University, China

*Correspondence: Zhixiong He, zxhe@isa.ac.cn

Specialty section: This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Nutrition

Received: 13 September 2021
 Accepted: 31 October 2021
 Published: 23 November 2021

Citation: Gebeyew K, Chen K, Wassie T, Azad MAK, He J, Jiang W, Song W, He Z and Tan Z (2021) Dietary Amylose/Amylopectin Ratio Modulates Cecal Microbiota and Metabolites in Weaned Goats. Front. Nutr. 8:774766. doi: 10.3389/fnut.2021.774766



Increasing the ratio of amylose in the diet can increase the quantity of starch that flows to the large intestine for microbial fermentation. This leads to the alteration of microbiota and metabolite of the hindgut, where the underlying mechanism is not clearly understood. The present study used a combination of 16S amplicon sequencing technology and metabolomics technique to reveal the effects of increasing ratios of amylose/amylopectin on cecal mucosa- and digesta-associated microbiota and their metabolites in young goats. Twenty-seven Xiangdong black female goats with average body weights (9.00 ± 1.12 kg) were used in this study. The goats were randomly allocated to one of the three diets containing starch with 0% amylose corn (T1), 50% high amylose corn (T2), and 100% high amylose corn (T3) for 35 days. Results showed that cecal valerate concentration was higher (P < 0.05) in the T2 group than those in the T1 and T3 groups. The levels of tumor necrosis factor-α (TNF-α) and interleukin (IL)-6 were decreased (P < 0.05) in cecal tissue while IL-10 was increased (P < 0.05) in the T2 group when compared with T1 or T3 groups. At the phylum level, the proportion of mucosa-associated Spirochaetes was increased (P < 0.05), while Proteobacteria was deceased by feeding high amylose ratios (P < 0.05). The abundance of Verrucomicrobia was decreased (P < 0.05) in the T3 group compared with the T1 and T2 groups. The abundance of digesta-associated Firmicutes was increased (P < 0.05) while Verrucomicrobia and Tenericutes were deceased (P < 0.05) with the increment of amylose/amylopectin ratios. The LEfSe analysis showed that a diet with 50% high amylose enriched the abundance of beneficial bacteria such as Faecalibacterium and Lactobacillus in the digesta and Akkermansia in the mucosa compared with the T1 diet. The metabolomics results revealed that feeding a diet containing 50% high amylose decreased the concentration of fatty acyls-related metabolites, including dodecanedioic acid, heptadecanoic acid, and stearidonic acid ethyl ester compared with the T1 diet. The results suggested that a diet consisting of 50% high amylose could maintain a better cecal microbiota composition and host immune function.
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INTRODUCTION

Ruminants possess a better potential to degrade large quantities of starch, which has a different degree of resistance to degradation. Several factors determine the rate and extent of starch digestion in the rumen, such as crystallinity, a ratio of amylose/amylopectin, particle size, and cooking approach (1, 2). Amylose and amylopectin are the main components of starch and can determine the nutritional and biochemical properties of starch (1). Amylopectin is a highly branched glucose polymer with α−1, 6-glucoside bonds and has a higher rate of digestion than amylose (2). Unlike amylopectin, amylose is characterized by a linear glucose polymer and not easily hydrolyzed due to the formation of granules by linear amylose molecules that resist degradation by mammalian enzymes (3).

Feeding a high rumen degradable starch increased the risk of intestinal inflammation in the hindgut of dairy goats, as evidenced by an increase in the expression of interleukin-1β and secretory immunoglobulin A (SIgA), and accumulate short-chain fatty acids (SCFAs), and disturbance of microbial function (4). Developing efficient feeding approaches for ruminant animals needs the maintenance of optimal rumen and hindgut fermentation in the modern feeding system. To address this issue, the inclusion of an optimum ratio of amylose/amylopectin in the diets may be an effective approach to take advantage of shifting starch degradation sites from the forestomach to the intestine, including improving energetic efficiency and the hepatic glucose supply and reducing methane production (5, 6). To optimize diet formulation, we need to understand the changes induced by feeding of starch-containing different ratios of amylose/amylopectin on the hindgut fermentation profiles and metabolites. In addition to that, many studies have investigated how starch type effects on the animal performance. However, the ratios of amylose to amylopectin are very close. This study used high amylose corn to enlarge the gap of amylose to amylopectin ratio between low and high treatment. In this case, it may be more suitable to see the effect of the ratio of amylose to amylopectin on animals.

The quantity of starch reaching the hindgut region affects the intestinal microbial structure and end-products of microbial fermentation. Several studies have pointed out that starch with a high amylose proportion modulates the intestinal microbiota and metabolites, leads to shifts in SCFAs profiles, microbial composition, and immune status (7, 8). Feeding a diet containing high amylose starch increases the abundance of commensals bacterial, such as Lactobacilli and Faecalibacterium, and reduces pathogenic microbes, including Salmonella, in the hindgut region (9). These changes might contribute to positive outcomes in the host health and productivity either directly or indirectly. However, an ideal dietary amylose concentration should be determined to achieve better efficiency and intestinal health under a certain animal growth stage or physiological conditions. It has been reported that the growth rate and butyrate production are lower by feeding a starch with a 63% amylose proportion (10), which is not an appreciated outcome. Supplementing different ratios of amylose/amylopectin to weaned piglets experiencing feed transition or exposed with E.coli lipopolysaccharide have given distinct outcomes (11), suggesting the inclusion of optimal ratio is critical to gain better efficiency.

The cecum is one of the primary fermentation regions of the hindgut of goats. It has been widely accepted that cecal microbes can metabolize the undigested substrate into various compounds, including SCFAs, organic acids, lipids, and phenols (8). Metabolites from those compounds have shown a wide range of biological functions such as serving as signaling molecules, source of energy, and becoming integrated into other molecules (12, 13), which are eliciting systemic effects. A study using rats shows that the levels of metabolites related to lipids metabolism, such as heptadecanoic acid, are reduced by feeding high-amylose maize-resistant starch type 2 (7). This metabolite has several biological and nutritional roles and serves as a biomarker of various diseases (14). Taken together, a holistic dietary intervention study that has comprehensively assessed the effects of different ratios of amylose/amylopectin on the hindgut microbiome and metabolome is required. To address this, the metabolomics approach can identify several metabolites in complex tissue or biofuel samples, which provides key insight into the interaction between the intestinal microbiome and host metabolism and uncovering possible metabolic biomarkers of intestinal health (12). Recently, an untargeted metabolomics approach was used to assess metabolites alteration in the colon of mice fed xylitol (15), which gives insight into the role of metabolomics techniques in nutritional studies. Thus, a combination of molecular approaches was used to gain a clear picture of the effects of increasing ratios of dietary amylose to amylopectin on cecum mucosa-and digesta-associated microbiota and their metabolites in weaned goats.



MATERIALS AND METHODS


Animals, Diets, and Experimental Design

Twenty-seven Xiangdong black female goats with average body weights (BWs) of 9.00 ± 1.12 kg and aged about 2 months were used in this study. The weaned goats were randomly allocated into one of three diets containing starch with 0% amylose corn (T1), 50% high amylose corn (T2), and 100% high amylose corn (T3). The diets were prepared according to the feeding standard of Chinese goats (16). Details about the ingredients and nutrient composition of the experimental diets are presented in Table 1. Ratios of amylose/amylopectin were formulated by using different corn variety (Hainan Shanliang Technology Co., Ltd., Haikou, Hainan). The feeding trial period consisted of 35 days for the actual experiment and 14 days for adaptation periods. During the trial period, goats were received concentrate and alfalfa twice daily at 08:00 and 16:00 h. All goats had ad libitum access to water, concentrate, and alfalfa during the experimental periods.


Table 1. Ingredients and chemical composition (% of DM) of the treatment diets.

[image: Table 1]



Sample Collection

On day 35, all goats were banned but provided free access to water for 12 h and then slaughtered by a registered veterinarian. The cecum mucosa was collected quickly after slaughter and rinsed three times with cold phosphate buffer saline. The cecum tissue was divided into two portions. The first portion was cut into smaller pieces, then quickly flash-frozen in liquid nitrogen for cytokines measurements. The second portion was scraped from the underlying tissue using a clean glass slide, quickly moved into liquid nitrogen and kept at −80°C until DNA extraction. Meanwhile, the cecum digesta was divided into two portions. About 10 g of each cecum digesta sample was mixed thoroughly with deionized water. The mixtures were quickly centrifuged at 3,000 × g, and the supernatants were stored at −80°C until SCFAs analysis. The second portion was stored at −80°C until DNA extraction.



Measurement of Cecum SCFA

Frozen cecum digesta were thawed on ice and centrifuged at 20,000 × g for 10 min. About 1.5 mL of the supernatants were transferred into 2 mL of plastic tubes containing 0.15 mL of 25% (wt/vol) metaphosphoric acid. The mixtures were strongly hand-shaken and kept at −20°C for overnight for analysis. Afterward, re-centrifuging at 15,000 × g for 10 min, 1 mL aliquots were collected into an EP tube passed through a 0.22-μm filter membrane. The concentrations of SCFA were assayed by gas chromatography (GC, Agilent 7890A, and Agilent Inc., Santa Clara, CA) following the procedure previously described by Wange et al. (17). The concentrations of SCFA were presented as μmol/g fresh weight of digesta.



Measurement of Cecum Cytokines Levels

About 100 mg of the cecum mucosa samples were homogenized with ice-cold deionized water and centrifuged at 3,000 × g for 15 min at 4°C, and then the upper liquids were collected to detect the levels of cytokines. The levels of interleukin (IL)-2, IL-6, IL-10, tumor necrosis factor-α (TNF-α), and interferon-β (INF-β) were detected using the Goat enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's directions (Jiangsu Yutong Biological Technology Co., Ltd., China) (18). The levels of cytokines were expressed as pg/mg protein. The concentrations of protein in the cecal mucosa were measured using the bicinchoninic acid procedure (BCA Protein Assay Kit; Beyotime Biotech Inc, Shanghai, China) using bovine serum albumin as the standard.



Genomic DNA Extraction

Eight samples from each treatment were randomly selected for the 16S rRNA gene sequencing. Genomic DNA was isolated from tissue and digesta samples using the modified Power Soil® DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's protocol. Briefly, genomic DNA was extracted using 250 mg of starting materials, a dry bead tube, and a 750 μL of bead solution. Mechanical cell lysis (bead-beating) was performed at 50 Hz for 5 min using the TissueLyser LT™ (Qiagen, FRITSCH GmbH, Idar-Oberstein, Germany). The lysate was incubated at 65°C for 10 min, and then the supernatant was collected for further process. The extracted DNA was eluted in 50 μl of elution buffer and stored at −80°C until subsequent steps. The quality and quantity of extracted DNA were assessed using a ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, United States).



PCR Amplification and 16S rRNA Gene Sequencing

The amplicon library was constructed by PCR amplification of the V3–V4 hypervariable region of the 16S rRNA gene using the 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') primers with barcodes (19). The PCR reactions were performed at 98°C denaturation for 30 s, 32 cycles of 10 s at 98°C, 30 s of annealing at 54°C and 45 s of elongation at 72°C; and last extension at 72°C for 10 min. The PCR reaction mixture consisted of 25 ng of template DNA, 2.5 μL of each primer, 12.5 μL PCR Premix, and PCR-grade water to 25 μL (20). The PCR products were run on 2% agarose gel electrophoresis and then excised, and further purified by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA). The purified PCR products were quantified by Qubit (Invitrogen, Waltham, MA, USA). Amplicon pools were used for sequencing, and the size and quantity of the amplicon library were determined using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and an Illumina Library Quantification Kit (Kapa Biosciences, Woburn, MA, USA). The sequencing library was constructed using a TruSeq®DNA PCR-free library preparation kit (Illumina, San Diego, CA, USA) following the manufacturer's guidelines. After the library quality control was finished, the libraries were sequenced by BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China) using the HiSeq 2500 platform (2 × 250 paired ends; Illumina Technologies Co. Ltd, San Diego, CA, USA).



Bioinformatics Analysis

According to their unique barcodes, truncated paired-end reads were assigned to appropriate samples and combined using FLASH software (21). Quality filtering of the raw tags was achieved using fqtrim (v0.94) as described by Zhang et al. (22). Chimeric sequences were cleaned up using Vsearch software (v2.3.4) (23). Sequences with similarity ≥ 97% were clustered into the same operational taxonomic unit (OTUs) using USEARCH (Version 10.0) (24). Taxonomy annotation of the OTUs was conducted based on the Ribosomal Database Project (RDP) classifier using the SILVA database (release132) with a confidence threshold of 80% (25). The population evenness (Shannon index) and richness (Chao1) were estimated using QIIME2 (V1.8.0) (26). Principal coordinate analysis (PCoA) was performed using UniFrac distance metrics. Analysis of similarity (ANOSIM) was used to test the statistical differences among the groups. Linear discriminant analysis (LDA) effect size (LEfSe) was performed to reveal the difference in the bacterial communities among the treatments using the non-parametric factorial Kruskal-Wallis test with an alpha value of 0.05 and LDA score of 2.5 (18). The raw reads were deposited at NCBI under BioProject accession ID: PRJNA759377.



Non-targeted Metabolomics Analysis

The six samples from each treatment of the cecal tissues were randomly selected for the metabolomics analysis. The cecum tissue was thawed on ice, and metabolites were extracted with 50% methanol buffer (27). Briefly, 20 μL of the sample were extracted with 120 μL of precooled 50% methanol, vortexed for 1 min, and incubated at room temperature (24 ± 2°C) for 10 min. The samples were stored at −80°C prior to the LC-MS analysis. In addition, pooled QC samples were prepared by combining 10 μL of each extraction mixture stored at −80°C prior to the LC-MS analysis. All samples were acquired by using the LC-MS system according to the direction of the instrument. All chromatographic separations were performed following the protocol as previously described in the study of (28) using an ultra-performance liquid chromatography system (SCIEX, UK). A high-resolution tandem mass spectrometer TripleTOF5600plus (SCIEX) was used to identify metabolites eluted from the column according to the procedure previously described by Xiang et al. (15). The obtained MS data pretreatments, including peak picking and grouping, correction of retention time (RT), grouping of second peak, and annotation of isotopes and adducts, were performed using XCMS software 3.2.0 (UC, Berkeley, CA, USA). Student's t-tests were employed to detect differences in metabolites concentrations between the groups. Supervised PLS-DA was performed using MetaX to discriminate the different variables between groups (29). Differentially accumulated metabolites (DAMs) in content were defined as having variable importance in the project (15) ≥ 1 and a fold change of ≥ 2 or ≤ 0.5.



Statistical Analysis

Statistical analyses of the experimental data were carried out using the SPSS version 23 (SPSS Inc., Chicago, IL, USA) and Origin Pro 2020b software. The SCFA and intestinal immune parameters were subjected to a one-way analysis of variance (ANOVA) procedure after checked for normality and homogeneity of variance. The difference between the three groups was evaluated using Tukey post-hoc tests, and differences were considered statistically significant at P < 0.05, and trends were recognized 0.05 < P < 0.1. The effect of diets on the alpha diversity and relative abundance of detected bacterial groups was evaluated using the non-parametric Kruskal-Wallis test in Origin Pro 2020b software. Means ± standard errors of the mean (SEMs) were used to present the results. The correlations between bacteria at the genus level and SCFAs were analyzed by Spearman's rank correlation test using the OmicStudio tools at https://www.omicstudio.cn/tool (LC-Bio Technology Co., Ltd., Hangzhou, China).




RESULTS


Microbial SCFAs Concentrations in the Cecum Digesta

The concentrations of SCFAs in the cecum digesta of weaned goats in response to feeding different ratios of amylose/amylopectin are presented in Figure 1. The concentrations of acetate in the T2 group (P = 0.09) and propionate in the T2 (P = 0.09) and T3 (P = 0.08) groups were tended to increase when compared with the T1 group. The valerate concentration was higher in the T2 than that in the T1 and T3 groups (P < 0.05). However, the concentrations of butyrate, iso-butyrate and iso-valerate were unaffected (P > 0.05) when the amylose/amylopectin ratio increased.


[image: Figure 1]
FIGURE 1. Effects of dietary amylose/amylopectin ratio on cecal SCFAs concentrations (μmol/g). On each side of the gray line is a kernel density estimation to illustrate the distribution of shape of the data in a group. Wider and skinnier sections of the violin plot represent a higher and lower probability that members of the samples will take on the given value. The white dot represents the median and the thick gray bar in the center represents the interquartile range. *Significantly different means (P < 0.05). T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).




Cytokines Concentrations in the Cecum Mucosa

The concentrations of cytokines were determined to evaluate the effects of amylose/amylopectin ratios on immune response in weaned goats (Figure 2). The concentrations of IL-6 and TNF-α were decreased (P < 0.05) while IL-10 was increased (P < 0.05) in the T2 groups compared with the T1 or T3 groups. No significant differences (P > 0.05) in the concentrations of IL-2 and IFN-β were found among the three groups.


[image: Figure 2]
FIGURE 2. Effects of dietary amylose/amylopectin ratio on cecal cytokines concentrations (pg/mg protein). Values are expressed as means ± SEM indicated by vertical bars. *Significantly different means (P < 0.05). T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).




The Mucosa-Associated Microbiome

In total, 1,791,154 valid reads were retrieved from cecal mucosa samples with an average of 66,339 sequences per sample after quality trimming and chimera checking. The minimum and maximum nucleotides lengths were 410 and 425, respectively, and the three groups shared 770 OTUs. The pattern of the rarefaction curve confirmed that the sequencing data coverage was adequate to describe the mucosa-associated bacterial composition in the cecum of goats used in the present study (Supplementary Figure 1). The Chao1 and Shannon indices were used to assess the alpha diversity of mucosa-associated microbial profiles. No significant differences (P > 0.05) in bacterial community richness and diversity were observed among the three groups (Figure 3A). The PCoA revealed that both the T2 and T3 groups were formed separate clusters from the T1 group (ANOSIM-R = 0.1093, P < 0.004), while the T2 and T3 groups were clustered together (ANOSIM-R = 0.0904, P = 0.064) (Figure 4A), suggesting that the communities share most OTUs. The relative abundances of mucosa-associated microbiota at the phylum level are shown in Figure 5A. There were 10 dominants of bacterial phyla identified with a mean relative abundance of ≥ 1%. Firmicutes (52.8 ± 5.9%), Bacteroidetes (16.9 ± 2.4%), and Spirochaetes (15.8 ± 5.2%) were the most dominant phyla and were represented with an average of more than 85% of the community. The relative abundance of Spirochaetes was significantly higher (P < 0.05) in the T2 and T3 groups than that in the T1 group, while no significant difference was found between the T2 and T3 groups (P > 0.05). In contrast, the relative abundance of Proteobacteria was lower (P < 0.05) in the T2 group compared with the T1 group. Verrucomicrobia had lower (P < 0.05) relative abundance in the T3 group compared with the T1 and T2 groups (Figures 5C–E). The LDA with LEfSe analysis was used to explore mucosa-associated microbiota differences from phylum to genus among the three groups (Figure 6A). The relative abundance of Akkermansia was enriched in the T2 group compared with the other two groups. The relative abundances of Lachnospiraceae_NK4A136_group, Marvinbryantia, Roseburia, and Anaeroplasma were enriched in the T3 group, while Micromonosporaceae, Clostridium_sensu_stricto, Romboutsia, Turicibacter, Candidatus_Saccharimonas, and Stenotrophomonas were enriched in the T1 group.


[image: Figure 3]
FIGURE 3. Effects of dietary amylose/amylopectin ratio on alpha-diversity indices in the cecal mucosa and digesta (A) Chao 1 Index. (B) Shannon index. Diamond plot of richness and evenness diversity values showed that the microbiota structure of each group. Whiskers represent minimum and maximum value. Bottom and top of the box are the first and the third quartile. The median is shown as a band inside the box. T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).



[image: Figure 4]
FIGURE 4. Effects of dietary amylose/amylopectin ratio on beta-diversity in the cecal mucosa (A) and digesta (B). The PCoA plot was generated using unweighted UniFrac-based. T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).



[image: Figure 5]
FIGURE 5. Relative abundance of bacteria at the phylum level in the cecal mucosa (A) and digesta (B). Comparison of relative abundances at phylum levels (C–E, mucosa) and (F–H, digesta) were analyzed by the Kruskal-Wallis rank-sum test. Values are expressed as means ± SEM indicated by vertical bars. *Significantly different means (P < 0.05). T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).



[image: Figure 6]
FIGURE 6. Linear discriminant analysis (LDA) effect size (LEfSe) analysis identified the most differentially abundant from phylum to genus in the cecal mucosa (A) and digesta (B) between T1 (red), T2 (Green), and T3 (Blue) groups. The genus with linear discriminant analysis values higher than 2.5 is displayed. The length of the bar column represents the LDA score. The cladogram, circles radiating from inner side to outer side represents the differences in the relative abundance of taxa from phylum to genus level between the three groups. T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).




The Digesta-Associated Microbiome

Overall, 2,105,981 sequences were generated from cecal-digesta samples with a mean of 68,867 sequences per sample. The minimum and maximum nucleotides lengths were 407 and 414, respectively, and a shared microbiota of 675 OTUs were found in all digesta samples. The pattern of rarefaction curves showed that the sequencing data coverage was satisfactory to describe the digesta-associated bacterial composition in the cecum of goats. No significant differences (P > 0.05) in Chao1 and Shannon indexes were observed among the three groups (Figure 3B). The PCoA showed that both the T2 and T3 groups clearly separated from the T1 group (ANOSIM-R = 0.3437, P < 0.001) according to the weighted UniFrac distance metric (Figure 4B), while the T2 and T3 groups were clustered together (ANOSIM-R = 0.1518, P = 0.061). The top 10 abundances of digesta-associated bacterial phyla with a mean relative abundance of ≥ 1% are shown in Figure 5B. Firmicutes (73.9 ± 3.1%), Bacteroidetes (15.2 ± 3.2%), and Verrucomicrobia (6.2 ± 2.3%) were the most dominant phyla and were represented with an average of more than 95% of the total population.

The relative abundance of Firmicutes was enriched (P < 0.05) in the T2 and T3 groups compared with the T1 group. Conversely, the relative abundances of Verrucomicrobia and Tenericutes were depleted (P < 0.05) in the T2 and T3 groups compared with the T1 group (Figures 5F–H). The LDA with LEfSe analysis revealed that Bacteroidales_BS11_gut_group, Gastranaerophilales, Eimeria_praecox, Anaerostipes, Clostridium_sensu_stricto_13, CHKCI001, Lachnospiraceae_ND3007_group, and Erysipelotrichaceae were enriched in the T1 group (Figure 6B). The relative abundances of Lactobacillus and Faecalibacterium from Firmicutes phylum were enriched in the T2 group, while Candidatus_Saccharimonas from Patescibacteria phylum was enriched in the T3 group.



Correlation Analysis Between the Cecal Microbiome and SCFAs

The SCFAs and top 10 bacterial genera were used for Pearson's correlation analysis (Figure 7). The relative abundance of mucosa-associated Akkermansia showed a positive correlation (P < 0.05) with valerate, iso-valerate, propionate, and iso-butyrate. The relative abundance of digesta-associated Ruminococcaceae_UCG-005 was positively correlated (P < 0.05) with propionate, iso-butyrate acetate, butyrate, and valeric. Meanwhile, the relative abundance of the digesta-associated Christensenellaceae_R-7_group was positively correlated (P < 0.05) with acetate and butyrate.


[image: Figure 7]
FIGURE 7. Correlations network analysis between SCFAs and the relative abundance of top 10 predominant bacteria at the genus level in the mucosa (A) and digesta (B) are presented. Silver lines, negative correlation (P ≤ 0.05); Golden lines, positive correlation (P ≤ 0.05).




Non-targeted Metabolome Profiles of the Cecal Tissue

The total extracts were subjected to UPLC-TQMS for non-targeted metabolomics to explore the effects of feeding different ratios of amylose/amylopectin on the metabolite profiles in the cecal tissue of weaned goats. The repeatability of each samples extract was assessed by an overlying analysis of the total ion current (TIC) in the quality control (QC) samples in negative and positive modes (Supplementary Figure 2). A partial least-squares discriminant analysis (PLS-DA) model exhibited that the three dietary groups were well-separated (Figure 8A). A total of 688, 619, and 286 peaks/metabolites were detected from the MS2 spectral data between the T1 vs. T2, T1 vs. T3, and T2 vs. T3 groups, respectively (Supplementary Table 1). All the metabolites were assigned in the KEGG database, and 34 KEGG pathways were influenced by the dietary ratios. Of the total, 48 differentially accumulated metabolites were assorted into “metabolism.” Of these, 14 and 3 metabolites were involved in lipid metabolism and nucleotide metabolism (Figure 9A). In total, 30, 26, and 22 differentially accumulated metabolites were identified in comparing the T1 vs. T2, T1 vs. T3, and T2 vs. T3 groups, respectively. Volcano plots were used to reveal differential metabolites, and 16 of 30 were upregulated while 14 of 30 were downregulated in the T2 group compared with the T1 group (Figure 8B). Compared with the T1 group, 19 of 26 metabolites were upregulated and 7 of 26 metabolites were down-regulated in the T3 group (Figure 8C). The accumulation patterns of differentially accumulated metabolites and QC samples were assessed using hierarchical cluster analysis (HCA) after normalizing the intensity value of each metabolite (Supplementary Figure 3). The HCA heat map constructed from DAMs revealed the difference in metabolites profiles of the dietary groups (Figures 9B–D).


[image: Figure 8]
FIGURE 8. Partial least squares discriminant analysis (PLS-DA). The PLS-DA of microbial metabolites in cecal tissue of goats (A). Volcano plot showing the differential metabolites (red dot: significantly up-produced metabolites, green dot: significantly down-produced metabolites, gray dot: the metabolites with no significant difference, Q < 0.05) (B–D). T1 (normal corn 100%, high amylose corn 0%); T2 (normal corn 50%, high amylose corn 50%); T3 (normal corn 0%, high amylose corn 100%).
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FIGURE 9. KEGG classification of differentially accumulated MS2 metabolite (A). Heat-map of hierarchical clustering analysis for the dietary groups in cecal tissue of goats using the identified metabolites in positive and negative ionization mode (B) T1 vs. T2; (C) T1 vs. T3; (D) T2 vs. T3. The upregulated and downregulated metabolite denoted by superscript “a” and “b”, respectively.





DISCUSSION

The cecal microbes can ferment starch that escapes from the rumen and small intestinal digestion and produces SCFA, accounts for 12% of total SCFAs production in sheep due to ~17% cellulose degradation occurring in the cecum (30). A previous study has revealed that starch with increasing dietary amylose increases SCFA production and absorption (31). In the present study, increasing ratios of dietary amylose/amylopectin tended to improve acetate, propionate and valerate production in the cecum. This is consistent with the report of Tan and Zijlstra (32) who have shown that a diet consisting of high amylose ratio increases digesta acetate in the cecum and propionate and valerate in the colon. Feeding a high amylose diet did not affect the digesta butyrate concentration in the present study. A study has reported that the concentration of butyrate in the hindgut is affected by feeding a high amylose starch diet (33), while others indicate that a high percentage of amylose diet did not alter butyrate production (10). The discrepancy in butyrate production may result from a difference in the exposure period or could be the differences among individual animals. In this regard, the production of butyrate can be enhanced with time in the cecum of rats fed 90 g/kg of resistance potato starch for 0.5, 2, and 6 months (34). A similar response has also been reported in pigs-fed starch-containing different amylose proportions for 97 days (35), which may partially explain our results. Another possible explanation is that it is probably associated with increased uptakes of butyrate following increased production due to its uses as metabolic fuel for enterocytes.

It has been documented that high amylose resistant starch has protective effects against mucosa injury or inflammation and oxidative stress (36, 37). The protective effects of resistance starch were evidenced by lowering the levels of pro-inflammatory cytokines and TNF-α that would lead to a healthier immune status. In this sense, supplementation of 45 g/day of a high-amylose maize to pre-diabetes patients for 12 weeks resulted in significant decreases in the concentration of TNF-α. In the present study, the concentrations of IL-6 and TNF-α were decreased and IL-10 was increased by feeding a diet consisting of 50% high amylose, suggesting a potential to resist local inflammation in the cecal mucosa of weaned goats. This improvement in innate immunity matches the increased abundance of digesta-associated Lactobacillus and mucosa-associated Akkermansia, which has been linked to the protection from intestinal inflammation (38, 39).

To gain a profound picture of the effects of increasing ratio of amylose/amylopectin on the composition and dynamics of the mucosa-and-digesta associated cecal microbiota and their metabolite, we used a combination of in-depth sequencing of the 16S rRNA gene and metabolomics techniques. The results clearly showed that cecal bacterial composition was affected by feeding different ratios of dietary amylose/amylopectin. The predominant identified mucosa-and digesta-associated phyla were Firmicutes and Bacteroidetes, followed by the phyla Spirochaetes and Verrucomicrobia, which is in line with earlier reports on dairy goats fed different levels of rumen degradable starch (4). The presence of Spirochaetaes in the colon mucosa of lamb fed a non-pelleted and pelleted high-grain diet has been documented (40). Some species belongs to the phylum Spirochaetaes can degrade pectin (41) and xylan (42). Thus, the observed higher abundance of Spirochaetaes in the amylose/amylopectin ratio groups could be associated with the level of fiber in the diet. It has been widely reported that Proteobacteria consists of well-known pathogens such as Escherichia coli and Salmonell (43), while Verrucomicrobia consists of commensal bacteria such as Akkermansia (39). The present results showed that feeding a diet containing 50% high amylose decreased Proteobacteria and increased Verrucomicrobia abundances in cecal mucosa, showing that enrichments of commensal bacteria, which contributes to developing a healthier pattern of cecal environment.

A previous study has shown that supplementation of a diet containing a high proportion of amylose enriched the relative abundance of Lactobacillus (38) and Faecalibacterium (44). Some species of Lactobacillus can inhibit colonization of pathogens and lower the expression of TNF-α in a rat colitis model (45). Growing evidence suggests that some species from Faecalibacterium have a protective role through its anti-inflammatory potential (46). In the present study, the LEfSe analysis revealed that the abundances of digesta-associated Lactobacillus and Faecalibacterium were enriched at the expense of Clostridium_sensu_stricto and Turicibacter in goat-fed with a diet containing 50% high amylose. Similarly, enrichment of mucosa-associated Akkermansia at the cost of Erysipelotrichaceae and Eimeria_praecox was observed. The alterations of these species may be attributed to increasing SCFA production and the innate immune status. Combined with the comparable results in average daily gain and feed intakes between T2 and T3 groups (47), with the enrichments of beneficial bacteria, decreasing TNF-α, and increasing IL-10 in the T2 group, a 50% high amylose diet could have better outcomes compared with the other two diets.

The relative abundance of mucosa-associated Roseburia, Lachnospiraceae_NK4A136_group and Marvinbryantia, which belong to the Lachnospiraceae family, were increased by feeding a diet consisting of 100% high amylose. The enrichment of this family is associated with the improvement of fermentation and their specific products such as butyrate and propionate (48, 49). The concentration of butyrate in the 100% high amylose supplemented group was numerically higher even though statistically not differ among the groups. The abundance of mucosa-associated Anaeroplasma was enriched by feeding a diet with 100% high amylose. It has anti-inflammatory properties for the inhibition of chronic inflammation (50). In agreement with the previous study, a higher abundance of digesta-associated Candidatus_Saccharimonas in the present study could be associated with alterations of lipid metabolism (51, 52). In this sense, feeding a diet with a high amylose percentage has been shown to regulate fat metabolism and reduce fatty acids absorption in pigs (53).

Resistant starch may alter the cecal environment, thereby systemic exposure to some metabolites or other gut-derived factors that play a vital role in the biological ecosystem (54). In the present study, PLS-DA score plots revealed that variance in selected metabolites could discriminate among the three groups, suggesting that the ratios of amylose/amylopectin modulate the metabolic profiles of cecal tissue. This is in line with the previous study, which shows the metabolic profiles of hindguts can be altered by dietary starch (38). Resistance starch has been shown to affect the concentrations of metabolites that related to lipid metabolism or fatty acids such as arachidonic acid and hexadecanoic acid (8). Those dicarboxylic acids are obtained from the microbial hydrogenation of the non-conjugated dienoic acids built from linoleic acid (55) and could be produced by Lactobacillus species and Eubacterium ventriosum (56, 57). Compared with the T1 group, the levels of the majority of metabolites designated to the fatty acyls class, including dodecanedioic acid, heptadecanoic acid, stearidonic acid ethyl ester (5Z, 11Z, 14Z)-eicosatrienoic acid (arachidonic), and 8-Ocimenyl acetate, were downregulated in the T2 groups. In agreement with our report, feeding either resistance starch or maize grain diet decreases heptadecanoic and dodecanedioic acids levels in the rats and goats, respectively (7, 55). Conversely, the concentrations of those metabolites are higher in the feces of humans who consumed a diet containing resistant starch (58). Due to the central role of various fatty acids in host metabolism, higher absorption of those compounds by cecal tissue and the amount of starch reached to the cecum may be the possible reason for the observed lower concentration in the present study. Acylcarnitines are vital in regulating the equilibrium of intracellular sugar and lipid metabolism (59). They participate in various physiological activities such as fatty acids peroxidation (60) and uptakes of fatty acids into the inner membrane of mitochondria for β-oxidation to produce energy for cell activities (61). In our results, with an increasing ratio of amylose/amylopectin, the acylcarnitine levels were increased. These may have positive effects in maintaining cellular homeostasis and have specific roles in lipid metabolism. However, information about the gut microbes that facilitate the biotransformation of acylcarnitines is not yet clarified (62).

The metabolome result showed that the levels of ofloxacin and saikosaponins were upregulated in response to increase the dietary amylose/amylopectin ratio. Both of them are likely derived from diets and cannot be synthesized by gut microbes. Ofloxacin is a quinolone carboxylic acid derivative and has been reported to have antibacterial and pharmacokinetic properties in a different state of disease (63, 64), while saikosaponins have shown a protective role against a wide variety of age-related diseases (65). Increasing the concentration of those metabolites could attribute to improve the health status of goats due to the central modulatory effects of those metabolites. It has been documented that 12-Ketodeoxycholic and 3-Oxo-4, 6-choladienoic acids are the secondary bile acid produced by intestinal bacteria (66). Clostridium and Ruminococcus species can produce secondary bile acids (67), which have been shown to involve in several physiological process, including antimicrobial peptides production. In the present study increasing in concentrations of the secondary bile acid metabolites may indicate a high rate of deconjugation of bile salts and alters the microbial metabolism in the cecum, possibly due to an increase in starch flow to the intestine. Another metabolite significantly reduced by a ratio of amylose/amylopectin was alpha-Tocopherol, which cannot be produced by gut microbes and possibly arose from the diet (68). The observed decreased level of α-tocopherol in the T3 group compared with the T2 group could be due to increased uptake of α-tocopherol as the ratio of amylose increased. This metabolite has several biological functions, including scavenging the lipid peroxyl radicals, regulation of cell growth, and cell signaling functions (69, 70).

The other metabolite increased by a ratio of amylose/amylopectin was piperidine, which is produced by gut microbes and has an adverse influence on the host (71). The concentrations of several metabolites were increased by the ratio of amylose/amylopectin (Figure 9). Of them, some can serve as a biomarker of health benefits. For example, Lyso-diacylglyceryltrimethylhomoserine (LysoDGTS) is associated with a reduction of cellular lipid accumulation (72). In addition, phosphatidylethanolamines (PE) have been shown linkage with the relative abundances of Faecalibacterium (73), which is consistent with the present results that indicated enrichment of Faecalibacterium and PE in the T2 group. Members of the PE reported to have a structural role in biological membranes and cell division and could use as a key biomarker for cardiovascular disease (74). However, the functional role of these metabolites in the goat cecal tissue requires further investigation. Overall, lower concentrations of some metabolites that have a crucial role in the health benefits of animals are not an ideal outcome regardless of potential benefits gained when feeding a diet containing a high amylose ratio.



CONCLUSION

The microbiome and metabolomics results showed that a high ratio of amylose/amylopectin modulates the digesta-and mucosa-associated cecal microbial community and metabolic profiles more likely toward a healthier pattern and host-friendly cecal environment. Feeding a diet containing 50% high amylose had better outcomes, as characterized by the enrichments of commensal bacteria such as Akkermansia, Lactobacillus, and Faecalibacterium, increased production of valerate, and decreased production of pro-inflammatory cytokines. The metabolomics results revealed the modification of the metabolic signatures of cecal tissue, evidenced by up- and -downregulation of several metabolites such as acylcarnitines and α-Tocopherol. These findings provide new insights into how the ratios of amylose/amylopectin modulate microbial fermentation, lead to proliferation of commensal microbiota and metabolites and thereby improve the cecal environment of weaned goats.
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Lactic acid, a metabolic by-product of host and intestinal microbiota, has been recovered as an active signal molecule in the immune system. In this study, a lactic acid biosynthesis pathway that directly produces lactic acid from glucose rather than ethanol with high production was reconstructed in Saccharomyces cerevisiae. The engineered S. cerevisiae showed anti-inflammatory activity in dextran sulfate sodium (DSS)-induced mice with improved histological damage, increased mucosal barrier, and decreased intestinal immune response. Lactic acid regulated the macrophage polarization state and inhibited the expression of pro-inflammatory cytokines in vivo and in vitro. Increasing the macrophage monocarboxylic acid transporter-mediated active lactic acid uptake suppressed the excessive activation of the NLRP3 inflammasome and the downstream caspase-1 pathway in macrophages. Moreover, lactic acid promoted histone H3K9 acetylation and histone H3K18 lactylation. Meanwhile, the engineered S. cerevisiae altered the diversity and composition of the intestinal microbiota and changed the abundance of metabolic products in mice with colitis. In conclusion, this study shows that the application of engineered S. cerevisiae attenuated DSS-induced colitis in mice via suppressing macrophage pyroptosis and modulating the intestinal microbiota, which is an effective and safe treatment strategy for ulcerative colitis.
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Introduction

Inflammatory bowel diseases (IBDs) are chronic idiopathic nonspecific and relapsing gastrointestinal diseases that are mainly categorized into two types: Crohn’s disease and ulcerative colitis (UC) (1). UC is limited to the colon and is characterized by weight loss, diarrhea, and abdominal pain and affects people of all ages. Although the etiology and pathogenesis remain unclear, it is widely believed to be the result of genetics and immunological, microbial, and environmental factors (2–4).

Macrophages, as mature forms of monocytes, participate in both innate and adaptive immunity. They usually are the first defense in innate immunity (5). Once pathogens break through the epithelial barrier and invade the intestinal mucosa, they can be recognized by macrophages with Toll-like receptors, pattern recognition receptors (PRRs), and others, which further induce a series of pathway responses such as the NLRP3 inflammasome and finally cause cell membrane rupture with the cytokines interleukin 1β (IL-1β) and IL-18, with the cell contents released. This type of inflammatory cell death is termed pyroptosis (6, 7). Like other innate immune responses, pyroptosis is beneficial for host’s self-defense against bacterial, fungal, and viral infections (8). However, a dysregulated pyroptosis intimately contributes to the development of UC via disrupting the intestinal epithelial barrier and inducing the dysregulation of adaptive immunity by promoting Th17 cells to produce IL-17 and Th1 cells to produce interferon gamma (IFN-γ) (9, 10). It has been proven that suppressing the pyroptosis of macrophages may be a novel strategy to cure experimental colitis (11, 12).

Immune cells can be metabolically reprogrammed to modulate their functions. Lactic acid, being a metabolic substrate, has been re-recognized as an active signal in the functions of regulatory immune cells (13, 14). Previous studies have revealed various mechanisms of how immune cells in diseased tissues respond to the local accumulation of metabolites. Lactic acid mostly exists in the form of ions in the gut, which is mainly absorbed and utilized by the monocarboxylic acid transporter 1 (MCT1) (15). Moreover, lactic acid downregulated cyclic AMP (cAMP) and protein kinase A (PKA) signaling via binding to the GPR81 receptor on the surface of intestinal macrophages, further inhibiting the expression of pro-inflammatory factors (16). Lactic acid could protect the heart and ischemic neurons, promote adult hippocampal neurogenesis, and inhibit inflammation following organ injury (17). Lactic acid also promotes histone H3 lysine lactylation in macrophages and alters the macrophage polarization state by increasing the expressions of Arg-1 and other M2-like macrophage genes (18). However, whether lactic acid modulates the immune responses in colitis remains unclear.

Nowadays, live biotherapeutic products (LBPs) are emerging as effective treatments for inflammatory diseases via improving nutrient absorption and the host defense system (19). Saccharomyces cerevisiae is a facultative anaerobic fungus that has been widely used to develop oral vaccines and engineered carriers in medicine (20, 21). More studies have made it an engineering vector and transformed it to highly express small-molecule drugs (22, 23). The non-pathogenic S. cerevisiae has not been widely used as a probiotic. Its beneficial properties have been demonstrated in the treatment of a variety of diseases, including improving the gut immune response and the intestinal barrier. Saccharomyces boulardii supplementation may improve the therapeutic effect in the treatment of IBDs (24). S. cerevisiae, as a healthy microorganism, is reduced in IBD and has been associated with the physiological response of the immune system. In fact, based on its ability to increase the level of IL-10, supplementation with S. cerevisiae has been proposed as an anti-inflammatory method. Recent advances in synthetic biology have enabled probiotic engineering to provide therapeutic components in response to disease-related signaling pathways. Constructing S. cerevisiae via synthetic biology methods makes up for the defects of the natural strain and has the functional characteristics of acid resistance, easy colonization, and high-efficiency expression. Recently, the developed self-tunable engineered yeast that produces apyrase in response to extracellular ATP (eATP) levels has shown a dynamic anti-inflammatory effect on intestinal inflammation in IBD (25).

Herein, we used S. cerevisiae as a chassis cell to improve the production of lactic acid via synthetic biology methods and demonstrated the protective effect of engineered S. cerevisiae on mice with colitis. Moreover, we further explored the underlying mechanism of lactic acid inhibiting the pyroptosis of macrophages. This work will lay the foundation for the clinical development of IBD treatment based on the optimized engineering strain for probiotic yeast transplantation.



Materials and Methods


Reagents and Antibodies

The different reagents used were l-(+)-lactic acid (L6402), lipopolysaccharide (LPS) from Escherichia coli O111:B4 (L2630), polystyrene latex beads (2.0 μm, L4530), and nigericin (481990), which were purchased from Sigma-Aldrich (St. Louis, MO, USA). The antibodies for Western blot against NLRP3 (NBP-12446) and caspase-1 (14F468) were purchased from Novus (Littleton, CO, USA). Antibodies against gasdermin-D (97558S), IL-1β (12242S), and histone H3 (4499S) were purchased from Cell Signalling Technology (CST; Danvers, MA, USA). Antibodies against histone H3 (acetyl K18, ab40888; acetyl K9, ab32129) and histone H4 (acetyl K5, ab51997) were purchased from Abcam (Cambridge, UK). Antibodies against histone lactyllysine (PTM-1401) and histone H3 (lactyl K9, PTM-1419RM; lactyl K18, PTM-1406) were purchased from PTM BIO (Zhejiang, China). The antibodies for immunohistochemistry against MUC2 (GB111965) was purchased from Servicebio (Wuhan, China). The antibodies for immunofluorescence against zonula occludens-1 (ZO-1, 33-9100) were purchased from Invitrogen (Carlsbad, CA, USA) and those for immunofluorescence against F4/80 (70076) and CD206 (AF2534) were from CST and R&D System (Minneapolis, MN, USA), respectively. The antibodies for flow cytometry, including phycoerythrin (PE) anti-mouse F4/80 (123110), fluorescein isothiocyanate (FITC) anti-mouse/human CD11b (101206), allophycocyanin (APC) anti-mouse CD86 (105012), and APC anti-mouse CD206 (141708) were purchased from BioLegend (San Diego, CA, USA). The stool hemoccult kit (C027-1-1) was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) and the lactic acid assay kit II (K627-100) purchased from Solarbio (Beijing, China). Cytochalasin D (ab141788) was purchased from Abcam, and the MCT1 inhibitor AZD3965 (HY1250) was purchased from MedChemExpress (Princeton, NJ, USA). Macrophage colony stimulating factor (M-CSF; 416-ML) was purchased from R&D Systems. Information on the sequences used for strains is listed in Table 1.


Table 1 | Primers used in this study.






Saccharomyces cerevisiae


Strains

S. cerevisiae BY4741 (MATa, his3, leu2, met15, and ura3) was used for the construction of the recombinant strain. The gene-deleting modules were constructed to knock out the genes PDC1, PDC5, PDC6, ADH1, and ADH4, and the strain obtained was marked as S.cerevisiae 80#. Then, the exogenous gene LDH was inserted at the PDC1 and ADH1 knockout positions at the same time in order to obtain the strain marked as S.cerevisiae 39#. The primers used for the construction of the gene-deleting modules are shown in Table 1.




Media and Culture Condition

S. cerevisiae strain BY4741 was cultivated in liquid yeast extract peptone dextrose (YPD) medium containing 20 g/L glucose, 10 g/L yeast extract, and 20 g/L peptone. The recombinant strains with the Ura3 gene were cultivated in liquid SC-Ura medium (synthetic complete medium without uracil; 6.7 g/L yeast nitrogen base without amino acids, 20 g/L glucose, 0.1 g/L leucine, 0.02 g/L histidine, and 0.02 g/L tryptophan). The recombinant strains without the Ura3 gene were cultivated in liquid SC-5-FoA medium (synthetic complete medium with 5-FoA; 1 g/L 5-FoA, 6.7 g/L yeast nitrogen base without amino acids, 20 g/L glucose, 0.1 g/L leucine, 0.02 g/L histidine, 0.02 g/L tryptophan, and 0.5 g/L uracil). The growth of the yeast strains during cultivation were measured at a wavelength of optical density (OD) 600 nm using a spectrophotometer. The lactic acid concentrations were measured using the LA Assay Kit (BC2235, Solarbio).



Animal Experiments

Twenty-six male C57BL/6 mice (6–8 weeks old; specific pathogen free, SPF) were purchased from Hua Fu Kang (Beijing, China). Dextran sulfate sodium (DSS, molecular weight = 36–50 kDa) (MP Biomedicals, Santa Ana, CA, USA) was used in this experiment. The mice were housed in a SPF facility at the Laboratory Animal Center of the Chinese Academy of Medical Sciences, Institute of Radiation Medicine. The mice were randomly assigned into four groups: Water+PBS, DSS+PBS, DSS+LAC, and DSS+SyBE. After 1 week of accommodation, six mice per cage were housed at room temperature (standard light cycle, 12/12-h light/dark) with free access to food and water. Treatments were maintained for 7 days. The mice in the DSS+PBS, DSS+LAC, and DSS+SyBE groups received 2% (w/v) DSS in drinking water, while those in the Water+PBS group received normal drinking water. Meanwhile, the mice in the Water+PBS and DSS+PBS groups received phosphate-buffered saline (PBS, 0.2 ml) per day by intragastric gavage, those in the DSS+LAC group received 0.25 mM lactic acid (0.2 ml/day) by intragastric gavage, and the mice in the DSS+SyBE group received 109 CFU/ml S.cerevisiae 39# strain. The body weights and feces of the mice were recorded daily, and their disease activity index (DAI) was scored according to Table 2. Feces of mice were collected in sterile Eppendorf tubes and stored at −80°C. On the last day, the mice were sacrificed by cervical dislocation under anesthesia, the blood was collected, the colons were removed and the lengths measured, and the tissues were fixed in 4% paraformaldehyde solution or stored at −80°C until further analysis. All animal welfare and experimental procedures complied with the Laboratory Animal Management Regulations in China and the related ethical regulations of Tianjin Medical University.


Table 2 | Disease activity index (DAI) scoring system.





Microphage Isolation and Treatment

To obtain bone marrow-derived macrophage (BMDM), 3- to 4-week-old healthy mice were sacrificed and the femurs were removed. The bone marrows were flushed with 5 ml Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal bovine serum (FBS) with 1% penicillin–streptomycin. Then, the cell suspension was centrifuged and extracted with 60% and 30% Percoll. The cells were then plated onto 10-cm Petri dishes in DMEM containing 20% FBS, 1% penicillin–streptomycin, and 50 ng/ml M-CSF. The culture medium was replenished every 2 days. After 7 days, the cells were collected for analysis. To induce NLRP3 activation, BMDMs were plated at a density of 1.5 × 106 cells/well in a 60-mm dish for 24 h and treated with 500 ng/ml LPS for 6 h with or without 15 mM lactic acid. Then, the cells were collected and total proteins were extracted. To determine macrophage polarization and phagocytosis, BMDMs were treated with 100 ng/ml LPS for 24 h with or without 15 mM lactic acid.



Histological Analysis and Immunohistochemistry

The colon tissues fixed in 4% paraformaldehyde solution were paraffinized and sectioned (5 μm thick). Then, the sections were stained with hematoxylin and eosin (H&E). For immunohisto-chemistry, the sections were deparaffinized and rehydrated, processed with microwave antigen retrieval, and incubated overnight with primary antibodies against MUC-2 at 4°C. They were further incubated with secondary antibodies and streptavidin–horseradish peroxidase with diaminobenzidine.



Immunofluorescent Staining

The colon sections were fixed in 100% acetone for 5 min at −20°C and then incubated with primary antibodies against F4/80, CD206, and ZO-1 overnight at 4°C. Then, the sections were incubated with appropriate secondary antibodies for 60 min. The sections were then incubated with an antifade mounting medium (with DAPI) for nuclear counterstaining. Images were obtained with a Leica fluorescence microscope (Leica, Wetzlar, Germany).



Cytokine Measurement

For the quantification of cytokines in the serum, bead-based LEGENDplex™ analysis (BioLegend, San Diego, CA, USA) was used according to the manufacturer’s protocol. Six related cytokines were selected: IL-1β, IL-6, IL-10, IL-12p70, IFN-γ, and tumor necrosis factor alpha (TNF-α). Analysis was performed with the BD FACSCanto II flow cytometer (Becton Dickinson, San Diego, CA, USA), expressed in nanograms per milliliter.



Western Blot Analysis

Basically, samples of colon were homogenized in ice-cold RIPA lysis buffer containing 1% protease inhibitor cocktail and centrifuged at 13,000 rpm for 15 min at 4°C. To extract histone, the cells were cultured in a 10-cm plate and homogenized in 0.5 ml lysis buffer containing 8 M urea, 1% phenylmethylsulfonyl fluoride (PMSF), 3 μM trichostatin, and 50 mM niacinamide. Then, the cell homogenate was ultrasonically split under conditions of 200 W, intermittent ratio 30:30 s/s, 4°C, for 20 min using an ultrasonic homogenezier (Scientz-IID, Xinzhi, China). The protein concentration was quantified using a bicinchoninic acid (BCA) protein assay kit. Fifty micrograms of the protein was loaded and separated in sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred into 0.22-μm nitrocellulose filter membranes using wet transfer under conditions of 90 V, 90 min. The histones were transferred using the semi-dry transfer method (Bio-Rad, Hercules, CA, USA) under conditions of 20 V, 20 min. Then, the membranes were blocked with 5% (w/v) non-fat milk in 0.05% Tris-buffered saline (TBS) for 90 min at room temperature and then incubated with the primary antibodies overnight at 4°C. After being washed with TBST (TBS with Tween 20), the membranes were incubated with the respective secondary antibodies, including goat anti-mouse IgG (1:5,000, Zhong Shan Jin Qiao) and goat anti-rabbit IgG (1:5,000, Zhong Shan Jin Qiao), for 60 min at room temperature. Finally, the bands were visualized with enhanced chemiluminescence. The densitometry of the immunoblots was quantified using ImageJ software. β-actin was adopted as the internal standard to control the variation, and the relative protein expression values were expressed as fold mead of the controls compared to the corresponding control value. The control value was normalized to 1.0.



RT-PCR

Total RNA was extracted from the colon tissues or cells using the Trizol reagent, and 2,000 ng RNA was reverse transcribed into complementary DNA (cDNA) using a cDNA systhesis kit (TIANGEN, Beijing, China). Quantitative real-time polymerase chain reaction (RT-PCR) was performed with the SYBR Green Master Mix (Applied Biosystems, Waltham, MA, USA). Relative messenger RNA (mRNA) expression was calculated using 2−ΔΔCt. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the reference gene. The primer pairs used are presented in Table 1.



Flow Cytometry Analysis

All data acquisition was performed using a Beckman cytometer. The CytExpert software was used for data analysis and graphical representation. Basically, BMDMs were stimulated with PBS and LPS (100 ng/ml) with or without lactic acid (15 mM) for 24 h. For fluorescence-activated cell sorting (FACS) analysis, BMDMs were collected and stained with the manufacturer’s suggested concentrations of FITC anti-CD11b, PE anti-F4/80, and APC anti-CD86 for 15 min at room temperature in the dark. For intracellular staining, the cells were stained with FITC anti-CD11b and PE anti-F4/80, fixed in a fixation buffer (BioLegend) for 20 min, and resuspendend with intracellular staining permeabilizaiton buffer. Finally, the cells were incubated with APC anti-CD206 and quantified.



Phagocytosis Analysis

Carboxylate-modified polystyrene latex beads were pre-incubated in PBS with 10% FBS for 1 h at 37°C. The coated beads were added into LPS- or lactic acid-pretreated BMDMs at a ratio of 10:1. After phagocytosis for 2 h, non-adherent beads were washed twice with cold PBS. The cells were further detached by scraping with a soft rubber policeman and detected with a flow cytometer.



Microbiota Analysis

Fecal samples were snap frozen in liquid nitrogen and stored at −80°C after collection. The DNA of total bacteria was extracted from the fecal samples using a QIAamp® Fast DNA Stool Mini Kit. For 16S ribosomal RNA (rRNA) gene sequencing, the DNA samples were sent to the Center for Genetic & Genomic Analysis, Genesky Biotechnologies Inc. (Shanghai, China), under −20°C preservation and dry ice conditions. High-fidelity PCR was utilized to amplify the bacterial 16S rRNA hypervariable region 4 (V4) with the specific primer with a barcode. High-throughput sequencing was performed on the Illumina MiSeq platform with the 2 × 250-bp paired-end method after the library was quantified, mixed, and quality checked. The raw data files were analyzed with the Quantitative Insights into Microbial Ecology (QIIME) software pipeline. All the results were based on sequenced reads and operational taxonomic units (OTUs) clustered into representative groups and assigned to taxonomy using VSEARCH 2.7.1 at 97% similarity. Each representative sequence of OTUs was subjected to taxonomy analysis based on the SILVA bacterial 16S rRNA database. The alpha diversity (Chao1, PD_whole_tree, and Shannon) and beta diversity [principal component analysis (PCA) and non-metric multidimensional scaling (NMDS) analysis] were analyzed to identify the species diversity and composition of the microbiota. The relative abundance of bacteria was expressed as percentage.



Measurement of Short-Chain Fatty Acids

Short-chain fatty acids (SCFAs), such as acetic acid, propionate, butyrate, isobutyrate, and n-valeric and i-valeric acids, were extracted from mouse feces and detected using high-performance liquid chromatography–mass spectrometry (HPLC/MS), with calculation of the standard curve. Prior to the analysis, the appropriate amount of cecal content or feces was homogenized with five times volume of distilled water by vortexing and then centrifuged at 10,000 × g for 5 min; the resulting supernatant was mixed with an equal volume of 2-ethylbutyric acid (internal standard).



Statistical Analysis

Data are expressed as the mean ± standard deviation(SD). Significance of the difference among groups was assessed with one-way analysis of variance (ANOVA) using GraphPad Prism 8.0 software (GraphPad Software, Inc., La Jolla, CA, USA). The results were considered significant when p < 0.05.




Results


S. cerevisiae Reconstruction and Lactic Acid Expression Verification

S. cerevisiae BY4741 was used as the cellular chassis. Briefly, we firstly knocked out the genes PDC1, PDC5, PDC6, ADH1, and ADH4 and obtained the strain SyBE_Sc01020080 marked as SyBE 80 (Figure 1A). We performed several steps to obtain the PDC1 gene-deleting module ΔPDC1. Firstly, four simultaneous PCR reactions were performed to obtain the fragments of the promoter, terminator, URA3 gene, and part of the open reading frames (ORFs) of the gene PDC1, which were amplified using the primers P_p5_F/P_p5_R, T_p5_F/T_p5_R, U_p5_F/U_p5_R, and O_p5_F/O_p5_R, respectively (Figure 1B). Then, the four fragments were used as the templates and were overlapped in the second PCR reaction to obtain full-length ΔPDC1. After gel purification and digestion, the full-length ΔPDC1 products were then transformed into S. cerevisiae BY4741 to obtain the strain BY4741/ΔPDC1. The principle of the gene knockout is shown in Figures 1B–D. After being cultivated in an agar plate with FoA, the gene URA3 was deleted and ΔPDC1 was acquired. Following the above procedures, the other deleting modules, such as ΔPDC5, ΔPDC6, ΔADH1, and ΔADH4, were subsequently acquired. Then, one exogenous gene, LDH, was inserted at the PDC1 and ADH1 knockout positions at the same time in order to obtain the strain SyBE_Sc01020039, marked as SyBE 39. To evalutate the production of lactic acid, SyBE BY4741, SyBE 80, and SyBE 39 were cultured in liquid YPD medium containing 2% glucose. The growth curves of the three strains are shown in Figure 1E. SyBE BY4741 can grow with glucose as the principal energy source. SyBE BY4741 reached the stationary phase after 8 h of incubation, while SyBE 80 and SyBE 39 reached the stationary phase after 18 h. In addition, the lactic acid concentrations reached 0.196 and 0.318 mmol/L in SyBE BY4741 and SyBE 80 after 10 h of incubation, respectively (Figure 1F), while SyBE 39 produced 1.094 mmol/L after 10 h, which was approximately 5.58 times higher than that of SyBE Y4741.




Figure 1 | Engineering strategy to improve lactic acid prodution in Saccharomyces cerevisiae. (A) Schematic diagram of engineering S. cerevisiae. (B–D) Processes to knock out the PDC5 and PDC1 genes. (E) Growth curves of the three strains SyBE BY4741, SyBE 80, and SyBE 39. (F) Lactic acid production of the strains SyBE BY4741, SyBE 80, and SyBE 39.





Lactic Acid-Producing S. cerevisiae Alleviated the Clinical Symptoms of DSS-Induced Colitis

DSS-induced colitis is one of the most prevalently used in vivo models that mimics the development of UC, presenting increased permeability of the mucus layer, infiltration of leukocytes such as neutrophils, monocytes, and macrophages, and secretion of inflammatory cytokines, resulting in epithelial damage. The effect of oral administration of engineered SyBE was assessed in DSS-induced acute colitis model mice. Compared with the Water+PBS group, the weight of the mice treated with DSS decreased over time. In addition, the DSS-induced weight loss was effectively alleviated in the DSS+LAC and DSS+SyBE groups, suggesting that lactic acid treatments remarkably prevented the weight loss caused by DSS (Figure 2A). In addition, the DAI results conformed to the results from the weight change (Figure 2B). DSS treatment also shortened the colon length on the last day (Figure 2D). Colon shortening was positively associated with the colonic inflammation and edema of DSS-induced colitis. Moreover, the spleen index (spleen/body weight) reflected the severity of colitis. Treatment with lactic acid and SyBE significantly extended the length of the colon and reduced the spleen index compared to that of the control group (Figures 2C, D). Thus, SyBE treatment significantly ameliorated the disease symptoms of DSS colitis mice. The beneficial effects mediated by lactic acid and SyBE as a preventive schedule were also confirmed by the H&E-stained histological sections and the histopathology scores. The colon of DSS-fed mice showed severe acute colitis, manifested by mucosal structure disorder, inflammatory cell infiltration, crypt loss, ulcers, and epithelial cell necrosis (Figure 2E). In contrast, both groups with lactic acid and SyBE treatments were able to protect the colonic mucosa structure and improve the severity of inflammation (p < 0.05), resulting in improved colon pathological characteristics and significantly lower histopathological scores (Figure 2E). It is worth noting that, although the effect of lactic acid was very similar to that of SyBE, there was a slight inflammation in the LAC+DSS group.




Figure 2 | Effects of lactic acid and lactic acid-producing Saccharomyces cerevisiae on dextran sulfate sodium (DSS)-induced mouse colitis. (A) The body weight of mice was evaluated in the experiment. (B) The disease activity index was measured daily. (C, D) The spleen index and colon length were measured. (E) The distal colon was stained with hematoxylin and eosin to determine the degree of inflammation. (F) Immunohistochemistry stain against MUC2. (G) Immunofluorescent staining against ZO-1 in colon. Statistical analysis was performed using one-way ANOVA, with comparison with the DSS group mice. The results are based on eight mice per group. Error bars represent standard errors. Values represent the mean ± SD of the mean. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Water+PBS group; *p < 0.05; **p < 0.01; ***p < 0.001 vs. the DSS+PBS group. ns, no significance.





Lactic Acid-Producing S. cerevisiae Restores Intestinal Barrier Function in DSS-Induced Colitis

The intestinal epithelial barrier is the first line of defense of the host to protect from exogenous antigen, which is related to intestinal inflammation. The colonic tight junction proteins ZO-1 and mucin (MUC-2) were localized in the epithelial cell membrane of healthy intestines, but largely depleted in colitis mice. The expression of MUC-2 was increased in the DSS+LAC and DSS+SyBE groups, in contrast to that of the DSS group (Figure 2F). Lactic acid and SyBE significantly restored the continuous distribution of ZO-1 throughout the colonic mucosa (Figure 2G). In general, both lactic acid and SyBE upregulated the expressions of the tight junction proteins and increased the number of goblet cells in DSS-fed mice, which was similar to that of the control mice.



Lactic Acid-Producing S. cerevisiae Modulated the Immune Response in DSS-Induced Colitis

A previous study indicated that lactic acid downregulated the expressions of TNF-α and IL-1β (26). To further confirm the systemic anti-inflammatory properties of SyBE, we analyzed the levels of the pro- and anti-inflammatory mediators in serum. The levels of TNF-α and IL-1β were greater in the DSS group than those in the controls. SyBE treatment similarly reduced the levels of the pro-inflammatory TNF-α, IL-6, and IL-1β compared with those of the DSS group (p < 0.05) (Figures 3A–C). However, there were no significant differences in the levels of IL-10, IL-12p70, and IFN-γ (data not shown). These results showed that SyBE displayed intestinal anti-inflammatory activity in DSS-induced colitis.




Figure 3 | Effect of lactic acid and lactic acid-producing Saccharomyces cerevisiae on inflammatory cytokines in the serum of mice. The serum was measured using the LEGENDplex™ mouse inflammatory cytokine panel. (A–C) TNF-α, IL-6, and IL-1β were measured. Statistical analysis was performed using unpaired t-test. Error bars represent standard errors. #p < 0.05; ##p < 0.01 vs. the Water+PBS group; *p < 0.05; **p < 0.01; ***p < 0.001 vs. the DSS+PBS group.  ns, no significance.





Lactic Acid-Producing S. cerevisiae Inhibited the Polarization of M1 Macrophages In Vivo and In Vitro via MCT1

Activated macrophage infiltration plays an important role in the occurrence and development of colitis. M1 and M2 are the major subtypes of macrophages. In this study, F4/80 and CD206 were detected in colonic sections to examine the state of macrophage accumulation and polarization. The results showed that there were more F4/80-labeled macrophages in the DSS group, suggesting an increase in the number of mononuclear macrophages that reside and recruit in the colon (Figure 4A). However, there was fewer F4/80-labeled macrophages and much more CD206-labeled M2 macrophage in the DSS+LAC and DSS+SyBE groups, but with no significance between the two groups.




Figure 4 | Lactic acid and lactic acid-producing Saccharomyces cerevisiae improved macrophage polarization and phagocytosis. (A) Lactic acid and SyBE enhanced M2 polarization in the colon of colitis mice. (B, C) Lactic acid inhibited the expressions of IL-6 and iNOS in bone marrow-derived macrophages (BMDMs) upon stimulation with lipopolysaccharide (LPS). (D) Lactic acid inhibited the expression of CD86 and promoted the expression of CD206 in BMDMs. (E) Lactic acid promoted the phagocytosis of macrophages. *p < 0.05; ***p < 0.001 vs. the LPS group. ns, no significance.



To investigate whether lactic acid has an effect on macrophage polarization, the percentage of CD86+ cells and the ratio of CD86+ to CD206+ cells were examined by flow cytometry analysis on BMDMs. The results showed that the number of M1 macrophages increased with LPS stimulation (Figure 4D). Lactic acid treatment decreased the number of CD86+ cells and increased the percentage of CD206-labeled M2 macrophages. Furthermore, lactic acid decreased the mRNA expressions of the iNOS and IL-6 of the M1-like phenotype in LPS-stimulated cells, which was consistent with the results of flow cytometry (Figures 4B, C). Subsequently, the phagocytic capacity of macrophages was evaluated by measuring the phagocytosis of the carboxylate-modified polystyrene latex beads into cells with flow cytometry. The results showed that LPS enhanced the phagocytic capability of macrophages compared with the control group, while lactic acid significantly decreased the mean fluorescence intensity with LPS stimulation (Figure 4E).

Overall, lactic acid mediated the shift from the M1- to the M2-like profile and the phagocytosis of the macrophages.



Lactic Acid-Producing S. cerevisiae Inhibited NLRP3 Inflammasome Activation In Vivo and In Vitro

As lactic acid treatment significantly decreased the level of the pro-inflammatory cytokine IL-1β, which is an inflammatory cytokine released by macrophage pyroptosis in colitis, in DSS-fed mice, we decided to explore the effect and the mechanism of lactic acid on macrophage pyroptosis.

The inflammasome is an important part of the inflammatory response. The functional NLRP3 inflammasome is formed by a variety of secondary signals such as potassium efflux, reactive oxygen species (ROS) production, lysosome rupture, and mitochondrial stress. The inflammasome is a pyroptosis platform composed of multiple proteins, including the inflammasome sensor NLRP3, the adaptor ASC, and the effector molecule caspase-1. Caspase-1 self-cleavage activates and cleaves pro-IL-1β and pro-IL-18 to form active IL-1β and IL-18, respectively. Gasdermin D (GSDMD) forms pores in the host cell membrane to release IL-1β outside the cell. Therefore, we estimated the levels of NLRP3, caspase-1, ASC, and GSDMD under treatment of LPS and/or lactic-acid (7). Upon stimulation with LPS, the expressions of NLRP3, caspase-1 p45, and IL-1β p17 increased. When primed with lactic acid, the expressions of the NLRP3 inflammasome, IL-1β p17, caspase-1 p45, ASC, and GSDMD were diminished (Figure 5A). On the other hand, we also evaluated the activation of the NLRP3 inflammasome in mice. Compared with the control group, DSS significantly increased NLRP3, caspase-1 p45, GSDMD, and IL-1β p31/17 in colonic tissues. Treatment with lactic acid and SyBE significantly suppressed the macrophage pyroptosis to maintain tissue immune homeostasis (Figure 5D). Moreover, activation of the NLRP3 inflammasome also mediated M1 macrophage polarization. Our results confirmed that lactic acid-producing S. cerevisiae not only suppressed M1 macrophage polarization but also inhibited NLRP3 inflammasome, which indicated that lactic acid-producing S. cerevisiae may exert this synergistic effect in colitis.




Figure 5 | Lactic-acid and Saccharomyces cerevisiae inhibited NLRP3 inflammasome activation in vivo and in vitro. (A) Lactic acid downregulated the expressions of NLRP3, caspase-1, IL-1βp31, and gasdermin D (GSDMD) in bone marrow-derived macrophages (BMDMs). (B) With AZD3965 pretreatment, lactic acid did not inhibit the expression of NLRP3 upon stimulation with LPS in BMDMs. (C) Lactic acid enhanced the expressions of H3K9ac and H3K18lac in BMDMs. (D) Lactic acid and SyBE inhibited the expressions of NLRP3, GSDMD, and IL-1βp17 in dextran sulfate sodium (DSS)-induced colitis.



Lactic acid transport is mainly carried out by monocarboxylate transporters (MCTs), which belong to the solute carrier 16A family (SLC16A). AZD3965 is a specific MCT1 transporter inhibitor that can inhibit the transportation of lactic acid in macrophages. With AZD-3965 pretreatment, the activation of NLRP3 and GSDMD could not be decreased by lactic acid treatment with LPS stimulation (Figure 5B).

We also assessed the effect of lactic acid on the regulation of the transcriptional levels of the macrophages involved in the pathogenesis of colitis. Lactic acid, used as a therapeutic, was able to significantly increase histone H3 K9 acetylation and histone H3 K18 lactylation in BMDMs (Figure 5C). Therefore, we speculated that some genes or proteins regulated by acH3K9 and laH3K18 may be involved in the inhibitory effect of lactic acid.



Lactic Acid-Producing S. cerevisiae Shaped the Intestinal Microbiota After Oral Gavage

Gut dysbiosis contributes to the development of UC. Having explored the immunomodulatory effect of lactic acid-producing S. cerevisiae, we expected that it could modulate the gut microbiota in colitis. 16S rRNA sequencing of the V3–V4 regions was performed to evaluate alterations in the gut microbiota. The rarefaction curve of the Sobs index denotes that the sequencing depth was enough and reasonable and that the sequencing data were credible (Figure 6A). The α-diversity values reflect the richness and relative diversity of species in a microbial community. DSS treatment significantly reduced the community richness (Chao1) and community diversity (PD_whole_tree and Shannon) (Figures 6B–D), while lactic acid and SyBE supplementation significantly improved these indexes. All indexes clearly indicated that lactic acid and S. cerevisiae increased the gut microbiota diversity of DSS-induced colitis mice.




Figure 6 | Alpha diversity of the gut microbiota and rarefaction curves. (A) Rarefaction curves. (B) Chao1 index of all samples. (C) PD_whole_tree index of all samples. (D) Shannon index of all samples based on the operational taxonomic unit (OTU) level. (A) Water+PBS; (B) DSS+PBS; (C) DSS+LAC; (D) DSS+SyBE (n = 6).



The species composition is displayed in Figure 7. PCA and NMDS analysis showed that DSS significantly changed the gut microbial structure compared to the control group (Figures 7A, B). At the phylum level, the ratio of Firmicutes to Bacteroides increased in mice in the DSS group, while it decreased in mice in the DSS+LAC and DSS+SyBE groups. Both lactic acid and S. cerevisiae appeared to regulate the abnormal gut microbiota in DSS-induced UC mice (Figure 7C). At the genus level, the relative abundance of Parasutterella, Erysipelatoclostridium, Streptococcus, Bacteroides, Escherichia–Shigella, Faecalibaculum, Coprobacillus, and Prevotellaceae_UCG-001 significantly increased in the DSS+PBS group compared to that in the Water+PBS group, but decreased upon lactic acid and SyBE treatment. The relative abundance of Oscillibacter, Bacteroides, Roseburia, Lactobacillus, Muribaculum, Rikenella, and Faecalibacterium decreased in the DSS+PBS group, whereas lactic acid and SyBE treatment increased the relative abundance of these species. Linear discriminant analysis effect size (LEfSe) analysis discovered the dominant microbiota and biomarkers at the family and genus levels for each group, with a threshold of 3 (Figures 7D, E). At the genus level, the dominant microbiota in the Water+PBS group were Rikenella, Enterorhabdus, Marvinbryantia, Muribaculum, and Monoglobus. The dominant microbiota in the DSS+PBS group were Turicibacter, Romboutsia, Ileibacterium, Escherichia_Shigella, Faecalibaculum, Bifidobacterium, Parasutterella, Erysipelatoclostridium, Helicobacter, Clostridium, Streptococcus, and Lachnospiraceae. The dominant microbiota in DSS+LAC group were Eubacterium_siraeum, Ruminococcus, and Anaeroplasma. The dominant microbiota in the DSS+SyBE group were Bacteroides, Enterococcus, Staphylococcus, Eubacterium_fissicatena, Lactococcus, Aerococcus, and Jeotgalicoccus. Moreover, supplementing SyBE increased the abundance of certain Lachnospiraceae, such as Lachnospiraceae_bacterium_COE1 and Lachnospiraceae_bacterium_28-4, which can metabolize lactic acid to produce butyrate. In summary, there were great differences among the DSS+PBS, DSS+LAC, and DSS+SyBE groups. These results indicated that lactic acid-producing S. cerevisiae modulated the structure of the gut microbiota in DSS-induced colitis.




Figure 7 | Effect of lactic acid and Saccharomyces cerevisiae on the species composition of the gut microbiota. (A) Principal component analysis (PCA). (B) Non-metric multidimensional scaling (NMDS) analysis. (C) Relative abundance at the phylum level. (D) Differentially enriched intestinal microbiota in all groups at the genus level by linear discriminant analysis (LDA). An LDA score higher than 3 represents a higher abundance in the group than that in other groups. (E) Cladogram based on linear discriminant analysis effect size (LEfSe) analysis. (A) Water+PBS; (B) DSS+PBS; (C) DSS+LAC; (D) DSS+SyBE (n = 6).





Supplemental Lactic Acid Increased the Content of SCFAs in Mouse Feces

SCFAs, such as acetic acid, propionic acid, and butyric acid, are the metabolites of the fermentation of intestinal dietary fiber bacteria, which have important immunomodulatory functions in the gut. As lactic acid supplementing SyBE altered the microbiota in colitis mice, we wondered whether it could regulate the contents of SCFAs in colitis mice. Herein, we detected the levels of SCFAs in the feces of mice fed with lactic acid and SyBE using HPLC/MS (Figure 8). In the DSS+PBS group, the contents of all SCFAs in mouse feces were significantly reduced compared to those in the Water+PBS group. Supplementation with lactic acid increased the contents of acetate, propionate, butyrate, isobutyrate, and valerate (p < 0.05), while SyBE treatment did not significantly change the contents of SCFAs. These results showed that the decrease of SCFAs caused by DSS could be recovered by supplementing with lactic acid.




Figure 8 | Short-chain fatty acids in colitis mice significantly showed lower levels of acetate (A), propionate (B), butyrate (C), isobutyrate (D), valerate (E), and caproate (F). #p < 0.05; ##p < 0.01 vs. the Water+PBS group; *p < 0.05 vs. the DSS+PBS group (n = 6). ns, no significance.






Discussion

UC is a complex disease involving the host, microorganisms, and environmental factors. DSS-induced experimental colitis is a well-established model that can be used to understand the pathogenesis of UC. We conducted the first study on the modification of the S. cerevisiae strain to enhance its lactic acid production and applied it for UC treatment. Our results demonstrated that the engineered S. cerevisiae could alleviate DSS-induced colitis, as evidenced by relieving the weight loss and bleeding and the DAI. Lactic acid and SyBE also significantly reduced the contents of pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, in serum, that promote the development of colitis (27). This study also observed the neutrophil infiltration in the DSS group, which was decreased by lactic acid treatment. Moreover, the intestinal epithelium barrier is the first physical line of defense to prevent the invasion of pathogens in the gut (28). The intestinal epithelium was damaged in the DSS group, presenting as mucosal structure disorder, inflammatory cell infiltration, crypt loss, ulcers, and epithelial cell necrosis. Lactic acid and SyBE improved the histological damage with lower histological scores. Moreover, a reduction of MUC2 contributes to bacterial colonization and inflammation. DSS treatment significantly reduced the expression of the MUC2 protein in colonic crypts, but lactic acid treatment restored this change. In addition, the tight junction protein ZO-1 usually represents the integrity of the intestinal barrier. We found that lactic acid and the lactic acid-producing S. cerevisiae showed protective effects.

Lactic acid exerts various bioactive properties to regulate innate immunity and reduce the pro-inflammatory cytokines (29). Moreover, lactate abrogates the TLR- and IL-1β-dependent activation of intestinal epithelial cells in starvation-refed mice (30). Moreover, luminal lactate also stimulated enterocyte proliferation, which contributed to maintaining the intestinal barrier (31). Furthermore, oral administration of lactate enhanced the dendrite protrusion of CX3CR1+ cells in the small intestine (32). However, the underlying mechanism of how lactic acid exerts its anti-inflammatory activities in colitis remains to be explored.

Increasing evidence suggested that targeting macrophage polarization benefits UC treatment (33–35). The different polarization states of macrophages show diverse immunological responses. However, it is unknown whether lactic acid regulates macrophage polarization in UC. The immune metabolism in macrophages is closely related to their activation state and function. Metabolic adaptation in an inflammatory environment is the key to the plasticity of macrophages. M1 and M2 macrophages have unique metabolic programs. Our data also showed that lactic acid promoted macrophage polarization toward the M2 phenotype. There are many subtypes of M2 macrophages, such as M2a, M2b, and M2c, which exert different functions. M2a macrophages are intrinsically related to wound healing and anti-inflammatory (after exposure to IL-4 or IL-13), M2b macrophages have been described as either pro- or anti-inflammatory (immune response to IL-1β or LPS), and M2c macrophages exert tissue remodeling (immune response to IL-10). Lastly, latex beads were used to evaluate the phagocytosis. It was found that lactic acid significantly increased M2 macrophage polarization and promoted the phagocytic ability.

Pyroptosis is an inflammatory programmed cell death that is important in host defense by linking innate and adaptive immunity (8). However, it is still controversial whether it is beneficial or pathogenic. Some studies have shown that NLRP3−/− deficiency resulted in decreased intestinal inflammation (36, 37), while other studies have suggested that abnormal activation of the NLRP3 inflammasome released a lot of pro-inflammatory cytokines, such as IL-1β and IL-18, which disrupted the intestinal barrier (38, 39). We found that the NLRP3 inflammasome was overactivated in mice in the DSS group, and lactic acid treatment suppressed the expressions of NLRP3, IL-1β, and the pyroptosis executive protein GSDMD. A previous study showed that lactate exerts anti-inflammatory activities via GPR81 in DSS-induced colitis (16). When we blocked the lactic acid transporter MCT1, the expression of NLRP3 decreased, indicating that lactic acid exerted an anti-inflammatory function via MCT1 in macrophages rather than binding to GPR81. What is more is that certain microorganisms in the intestine can use lactic acid and acetic acid to synthesize butyric acid, which can prevent the accumulation of lactic acid and stabilize the intestinal environment. To further validate the underlying mechanism of lactic acid, we examined the epigenetic change. Our results showed that LPS decreased H3K9 acetylation and H3K18 lactylation, but lactic acid reduced this inhibitory effect, indicating that some genes or proteins regulated by H3K9 acetylation and H3K18 lactylation were involved, which needs to be further explored. Our results provide new insights into the role of the NLRP3 inflammasome in pathophysiology and suggest that NLRP3 is a potential therapeutic target to inhibit macrophage activation and prevent IBD. Furthermore, the activation of the NLRP3 inflammasome may induce the polarization of M1 macrophages and increase the secretion of pro-inflammatory cytokines (40). Inhibiting excessive NLRP3 activation can alleviate the inflammatory response in the colitis. Herein, we found that lactic acid-producing S. cerevisiae not only suppressed M1 macrophage polarization but also inhibited the NLRP3 inflammasome in vivo and in vitro, indicating that lactic acid-producing S. cerevisiae may exert this synergistic effect for protection from colitis (Figure 9).




Figure 9 | Lactic Acid-Producing probiotic Saccharomyces cerevisiae (SyBE) attenuates DSS-induced mice colitis via suppressing macrophage pyroptosis and modulating gut microbiota. Additionally, SyBE modulated the macrophage polarization state in colitis. SyBE: Saccharomyces cerevisiae. MCT1: monocarboxylic acid transporter 1. DSS, dextran sulphate sodium.



Increasing evidence suggests that dysbiosis in the gut promotes the pathogenesis of UC. DSS-treated mice also exhibited dysbiosis, including reduced microbial diversity, reduced abundance of probiotics, and elevation of pathogenic bacteria (41, 42). Herein, lactic acid and SyBE significantly improved the alpha diversity and changed the species composition in DSS colitis mice. At the phylum level, lactic acid treatment reversed the DSS-induced changes in the relative abundance of bacteria. DSS treatment largely increased the portion of potentially harmful bacteria such as Parasutterella, Helicobacter, Streptococcus, and Escherichia–Shigella and increased the portion of beneficial bacteria such as Oscillibacter, Roseburia, and Muribaculum. Beta diversity indicates the change of the microbial community composition. PCA and NMDS analysis showed that the microbial community structure was significantly different between the DSS group and the control group. Both lactic acid and SyBE changed the composition in DSS colitis mice. However, lactate accumulation is associated with dysbiosis, for example, in severe colitis, which may result in part from a lack of lactate-utilizing bacteria (43). SCFAs are important microbial metabolites and have diverse beneficial effects on host immunity and metabolism (44, 45). Lactic acid can be metabolized to SCFAs in the gut (46, 47). We found that supplementation with lactic acid increased the abundance of lactic acid-utilizing bacteria in the DSS+LAC and DSS+SyBE groups, such as Lachnospiraceae, which may convert lactic acid into propionate and butyrate (48, 49). Meanwhile, the abundance of some SCFA-producing bacteria, such as Oscillibacter, Rikenella, and Faecalibacterium, were reduced in DSS-treated mice, while it increased in the DSS+LAC and DSS+SyBE groups. We detected the levels of SCFAs and found that supplementation with lactic acid increased the levels of acetate, propionate, and butyrate in the feces of colitis mice.

Fungal communities also exist in the intestinal tract, which affect intestinal health and diseases by inhibiting the growth of potential pathogenic bacteria, promoting immunoregulation and regulating host metabolism (50). S. cerevisiae is a unicellular facultative anaerobic fungus and an important part of the normal fungal microbiota. Previous studies have shown that S. cerevisiae promoted purine metabolism in mice, leading to increased uric acid levels, and had a direct pro-inflammatory effect and increased the permeability of the intestinal barrier (51). However, the causal relationship between specific fungi and diseases remains to be clarified. S. boulardii is a subtype of S. cerevisiae and has been reported to have anti-inflammatory effects in colitis (52, 53). In contrast to that in healthy people, the proportion of S. cerevisiae in the gut microbiota is decreased in IBD patients and is extremely deficient in patients with colorectal cancer (54). In addition, S. cerevisiae CNCMI-3856 has been proven to alleviate adherent-invasive E. coli (AIEC)-induced colitis by inhibiting the adhesion of AIEC to intestinal epithelial cells and recovering the intestinal barrier (55). Furthermore, S. cerevisiae mono-colonization improved the mortality and colonic shortening in commensal bacteria-depleted mice. Additionally, it also reduced the susceptibility to intranasal influenza A virus infection, which was mediated by mannans (56), as CD206 is a receptor of mannose existing in the membrane and intracellular parts in macrophages (57). In this study, oral administration of lactic acid-producing S. cerevisiae increased the F4/80+CD206+ macrophages in colitis mice. Lactic acid-producing S. cerevisiae may exert protective effects via the mannose receptor in macrophages with the synergistic effect of lactic acid. The underlying mechanism needs to be further explored. Moreover, it is speculated that S. cerevisiae may be difficult to adapt to the inflammatory environment or may have potential anti-inflammatory effects. This makes it possible to use S. cerevisiae as a new treatment, similar to several bacterial treatments currently under development. Lactic acid-producing S. cerevisiae not only can regulate mucosal immunity and inhibit colonic inflammation but also has strong acid resistance. S. cerevisiae can reach the intestine through low-pH gastric acid, which makes up for the defect of other probiotics that cannot easily pass through the stomach.



Conclusion

This study aimed to evaluate an engineered lactic acid-producing S. cerevisiae with high production, reducing the excessive activation of macrophage pyroptosis and regulating the intestinal microbiota to prevent UC. It is inferred that using lactic acid as a driving factor will help in developing strategies to control the potential consequences of microbiota dysbiosis during intestinal inflammation, such as the deterioration of mucosal inflammation, and provide new ideas and evidence for the use of probiotics in the treatment of UC.
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Aging is a natural process with concomitant changes in the gut microbiota and associate metabolomes. Beta-nicotinamide mononucleotide, an important NAD+ intermediate, has drawn increasing attention to retard the aging process. We probed the changes in the fecal microbiota and metabolomes of pre-aging male mice (C57BL/6, age: 16 months) following the oral short-term administration of nicotinamide mononucleotide (NMN). Considering the telomere length as a molecular gauge for aging, we measured this in the peripheral blood mononuclear cells (PBMC) of pre-aging mice and human volunteers (age: 45–60 years old). Notably, the NMN administration did not influence the body weight and feed intake significantly during the 40 days in pre-aging mice. Metabolomics suggested 266 upregulated and 58 downregulated serum metabolites. We identified 34 potential biomarkers linked with the nicotinamide, purine, and proline metabolism pathways. Nicotinamide mononucleotide significantly reduced the fecal bacterial diversity (p < 0.05) with the increased abundance of Helicobacter, Mucispirillum, and Faecalibacterium, and lowered Akkermansia abundance associated with nicotinamide metabolism. We propose that this reshaped microbiota considerably lowered the predicated functions of aging with improved immune and cofactors/vitamin metabolism. Most notably, the telomere length of PBMC was significantly elongated in the NMN-administered mice and humans. Taken together, these findings suggest that oral NMN supplementation in the pre-aging stage might be an effective strategy to retard aging. We recommend further studies to unravel the underlying molecular mechanisms and comprehensive clinical trials to validate the effects of NMN on aging.
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INTRODUCTION

The aging population is continuously increasing. It has been predicted that the people over 60 years of age will be more than 1.2 billion globally in 2050 (1). Elongated lifespan, however, may come with undesirable health conditions, such as organ damage, metabolic dysfunction, decreased bone density, and untoward inflammatory responses (2). Indeed, aging can be slowed to a moderate decline of age-related functionality via intervening in the biological systems (viz., nutrient sensing, gut microbiome-targeted modulation) (3). Lifestyle adjustments like caloric restriction, time-restricted feeding, and alternate fasting, are known to improve cerebrovascular health in the elder population (4). Studies have shown that nicotinamide adenine dinucleotide (NAD+) levels decrease with aging in worms as well as mammals (5, 6). The inhibition of NAD+ consumption and/or replenishment of NAD+ precursors are considered to retard aging and age-predisposed diseases by boosting the NAD+ levels (7, 8). Nicotinamide mononucleotide is a key NAD+ precursor that has been deemed a potentially effective, affordable, and safe anti-aging agent capable of extending the lifespan and ameliorating age-related complications (8–10). Besides anti-aging activities, nicotinamide mononucleotide (NMN) also shows a variety of health benefits. Nicotinamide mononucleotide has displayed positive roles in angiogenic processes and anti-oxidative activities via the SIRT1-dependent signaling pathways (11, 12). The reduction of metabolic impairment in obese mice has been reported in NMN supplementation (13, 14). Enhanced intestinal homeostasis has been currently reported in NMN treatment via regulating the gut microbiota (15). An isotope labeling study has demonstrated that the gut bacteria compete with the host to consume orally delivered NMN (16).

Correlations have been observed between gut microbiota and age (17). Age-related microbial dysbiosis can induce intestinal permeability and systemic inflammation, further impacting late-life health (18). In addition, inflammations can perturb the balance of the gut microbiota, which in turn shortens the lifespan (19). Gut microbiota-targeted interventions have been conducted to retard aging and improve host health (20). A preventive effect of natural functional food on aging via the regulation of gut microbiota and relevant metabolites has also been demonstrated (21). Gut microbiota transplantation of young donors is evident to reverse age-associated impairments in the peripheral and brain immunity, and cognitive behavior in older recipients (22). Not only the gut microbiota has vital effects on aging, but also the microbial metabolites exhibit important roles in the lifespan. In recent years, metabolomics has been used to identify important biomarkers of healthy aging and longevity (23, 24). Additionally, an integrated metabolome-microbiome method displayed advances in the analysis of the relationship between host metabolism and gut microbiota (25). Huang and his colleagues have revealed that long-term oral NMN administration in drinking water increased the abundance of beneficial microbes and contents of bile acid-related metabolites by combining fecal microbiome and metabolomic analysis (15).

Telomere length is an important aging biomarker that reduces during aging (26). The administration of NMN has been proved to maintain telomere length in the liver of mice (27). In aging studies, murine (Mus musculus) is one of the most widely used experimental models. Jackson laboratory has defined the age stages of C57BL/6J mice as mature adults (3–6 months), middle-aged (10–14 months), and old (18–24 months) which have been corresponded to the human age of 20–30 years old (mature adult), 38–47 years old (middle-aged), and 56–69 years old (old), respectively (28). Research in aging is generally performed with mice not <18 months and human volunteers not <60 years old (29). Herein, we designated a pre-aging stage between the middle-aged and mature adults to about 15–17 months for mice and 45–60 for human volunteers. We investigated whether supplementing the NMN at a pre-aging stage could slow down the aging process. Herein, we attempted to investigate the effects of short-term NMN supplementation on the serum metabolites and gut microbiota in the pre-aging mice, as well as the telomere length in both the pre-aging mice and humans enrolled in the present study.



MATERIALS AND METHODS


Animals and Experimental Design

The animal experiment was approved and conducted following the Regulations and Administration of the Committee of the Institute of Subtropical Agriculture at the Chinese Academy of Science (No.ISA-2020-18). A total of twenty 16-month-old male C57BL/6 specific pathogen-free mice (STA Laboratory Animal Co., LTD, Hunan, China) were used in the study. All the mice were housed with two mice per cage and raised under controlled conditions (temperature 25 ± 2°C, light/dark 12 h:12 h, humidity 60 ± 10%). The mice had free access to feeds and water. After 4 days of acclimatization, the mice were randomly assigned as the control group and NMN supplemented group with five replicates in each treatment (a cage/replicate). All the mice were fed a chow diet (D12450J, 17.70 kJ/g), which was purchased from the SLAC Laboratory Animal Central (Changsha, China). The control group mice were fed with water, and the NMN group mice were fed with water containing 500 mg/L (w/v) of NMN. The NMN dosage accepted in the experiment was referred to a previous study (15). The NMN-containing water bottles and cages were changed weekly. The whole experiment lasted for 40 days, the food intake and body weight were measured every 5 days, and the water intake was measured every 7 days.



Heat Yield Measurement

The heat yield of the mice was measured by an infrared camera (Seek Thermal Compact XR iOS Camera, Seek Thermal, Inc., CA, USA) at end of the experiment. The pixels of the images were measured using Image J v1.8.0, National Institutes of Health, Bethesda, Maryland, USA and presented by a histogram.



Sample Preparation

At end of the experiment, all the mice were fasted for 6 h. The fresh feces of all the mice were directly collected from the anus of the mice to analyze the fecal microbiota. The mice were induced with anesthesia by the intraperitoneal injection of 2% pentobarbital sodium (45 mg/kg body weight). The blood was taken from the enucleation of the eyeballs and collected into a 1.5 ml sterile Eppendorf tube (Eppdendorf, Hamburg, Germany), and then placed at room temperature for 30 min. The blood samples were centrifuged for 15 min at 3,000 g and 4°C, the serum was collected and stored at −80°C until further analyses.



Serum Metabolomics

The serum metabolites were determined by a commercial service in the Biotree company (Shanghai, China). Briefly, 50 μl of the serum sample was mixed with 200 μl of extracting solution containing 50% methanol and 50% acetonitrile and the two internal standards (L-leucine-5,5,5-d3, CAS:87828-86-2, trimethylamine-d9-N-oxidein, CAS: 1161070-49-0), followed by 10 min of sonication under iced conditions, and then was centrifuged for 15 min at 11,000 g and 4°C to collect the supernatant. The supernatant was subjected to Vanquish ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS) platform (Thermo Fisher Scientific, Massachusetts, United States) with an ACQUITY UPLC BEH Amide (2.1 × 100 mm, 1.7 μm) chromatographic column and Q Exactive HFX mass spectrometer (Orbitrap MS, Thermos) and scanned for the positive model. The injection volume was 3 μl. The mobile phase used in the liquid chromatography (LC) elution includes solvent A (25 mmol/L ammonium acetate and 25 mmol/L ammonia in ultrapure water) and solvent B (acetonitrile) with the elution gradient as follows: 0–.5 min, 95% B;.5–7 min, 95–65% B; 7–8 min, 65–40% B; 8–9 min, 40% B; 9–9.1 min, 40–95% B; 9.1–12.0 min, 95% B. The full scan mass spectrum was obtained based on the information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo Fisher Scientific). The electron spray ionization source conditions with 50 Arb sheath gas flow rate, 10 Arb Aux gas flow rate, 320°C capillary temperature, 60,000 full mass spectrometry (MS) resolution, 7,500 MS/MS resolution, 10/30/60 collision energy in normalized collisional energy mode, and 3.5 kV spray Voltage (positive) were used. For the data analysis, ProteoWizard database, Palo Alto, CA, USA was used to convert the raw data to the mzXML format, and then processed with an in-house R software, and (X) of chromatography mass spectrometry was used to detect, extract, align and integrate the peak. The peaks were normalized using an internal standard. The principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed using SIMCA-P (16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden) to cluster the sample plots across groups. To screen the significantly different metabolic markers, univariate statistical analysis was used based on the criteria of variable importance in the projection (VIP) >1 and the fold change of metabolites <0.5 or more than 2, coupling with p-value <0.05, which was visualized by a volcano plot and heatmap plot. The relevant significant changed metabolism pathway was determined based on the database of Kyoto Encyclopedia of Genes and Genomes (KEGG).



Fecal DNA Extraction and Sequencing

Fecal samples were freshly collected and snap-frozen using liquid nitrogen and stored at −80°C. The bacterial genomic DNA was extracted using the CTAB method. The concentration was measured using a NanoDrop 2000, the purity and quality of the genomic DNA were checked by running 1% agarose gel electrophoresis. The V4 hypervariable regions of the 16S ribosomal RNA (rRNA) were amplified using 515F and 806R primers. The PCR conditions were 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s. The PCR products were purified using a Qiagen gel extraction kit (Qiagen, Germany). The amplicons were sequenced using an Illumina NovaSeq 6000 platform by a commercial service of Novogene Bioinformatics Technology Co., Ltd (Beijing, China).



Fecal Microbial Analyses

For the sequence analysis, UParse software (Uparse v7.0.1001, http://drive5.com/uparse/) was used. The sequences of similarity ≥97% were assigned to the same operational taxonomic units (OTUs) (30). The Silva database (http://www.arb-silva.de/) with the Mothur algorithm was used to annotate the taxonomic information of the representative sequences (31). The alpha diversity including observed_species, Chao1, Simpson, and Shannon was determined in QIIME (version 1.7.0) open source software (http://qiime.org/) and visualized by R software (version 2.15.3). The beta diversity includes PCA based on the OTU level, principal coordinate analysis (PCoA) based on the unweighted unifrac matrix, and non-metric multi-dimensional scaling (NMDS) based on Bray–Curtis distance were calculated in QIIME (Version 1.9.1.). Tax4Fun R package (http://tax4fun.gobics.de/) was used to analyze the predicated functions of bacterial species (32).



DNA Isolation and Measurement of Telomere Length

A non-blinded clinical trial in eight healthy men was conducted to investigate the supplementary effect of NMN on the telomere length of the peripheral blood mononuclear cell (PBMC). The male subjects enrolled in the study were selected based on the criteria based on an NMN clinical trial NCT04228640 (https://clinicaltrials.gov/ct2/show/study/NCT04228640) and a previous study (33) as follows: (1) 45–60 years old with body mass index (BMI) at a range of 18.5–30 kg/m2; (2) no allergic and metabolic diseases; (3) without any form of niacin supplement for 7 days prior to the study and for the whole test period; (4) kept consistent diet and lifestyle habits during the whole test period; (5) took NMN supplement for 90 days; (6) followed verbal and written study directions. The information of the volunteers is presented in Supplementary Table 1. All the participants were instructed to take NMN (300 mg/day/person) (34) in warm water once a day after 30 min of breakfast for a total of 90 days. The blood of all the participants was taken by a doctor at 0, 30, 60, and 90 days of NMN administration using ethylene diamine tetraacetic acid-containing anticoagulant tubes. The blood was separated into serum and PBMC for the analyses of serum cholesterol, triglyceride, and glucose contents using an automatic biochemical analyzer (Beckman Coulter AU5811) with commercial kits. The genomic DNA was extracted from the PBMC from the whole blood of mice and human samples using a FastPure Blood DNA Isolation Mini Kit V2 (Vazyme, Nanjing Vazyme Biotech Co., Ltd, China) following the manual of the manufacturer. The DNA concentration was determined using a NanoDrop 2000 spectrophotometer ThermoFisher Scientific, Waltham, MA, USA. Real-time quantitative PCR was used to assess the telomere length (TL) following the previously described methods (35, 36). Briefly, the primers of tel1b, F-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT, and te12b R-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT was used to amplify the telomeres (T) of the mouse and human. 36B4 primers (mouse: F-ACTGGTCTAGGACCCGAGAAG and R-TCAATGGTGCCTCTGGAGATT; human: F-CAGCAAGTGGGAAGGTGTAATCC, R-CCCATTCTATCATCAACGG-GTACAA) were used to amplify the single-copy gene (S). The relative TL was measured by comparing the ratio of T repeat copy number and S copy number, expressed as the telomere length (T/S) ratio. The clinical study was reviewed and approved by the Institute of Life Sciences, Chongqing Medical University, Chongqing. Verbal and written informed consents were obtained from each subject before the clinical study.



Statistics

Statistical analysis was conducted using Prism GraphPad 7 software (GraphPad Software Inc., San Diego, California, United States). The significant difference between the control group and the NMN group were performed based on the student's t-test with non-parametric tests.




RESULTS


NMN Supplementation Enhanced Heat Yield in Pre-Aging Mice

The supplementary effect of NMN on age-associated body weight change was determined. In comparison with the control mice, the NMN-supplemented mice showed little change in body weight and feed intake (Figures 1A,B), but significantly increased the water intake (Figure 1C) on 21 days (p < 0.05). Moreover, the NMN-supplemented mice significantly increased the heat yield after 40 days (p < 0.05) (Figures 1D,E).


[image: Figure 1]
FIGURE 1. Supplementary effects of nicotinamide mononucleotide (NMN) on the body weight (A), feed intake (B), water intake (C), heat yield image (D), and histogram (E) of pre-aging mice. Values indicate mean ± SEM (n = 10). *Indicates significant difference at p < 0.05 level.




Effect of NMN Supplementation on Serum Metabolome in Pre-Aging Mice

Untargeted metabolomics was performed to analyze the effects of NMN supplementation on serum metabolites in pre-aging mice. The PCA and OPLS-DA results showed that the metabolite profiling datasets were clustered separately between the NMN group and the control group (Figures 2A,B). The permutation test indicated that the OPLS-DA model was reliable without overfitting (Figure 2C). The volcano plot displayed significant changes in the serum metabolite profiles for the NMN group. Overall, 266 metabolites were upregulated and 58 downregulated as compared with those in the control group (Figure 2D). Thirty-four significantly discriminant biomarker metabolites were selected based on the VIP value >1 and p-value <0.05 using the OPLS-DA model (Figure 3A). Specifically, among these metabolites, D-proline, pipecolic acid, and (E)-5-(3,4,5,6-Tetrahydro-3-pyridylidenemethyl)-2-furanmethanol were down-regulated, while hypoxanthine, inosine, guanine, 1-Methylnicotinamide, N1-Methyl-4-pyridone-3-carboxamide, niacinamide, nicotinamide N-oxide, 3-Formyl-6-hydroxyindole, N-acetylhistidine, N-acetyltryptophan, and 6-Hydroxy-1H-indole-3-acetamide were upregulated in the NMN group compared to the control group (Figures 3A,B). Notably, these discriminant metabolites were associated with metabolic pathways encompassing nicotinate/nicotinamide metabolism, purine metabolism, and arginine/purine metabolism (Figure 3C).
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FIGURE 2. Supplementary effect of NMN on serum metabolome in pre-aging mice by multivariate statistical analysis. (A) principal component analysis (PCA) plot, (B) orthogonal partial least squares discriminant analysis (OPLS-DA) score plot, (C) OPLS-DA permutation test plot, and (D) Volcano plot.
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FIGURE 3. Supplementary effect of NMN on the top 34 metabolic biomarkers and main metabolic pathways in pre-aging mice by hierarchical clustering analysis. (A) heatmap of hierarchical clustering analysis, (B) radar chart, and (C) pathway analysis (NMN group vs. control group).




Effect of NMN Supplementation on Fecal Microbiota in Pre-Aging Mice

The 16S ribosomal DNA (rDNA) gene sequencing was employed to investigate the effect of NMN supplementation on the fecal microbiota diversity and composition in pre-aging mice. The NMN supplementation significantly lowered the alpha diversity of fecal microbes based on the observed species and Chao1 α-diversity indexes (Figure 4A). The β-diversity was analyzed by performing PCA, PCoA, and NMDS plots based on the unweighted unifrac matrix, which displayed distinctly separated fecal microbiota (Figure 4B). The dominant phyla were Firmicutes, Bacteroidetes, Camilobacterota, Proteobacteria, and Desulfobacterota (Figure 5A), and the dominant genera were Dubosiella, Helicobacter, Lachnospiraccae_NK4A136_group, and Psychrobacter (Figure 5B). Of these, NMN supplementation significantly enriched the abundance of Camilobacterota and Desulfobacterota phyla, and Helicobacter, Desulfovibrio, and Turicibacter genera, and reduced the abundance of Proteobacteria phylum and Psychrobacter and Akkermansia genera. In addition to these dominant genera, NMN supplementation also enriched Mucispirillum, Colidextribacter, Candidatus_Saccharimonas, Marvinbryantia, Faecalibacterium, unidentified_Oscillospiraceae, A2, UCG-009, Oscillibacter, and Lachnospiraceae_UCG-001, but reduced the abundance of Staphylococcus, Corynebacterium, and Paenalcaligenes (Supplementary Table 2). Notably, a total of 826 core existent species were identified, while 465 and 156 unique species were observed in the control group and NMN group, respectively (Figure 5C). The predicted functional analysis further showed that NMN supplementation significantly downregulated the metabolism and human disease-related functions (at level 1), which are mainly associated with carbohydrate metabolism, lipid metabolism, glycan biosynthesis/metabolism, aging, cancers, and infectious disease (at level 2). On the other hand, NMN supplementation significantly enhanced the cellular processes and environmental information processing functions (at level 1), which are mainly involved in amino acid metabolism, energy metabolism, cofactors/vitamins metabolisms, environmental adaptation, immune system, and xenobiotics biodegradation/metabolism (at level 2) (Figure 6).
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FIGURE 4. Supplementary effect of NMN on the fecal microbiota in pre-aging mice. (A) Alpha diversity indexes, (B) Beta diversity indexes. **Indicates significant difference at p < 0.01.
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FIGURE 5. Supplementary effect of NMN on dominant fecal bacteria in pre-aging mice. (A) Phylum level, (B) genus level, and (C) venn diagram. *Indicates significant difference at p < 0.05 level.
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FIGURE 6. Supplementary effect of NMN on predicted functions of fecal bacteria in pre-aging mice. (A) level 1, (B) level 2.




Correlation Analysis of Serum Metabolome and Fecal Microbiota With NMN Supplementation in Pre-Aging Mice

Based on the results of the serum metabolite and 16S rDNA sequencing results, the Spearman correlation analysis was performed to explore the association between the top 18 significantly changed bacteria (Supplementary Table 2) and 34 differentially changed serum metabolites (Figure 7). Among these bacteria, Akkermansia, Faecalibacterium, Mucispirillum, A2, Helicobacter, and Lachnospiraceae were closely correlated to the varied metabolites. The Akkermansia genus was positively correlated with pipecolic acid and (E)-5-(3,4,5,6-Tetrahydro-3-pyridylidenemethyl)-2-furanmethanol, and negatively correlated with the other metabolites. Faecalibacterium, Mucispirillum, A2, Helicobacter, and Lachnospiraceae were positively correlated with niacinamide, nicotinamide N-oxide, mesalazine, and N1-methyl-4-pyridone-3-carboxamide, those of which are linked with nicotinate and nicotinamide metabolism. Moreover, Mucispirillum and A2 were also significantly positively correlated with hypoxanthine and inosine that are involved in purine metabolism. Taken together, the result showed that the changed bacterial structure could impact the composition of serum metabolite constitutes.


[image: Figure 7]
FIGURE 7. Correlation analysis for differentially changed bacteria and metabolites with NMN supplementation in pre-aging mice.




NMN Supplementation Elongates Telomere Length in Pre-Aging Mice and Humans

The TL of PBMC was measured using a PCR-based method. In the pre-aging mice, the length of telomere was significantly increased with 40 days of NMN supplementation (Figure 8A). A similar result was also observed in pre-aging human volunteers after 30 days of NMN supplementation (Figure 8B).


[image: Figure 8]
FIGURE 8. Supplementary effect of NMN on the telomere length of the peripheral blood mononuclear cell (PBMC) in (A) pre-aging mice (n = 6), and (B) pre-aging human volunteers (n = 8). *Indicates significant difference at p < 0.05. **Indicates significant difference at p < 0.01.





DISCUSSION

In the present study, NMN administration did not affect the body weight and feed intake of the pre-aging mice during the experimental period. Similar results have been observed in young mice supplemented with 0.1–0.6 mg/ml NMN in their drinking water (15). However, Mills et al. have reported that the administration of 300 mg/kg/day NMN in drinking water mitigated age-associated body weight gain, enhanced food and water intake, and energy expenditure (9). The higher heat yield in NMN-supplemented mice in the present study also indicates that the NMN administration possibly accelerated thermogenesis.

Aging is accompanied by changes in amino acid, lipid, sugar, hormone, and nucleotide metabolism (37). Eighteen months is considered as the lower limit of “Old” or “Aging” mice as almost all aging-related biomarkers will be detected by then (28). To the best of our knowledge, no studies have reported the impact of short-term NMN supplementation on the serum metabolites and gut bacterial community in the pre-aging phase (15–17 months) of mice. In the present study, NMN supplementation notably altered the serum metabolites that mainly clustered with the metabolism pathways in terms of purine, nicotinate/nicotinamide, and arginine/proline in pre-aging mice. Previously, Houtkooper et al. have reported that the levels of long-chain acylcarnitines and amino acids decrease considerably in aged mice (38).

In a previous study, increased proline levels coupled with decreased inosine and histamine contents have also been reported for aged Drosophila as compared with young flies (39). In the present study, the decreased D-proline coupling with the increased inosine, hydroxyprolyl-histidine, and acetyl histidine metabolites in NMN-supplemented pre-aging mice implies that NMN might have restored some lost metabolites in the aged hosts. Collino et al. indicated that the level of tryptophan is decreased following the aging process (40). In our study, NMN administration enriched the serum indole derivatives (i.e., 3-Formyl-6-hydroxyindole and 6-Hydroxy-1H-indole-3-acetamide) and N-acetyltryptophan. Indoles from commensal microbiota are evident to extend the healthy lifespan of Caenorhabditis elegans, Drosophila melanogaster, and mice (41). The tryptophan-derived synthesis of NAD+ is identified as a de novo pathway (34). Herein, the effect of exogenous NMN on the synthesis of NAD+ via the acetylation of tryptophan remains unclear. Furthermore, we also found that the nicotinamide metabolism pathway-related 1-Methylnicotinamide, N1-Methyl-4-pyridone-3-carboxamide, niacinamide, and nicotinamide N-oxide were enriched in the serum of the mice who ingested NMN. It is known that NMN replenishment can increase the cellular NAD+ level, then NAD+ can be converted into niacinamide (nicotinamide, Nam) which is further metabolized to nicotinamide N-oxide by cytochrome P450 or transformed to 1-Methylnicotinamide (MNA) by nicotinamide N-methyltransferase. Then, MNA can be further metabolized to 1-methyl-2-pyridone-5-carboxamide (Me2PY) or 1-methyl-4-pyridone-5-carboxamide (Me4PY) by aldehyde oxidase (10, 33). In one clinical study, NMN administration significantly increased the serum MNA and Me4PY in healthy men (33).

The complex interplay between age and the microbiota is well-described in several studies (17, 18, 20). The changes in the composition, diversity, and functional characters of the microbiota were observed over time. Luo et al. reported that the abundance of Proteobacteria is positively linked with aging (25). Proteobacteria include pathogenic representatives, such as Enterobacter spp., which may cause infection and disease (25, 42). In the present study, the reduced abundance of fecal Proteobacteria in the NMN-supplemented mice suggests that NMN might have perturbed certain harmful microbes. Surprisingly, a widely accepted probiotic strain Akkermansia (Verrucomicrobiota phylum) was lowered in the fecal microbiota of NMN-supplemented mice. In contrast, a previous study has reported that NMN administration enriches the abundance of Akkermansia muciniphila (15). We conjecture that the observed differences in the outcomes may be attributed to the difference in the age of the mice used in the experiments. We clearly observed that the Akkermansia abundance was negatively correlated to nicotinamide, tryptophan, and indole as well as their derivatives, which might have inhibited its growth. Nicotinamide mononucleotide increases the abundance of butyric acid-producing Turicibacter which exhibits anti-fatigue activity (43), implying that NMN administration might reinforce vitality by promoting the growth of Turicibacter. Unexpectedly, in this study, oral NMN administration increased Helicobacter abundance in pre-aging mice. Some Helicobacter spp. are known as pathogenic bacteria that can cause gastric diseases (44), its enrichment with NMN administration should be deeply and carefully confirmed further. In addition to these top dominant genera, the correlation analysis demonstrated that Mucispirillum was greatly associated with the altered serum metabolites. Mucispirillum was positively correlated with the metabolites relevant to purine, nicotinate, and nicotinamide metabolism, as well as arginine and proline metabolism. Mucispirillum schaedleri showed a protective effect against Salmonella enterica ser. Typhimurium colitis by interfering with the invasion gene expression (45). These upregulated metabolites might have beneficial effects on the inhibition of pathogenic adhesion in the gut mucus. It is not yet fully understood how these metabolites change with the varied microbial composition in response to the NMN supplementation. Further validation of specific metabolite changes corresponding to specific microbial genera coupled with their downstream biological effects will be important to the effects of NMN supplementation on the host.

Telomeres are nucleoprotein complexes composed of several kilobases of TTAGGG repeats and located at the end of eukaryotic chromosomes that protect the stability of chromosomes from recombination (46). Telomere length has been documented as an important feature of aging (26). Ghimire et al. have studied the correlation between TL and age from the data of 7,826 adults based on the National Health and Nutrition Examination Survey (years 1999–2002, age from >20 to >80) and found that a shorter telomere length is related to aging (47). In the present study, we observed longer T in pre-aging volunteers with NMN administration, which suggests the potential molecular mechanisms of NMN-mediated improved lifespan. In pre-aging mice, a similar effect has also been observed. In an animal model, Antonini et al. have also shown that the telomere length of isolated PBMCs was significantly decreased with aging in different male rat strains (Sprague-Dawley, F344, and Brown Norway) (48). Notably, NMN administration has been found to maintain TL and dampen the DNA damage response in the livers of telomerase knockout mice (27). In addition, the mice derived from embryonic stem cells with hyper-long T showed less DNA damage and weight, as well as improved glucose and insulin tolerance (49). The underlying mechanism of NMN on increasing telomere length might be associated with the increased NAD+ level (50), which in turn stabilizes T and prevent tissue damage and fibrosis in a partially sirtuin-1-dependent manner (27). However, whether altered microbiota and/or metabolomic are associated with elongated T is still unclear.



CONCLUSIONS

We conclude that the short-term NMN supplementation did not significantly alter the bodyweight of the pre-aging mice. Serum biomarkers encompassing D-proline, inosine, 1-Methylnicotinamide, N1-Methyl-4-pyridone-3-carboxamide, niacinamide, nicotinamide N-oxide, 3-Formyl-6-hydroxyindole, N-acetylhistinde, N-acetyltryptophan, and 6-Hydroxy-1H-indole-3-acetamide were identified and mainly involved in the purine, nicotinate/nicotinamide, and arginine/proline metabolism pathways. Moreover, NMN supplementation notably altered the fecal microbial community. The varied functional bacteria associated with some specific serum metabolites could be potential biomarkers to estimate the anti-aging effects of NMN with further validation. Further, we observed longer T in both the mice and volunteers with NMN supplementation and reported for the first time that NMN could elongate the length of the T in a clinical study, suggesting the potential of NMN use at a pre-aging phase to retard the proceeding of aging.

However, there are certain limitations to the present study which pave the way to study broader realms of this concept. We used untargeted metabolomics to screen the altered metabolites related to aging at a wide range, however, targeted metabolomics is needed to quantify the changes in specific biomarkers. Further, owing to the finite amount of blood samples available, other important biochemical parameters could not be analyzed. For the clinical study, we did not perform a placebo-controlled trial and only enrolled a small number of subjects. Even the dosage-dependent NMN has been shortly administered to 10 healthy men in a clinical study and reported without causing any marked deleterious effects (33), but the safety and efficacy of the long-term NMN administration should be further investigated. The blood NMN metabolism and fecal microbiota were not measured in the clinical study. We are planning a more comprehensive study to explore the impact of NMN on gut health of aging mice, particularly focusing on Helicobacter and Akkermansia abundance, supported by cross-sectional clinical trials.
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Antibiotics are widely used for infectious diseases and feed additives for animal health and growth. Antibiotic resistant caused by overuse of antibiotics poses a global health threat. It is urgent to choose safe and environment-friendly alternatives to antibiotics to promote the ecological sustainable development of the pig industry. Phytochemicals are characterized by little residue, no resistance, and minimal side effects and have been reported to improve animal health and growth performance in pigs, which may become a promising additive in pig production. This paper summarizes the biological functions of recent studies of phytochemicals on growth performance, metabolism, antioxidative capacity, gut microbiota, intestinal mucosa barrier, antiviral, antimicrobial, immunomodulatory, detoxification of mycotoxins, as well as their action mechanisms in pig production. The review may provide the theoretical basis for the application of phytochemicals functioning as alternative antibiotic additives in the pig industry.
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Introduction

Antibiotics are natural products or derivatives of natural products, and widely used for infectious diseases and feed additives for animal health and growth over the past decades (1). Antibiotics may lose effectiveness against a growing number of bacterial pathogens, reducing competition and expanding the resources available to resistant bacteria, which results in antibiotic resistance (AR) (2, 3). AR is spreading rapidly because once a resistance gene evolves in one bacterium, it can spread to other cells and other bacterial species (3, 4). AR accounts for hundreds of thousands of deaths annually, and its wider implications present us with a growing global health threat (5). Development of AR and measures to combat AR have become important issues that are not counterbalanced by the development of new therapeutic agents (6, 7).

Pork is considered as a good and cheap alternative source of animal protein and a rich source of B complex vitamins (8). The development of hog production does not only meet the demand of pork and its products, but also contribute a lot to the farmers’ income increase, rural labor employment, transformation of grains, and stimulating the development of related industries. However, pig breeding is endangered by a variety of infectious diseases. Pork and its products not only infect people with bacterium disease, but also viral diseases, parasitic diseases and spiral diseases (9, 10). The unnecessary use of antibiotics and concomitant rapid growth of AR is a widely acknowledged threat to the development, and sustainability of pig production. It is reported that antibiotic consumption in food animal production was conservatively estimated at 93,309 tons in 2017. Globally, sales are expected to increase by 11.5% in 2030 to 104,079 tons (11). Overuse of antibiotics results in increasing levels of AR and food residues in the pig industry, and the arsenal of effective antibiotics is diminishing, which lead to severe challenges in food safety, animal health, and environmental protection (12, 13). World Health Organization (WHO) has declared it a risk for both human and animal health (14). Many countries have approved the withdrawal of colistin as a feed additive in animals, including Brazil (November, 2016), Thailand (February, 2017), China (April, 2017), Japan (July, 2018), Malaysia (January, 2019), Argentina (February, 2019), and India (July, 2019) (15, 16). Therefore, alternative measures need to be sought to maintain swine health and performance. Some alternatives including plant extracts, essential oils, probiotics, prebiotics, symbiotic, dietary fiber and enzymes, antimicrobial peptides, and functional amino acids have been used as feed alternatives to improve health and growth performance in pig industry (17–19).

Phytochemicals have been used for many years to treat various ailments. Some of the compounds of plant origin such as phenolic compounds (apigenin, quercetin, curcumin and resveratrol), organosulfur compounds (allicin), terpenes (eugenol, thymol, carvacrol, capsaicin, and artemisinin) and aldehydes (cinnamaldehyde and vanillin) have different properties such as antimicrobial (including antibacterial, antifungal, antiviral and antiprotozoal), antioxidant, immunomodulatory, and detoxification of mycotoxins, as well as the improvement of intestinal morphology and integrity of the intestinal mucosa (20–22). Phytochemicals are characterized by little residue, no resistance, and minimal side effects and serve as powerful therapeutics against pathogenic bacteria or act as functional additives, which have been reported to improve animal health and growth performance in pigs. Phytochemicals have great potential as substitutes for antibiotics, and may become a promising additive in pig production. The development of new antibiotics around proven natural scaffolds is the best short-term solution to the rising crisis of antibiotic resistance (23). In this article, we discuss the pharmacological applications of phytochemicals as alternatives to conventional antibiotics. The potential action mechanisms of phytochemicals in swine production are also reviewed. Some thoughts for future research and application are put forward to improve swine health.



Pharmacological Applications of Phytochemicals in Pig Production

Phytochemicals are widely used in the animal production industry. The diet supplemented with phytochemicals can improve meat quality, increase the amino acid concentration of muscle, increase the villus height: crypt depth ratio, and induce positive effects on serum biochemical parameters and immune function in swine (24). For instance, coix seed (scientific name Coix lacryma-jobi), from a grain-bearing perennial tropical plant (25), has been used to fortify the spleen and inhibit dampness, significantly enhance the average weight gain, and reduce the feed/meat ratio in post-weaning pigs. coix seed administration decreases the pH value of gastric juice and elevates the density and length of gastrointestinal villi. Coix seed exerts a good potential growth performance effect in weaned pigs, which is associated with increased amounts of Lactobacillus and Bacteroides and the enrichment of microbial metabolic pathways. (26). Additionally, wolfberry is well known for its health benefits in Asian countries and has a positive effect on boar semen quality (27). Moreover, the active and safe compounds isolated from plants can additionally serve as drug leading for therapeutic purposes (28). Phytochemicals are volatile lipophilic compounds, which are constituted of a complex mixture of terpenoids and phenols, which function as antioxidant, antimicrobial, immunomodulatory effects, as well as improving intestinal morphology and integrity of the intestinal mucosa (29, 30).


Effect of Phytochemicals on Pig Growth Performance

Due to the concerns regarding AR and antibiotic residues, antibiotic growth promoters have completely or partially banned to use in pig products in several countries. AR and residues are important factors related to animal growth and animal product quality. Natural bioactive compounds can prevent the animal growth check and enhance gastrointestinal health. Phytogenic feed additives have been widely used in view of the plant-derived properties and growth-promoting effect, which suggests that phytogenic feed additives will be a promising alternative to antibiotic growth promoters (21, 31). It is shown that the 300 ppm Laminarin group has a higher ADFI (average daily feed intake) and a higher ADG (average daily gain) than the basal group (32). Laminarin supplementation elevates villus height in the duodenum and jejunum, improves performance, and prevents post-weaning intestinal dysfunction. Laminarin exerts a positive influence on intestinal health through alterations in the gastrointestinal microbiome (32, 33). The results from research evaluating phytogenic additives as growth performance enhancers are variable (34). YGF251, extracted from herbs including Phlomisumbrosa Turez, Cynancumwilfordii Hemsley, Zingiberofficinale Rosc, and Platycodi Radix, positively promotes growth performance, nutrient digestibility, immune function, and fecal gas emission in pigs. However, Dietary supplementation with 0.05% herbal extract YGF251 in low protein diets does not effectively improve growth performance (31). Studies show that supplementation of combined Chestnut (Ch) and Quebracho (Qu) increase the serum concentration of albumin and albumin/globulin ratio, but decreased creatinine, and did not influence growth performance (35). However, tannins extracted from Ch and Qu have been applied on intensive swine farms due to their ability to improve animal performance and health. These positive and prominent effects are frequently associated with the anti-inflammatory activity and antioxidant activities in weaning and post-weaned piglets (36, 37). Particularly, 500 and 1,000 mg/kg of microencapsulated tannic acid (TA) is safe to be included in the swine diet and that 1,000 mg/kg of microencapsulated TA has beneficial effects on intestinal morphology, intestinal nutrient transporter, and intestinal microbiota in weaning piglets. Microencapsulated TA functions as a suitable alternative to antibiotics for improving growth performance in weaning piglets (38). It is demonstrated that 0.3 g/kg Eucommia ulmoides leaf extracts (ELE) increase the average daily gain compared with basal diet and alkaline phosphatase (AKP) levels. Total antioxidant capacity (T-AOC) is elevated in serum and liver, accompanied with a higher villus height of the duodenum and jejunum (39). Besides, dietary supplementation of artificial sweetener and capsicum oleoresin can mitigate the negative consequences of heat stress on pig performance (40). Supplementation with B. papyrifera leaf extract can increase the growth performance and antioxidant capacity of weaned piglets (41). The effect of phytochemicals on growth performance elevation may associate with its antioxidant capacity or anti-inflammatory activity. Natural phytochemicals represent a promising non-antibiotic tool to allow better intestinal health, nutrient digestibility, and general health status, thereby leading to improve growth performance.



Effect of Phytochemicals on Metabolism

Phytochemicals improve metabolism by regulating the expression of metabolism-related proteins and antioxidant stress-related proteins. Phytochemicals may exert beneficial health effects by regulating energy metabolism and activating enzymatic mechanisms, and may substitute dietary antibiotics. A paper reports that cinnamon bark extract contributes to improve glucose metabolism and lipid profile in fructose-fed rats (42). Also, oral supplementation with food-derived phospholipids has been associated with beneficial effects on lipid and lipoprotein metabolism (43).

It can be concluded that supplemented with 2% of inulin extract from chicory root or 4% of dried chicory root for 40 d significantly modulates the expression of liver proteins associated with energetic metabolism, particularly those involved in cholesterol and TG metabolism in growing pigs. Additionally, both dietary additives increase the expression of proteins related to hepatocyte protection against oxidative stress (44). Diet supplementation with dried Chicory root or inulin causes significant changes in the expression of liver cytoskeletal proteins, and alters the expression of kidney proteins engaged in energy metabolism and stress response in pigs (45). Moreover, Chicory root supplements have a potential ability to improve the liver mineral content oxidoreductive homeostasis in growing pigs (46). Particularly, a proteomic study shows that inulin-type fructans can enhance the anti-inflammatory properties by downregulation of hepatic acute phase protein CK18 in growing pigs (44). Sows fed with Garcinol (200 or 600 mg garcinol per kg) in late gestation and lactation (from the 90th day of pregnancy to day 21 postpartum) improve the maternal health and antioxidative status, milk protein content, acid–base balance in the umbilical cord blood, and growth performance in piglets (47). Reductions of the fat percentage in milk on day 7 and day 14 are found in sows supplemented with Oregano (OEO) treatment. Milk from sows supplemented with OEO during lactation has the greatest number of T lymphocytes, and a trend for greater milk intake is observed in piglets (48). Moreover, dietary supplementation with OEO can be effective in reducing the performance loss due to the outdoor-rearing system without modifying most of the peculiar traits of the meat, and improve growth rate and antioxidative status in outdoor-reared (49). Black pepper extract (BPE) supplementation has positively enhanced the growth performance, nutrient digestibility, fecal microbial, fecal gas emission, and meat quality of finishing pigs (50). Betaine 1250 mg/kg (Low Betaine) or 2500 mg/kg (High Betaine) may promote muscle fatty acid uptake via up-regulating genes related to fatty acid transporters including FAT/CD36, FATP1 and FABP3. On the other hand, Betaine activates AMPK and up-regulates genes related to fatty acid oxidation including PPARα and CPT1 in a lasting 42-days feeding experiment (51). 3.5% linseed oil (LSO) supplementation increases immunoglobulins, modifying the fatty acid composition. The concentration of 18: 3n-3 fatty acids is higher in the milk of LSO sows (gestation of day 107 to the lactation of 28th day) and n-3 polyunsaturated fatty acid (PUFA) in the tissues of piglets weaned on day 21 is increased. And the genes of D5D (Δ5-desaturase) and D6D (Δ6-desaturase) expression of piglets are affected (52). Flaxseed oil may have a positive effect on alleviating muscle protein loss and carbohydrate oxidation impairment induced by LPS challenge through regulation of TLR4/NOD and Akt/FOXO signaling pathways (53). Murtilla or murta (Ugni molinae Turcz), a plant of the Myrtaceae family, is rich in phenolic components. Murtilla extract (MT-ex) exerts antioxidant activity, and anti-inflammatory (54). However, MT-ex administration generates an important decrease in sperm metabolism, especially ATP production, which might affect the fertilization potential due to the reduction in sperm motility. Nevertheless, the metabolic decrease would allow greater efficiency in the refrigeration of boar semen at 17°C (8). Therefore, phytochemicals may play important roles in the metabolic regulation of proteins or genes associated with energetic metabolism, hepatocyte protection, fatty acid transporters, and oxidation. The metabolic effect of phytochemicals might be the key to explain the diverse pharmacological effects described in practical applications, which would contribute to a better understanding of its various functional properties in pig production.



Effect of Phytochemicals on Antioxidative Capacity

Oxidant and oxidative stress accelerate the free radical generation resulting in cell, DNA, protein, and lipid damage and loss of biological function, which are linked to many diseases (55–57). Free radical mediated oxidative stress may play a decisive role in the pathogenesis and progression of chronic metabolic diseases. Anti-oxidative therapy has been proposed as a promising and effective strategy for preventing metabolic diseases (58, 59).

Antioxidant activity of phytochemicals is one of their most intensively investigated properties. Oxidation of many biological substances causes cellular damage and metabolic diseases (60). The decreased antioxidant capacity and reactive oxygen species (ROS) level elevation are involved in weaning-induced intestinal dysfunction, resulting in intestinal oxidative stress (61), which is frequently associated with inflammation, elevation of interleukin 1β (IL-1β), tumor necrosis factor α (TNF-α), and interleukin 6 (IL-6), decreasing the abundance of tight junction proteins, and undermining the integrity of the intestinal barrier. Excessive ROS exerts adverse effects on cells by reacting with phospholipids and oxidizing sulfhydryl groups in enzymes, proteins, and DNA.

It has been reported that OEO exerts antimicrobial and antioxidative ability to improve intestinal barrier function and growth in pigs. OEO supplementation to maternal rations during late gestation and lactation can lead to improvements in progeny health and performance with a reduced incidence of mortality and lower need for medication (62). The main active compounds carvacrol and thymol in OEO possess ROS-scavenging activity in vitro. Dietary supplementation with 100 mg/kg carvacrol–thymol (1:1) decreases the intestinal oxidative stress and influences selected microbial populations without changing the biomarkers of the intestinal barrier in weaning piglets (63). Another study reports that thymol (510 mg/kg feed) contributes to regulating the integrity of the intestinal mucosa because of their anti-inflammatory and antioxidant properties (64). Plant extract resveratrol attenuates oxidative stress-induced intestinal barrier injury through PI3K/Akt-mediated Nrf2 signaling pathway (65). However, due to the labile nature, volatiles, and being rapidly absorbed in the upper gastrointestinal tract, the stability of EO during feed processing is often questionable to result in a challenge. Here, a report demonstrates that lipid matrix microparticles are able to maintain the stability of thymol and allow a slow and progressive intestinal release of thymol in weaned pigs (66).

In terms of reproductive performance, cWGRE (cultured wild ginseng root extract) has positive effects on male reproductive function via suppression of ROS production (67). Supplementation with astragalus polysaccharides (APS), as well as murtilla extract (MT-ex), can effectively preserve sperm motility, acrosome integrity and mitochondrial membrane potential through inhibiting the protein dephosphorylation caused by ROS via cAMP-PKA signaling pathway. The compound can eliminate the excessive mitochondrial ROS, improve antioxidant capacities and enhance ATP levels, which is an advantage in extending the useful life of boar sperm (8). Besides, OEO dietary supplementation increases the retention of α-tocopherol and antioxidant capacity in spermatozoa of boars fed with a fish oil-fortified diet. Moreover, a feeding diet containing 500 mg/kg OEO greatly attenuates sperm membrane and DNA oxidative damage by reducing ROS production (68). Grape seed procyanidin B2 (GSPB2) inhibits oxidative stress-induced apoptosis of porcine ovarian granulosa cells through the increased let-7a (69). In conclusion, phytochemicals may activate a series of signal transduction to clear ROS, reduce apoptosis levels, suppress the expression level of inflammatory factors, maintain intestinal mucosal integrity and change oxidative stress levels, to maintain normal cell and body functions.



Effect of Phytochemicals on Intestinal Mucosa Barrier

The gut is hypothesized to be the “motor” of critical illness and the intestinal epithelium absorbs nutrients, which may be as the first-line protection against pathogenic microbes and as the central coordinator of mucosal immunity to play roles (70, 71). The gut plays a dynamic role in organ integrity, immunity, and body defense against harmful antigens, toxins, and pathogens.

Weaning is a major critical period in pig husbandry, which involves complex dietary, social, and environmental stresses that interfere with gut development. Significant efforts are being made to identify natural alternatives to support homeostasis in the piglet gut, in particular during the weaning period (72).

Supplement with Cynara scolymus extract (CSE) for 15 days can be considered as a nutritional strategy to prevent enteric disorders and improve intestinal health in post-weaned piglets (73). 100 mg/kg Forsythia suspensa extract (FSE) or 160 mg/kg chito-oligosaccharide (COS) can increase performance by modulating intestinal permeability, antioxidant status and immune function in younger pigs for lasting 28 days (74). Plant essential oil (PEO) improves the growth performance and intestinal mucosa growth in weaned pigs, contributing to mediate the improvement in intestinal integrity and function (75). Capsicum oleoresin (CAP) and garlic botanical (GAR) are natural products and widely used in foods and drugs. Feeding CAP and GAR increases the expression of genes related to the integrity of membranes in infected weaning pigs and enhances gut mucosa health, which results in ameliorating the diarrhea and clinical immune responses in infected pigs fed plant extracts (76). Supplementation of essential oil from Brazilian red pepper or chlorohydroxyquinoline in weanling pig diets affects gut microbiota and histology but not affecting performance and organ weight, and high doses of essential oil can reduce the incidence of diarrhea (77). Piglets fed the Sangrovit (SAG) diet have an average lower value for crypt depth of the jejunum and greater values for villus height in the ileum and ratios of villus height to crypt depth in the jejunum and in the ileum. SAG can potentially improve the intestinal morphology and modify the intestinal luminal environment (78). Rotavirus (RV) impairs intestinal morphology, antioxidant capacity, and microbiota, and increases apoptosis of jejunal epithelial cells of in piglets. Dietary Lentinan (LNT) supplementation is found to improve intestinal morphology, permeability, and apoptosis of jejunal epithelial cells in piglets (79). OEO can induce a higher glycoconjugate production in the gut, creating a physical barrier against microorganisms. OAE (an aqueous extract of oregano) supplementation improves the production of glycoconjugates, enhances the protection of intestinal mucosa in pig gut (80). Rosemary (Rosmarinus officinalis L.) extract (RE) has multiple pharmacological and biological activities, and has been used as a food additive. Piglet supplementation with RE shows longer villus height and villus height/crypt depth in the jejunum and ileum, in addition to a lesser crypt depth in the jejunum and ileum, which can improve growth performance, nutrient digestibility, and intestinal morphology in weaned piglets (81). Cactus (O. ficus indica) intake does not affect piglet development in lactating sows, but a higher length of intestinal villi in the jejunum and transverse portion to improve live weight in post-weaning piglets (82).

The OEO-treated pigs show decreased endotoxin levels in serum and increased villus height and the expression of Occludin and Zonula occludens-1 (ZO-1) in the jejunum (83). The main active compounds carvacrol and thymol in OEO contribute to have antimicrobial and antioxidative capacity to improve intestinal barrier function and growth in pigs (62). In addition, supplementation of AGP or microencapsulated organic acids (OA) and EO does not significantly attenuate the induced inflammation, reduce digestive enzyme activities, and elevate gut permeability in piglets infected with Escherichia coli F4 (ETEC F4) in weaned piglets (84). However, the herbal extract mixture (HEM), a mixture of golden-and-silver honeysuckle (Lonicera japonica Thunb), huangqi (Astragalus menbranaceus), duzhong leaves (Eucommia folium) and dangshen (Codonopsis pilosula), had no effects on growth performance and organ weight of weaned pigs. However, compared with the control group, HEM can improve intestinal morphology and elevate the expression of nutrient transporters in the ileum (85). Practices have focused on supplementing in weaning piglets with phytochemicals to alleviate weaning complications. Some benefits are observed with supplementation of phytochemicals, and further research explored the potential of maternal supplementation during fetal and postnatal life to support homeostasis in the piglet gut.



Effect of Phytochemicals on Gut Microbiota

Intestinal health is related to transform of the intestinal microbiome composition, leakage of the mucosal barrier, and/or inflammation, which is determined by host, nutritional, microbial, and environmental factors (86). The dynamic gut microbiota of mammals contributes to regulating immune responses, engaging in the metabolism of dietary nutrients, and constituting a resistance line against pathogenic bacteria infection (87). Gut microbiota shifts or dysbiosis are accompanied with colitis and infectious diseases (88, 89).

Gut microbiota has a crucial role in intestinal absorption and digestion, intestinal immune regulation, and intestinal health of weaned piglets (38). Gut bacterial dysbiosis usually results in post-weaning diarrhea (18, 90, 91), which lead to intestinal barrier injury, reduce the size of the intestinal villi, result in atrophy of the enterocytes and lower digestive capacity, and decrease the weight gain of the piglet (82, 92). Intestinal tract is an important target of nutritional regulation. Strategies that modulate the microbiota and intestinal integrity of the pig in a favorable way should be sought. It is demonstrated that Firmicutes and Bacteroidetes are the most abundant phyla in the fecal microbiota of piglets, accounting for more than 90% of the fecal bacterial community at both pre-weaning and post-weaning periods (72). Coix seed supplement significantly increases the abundance of phylum Bacteroidetes and genus Lactobacillus, and reduces the abundance of phylum Prevotella in the gut microbiota, which could be associated with growth performance in weaned piglets (26). Dietary supplementation with tannic acid (TA) elevates the expression of nutrient transporter genes such as solute carrier family 15, member 1 (SLC15A1) and solute carrier family 6, member 19 (SLC6A19) of the ileum in weaning piglets. The relative abundances of Firmicutes at the phylum level are deceased. However, TA elevates the relative abundances of Bacteroidetes at the phylum level, Bacteroidia at the class level, and Bacteroidales at the order level (38). Herb of purple loosestrife (Lythrum salicaria L. from Lythraceae family) (LSH) has no significant influence on microbiota diversity and metabolic activity, but is able to modulate the gut microbiota composition, which could be applied as therapy or prevention of post-weaning diarrhea in piglets (93). Cortex Phellodendri Extract (CPE) also has a positive effect on diarrhea in weaning piglets. CPE can inhibit the growth of harmful intestinal bacteria including Escherichia and Shigella. Meanwhile, the composition of gut microbiota, the diversity, and evenness of gut microflora have been elevated (94). Dietary oleum cinnamomi (OCM) and marine macroalgal extracts supplementation modulate the intestinal microbiota and improve intestinal function in weaned piglets (72, 95). Grape seed proanthocyanidins (GSPs) with half-dose colistin are equivalent to antibiotic treatment and assist weaned animals in resisting intestinal oxidative stress by increasing diversity and improving the balance of gut microbes. Dietary GSPs result in increasing concentrations of propionic acid and butyric acid to activate GPR41, which may in turn contribute to improve the intestinal mucosa barrier, decrease intestinal permeability, improve intestinal morphology, reduce the occurrence of diarrhea (96, 97).

Besides the weaned piglets, the gut microbiota modulated by phytochemicals also contributes to pigs at other growth stages. Addition of 1.5% bamboo vinegar powder promotes the growth and development of growing-finishing pigs, increases the abundance of Firmicute/Bacteroidetes, enhances the ability of the host to absorb food energy and store more body fat in 37-days experiments. Additionally, bamboo vinegar powder has positive effects on promoting the abundance of Lactobacillus and Thalassospira and on inhibiting Streptococcus and Prevotella growth (98). 1% Wakame seaweed powder maybe alter intestinal microflora preferentially, namely, which are observed that an increase in Lactobacillus and a decrease of Escherichia coli to improve the gut health and immunity of pigs (99). Feeding the diet supplemented with dried Jerusalem artichoke (DJA) tubers, as a source of inulin-type fructans, affects the microbiota activity in the large intestine by decreasing proteolytic fermentation and detrimental bacterial enzyme activity. 4% of DJA tubers modifies the microbiota ecology in the large intestine of young pigs to a greater extent than 2% of inulin from chicory root and the applied probiotics do not enhance the effects of prebiotics (100). Additionally, supplementing with OEO during lactation increases the relative abundance of Lactobacillaceae family and Fibrobacteriaceae and Akkermansiaceae in sows. However, analysis of piglet microbiota reveals a relative decrease in Enterobacteriaceae, nevertheless butyrate producers (Lachnospiraceae family) are increased at two weeks and four weeks of age (62). Together, phytochemicals can increase the abundance of beneficial bacteria such as lactic acid bacteria, reduce the abundance of harmful bacteria such as Escherichia coli and Streptococcus, maintain the stability and balance of intestinal flora, regulate immune response, improve intestinal structure and nutrient metabolism, thus maintaining intestinal health and growth and development of pigs.



Effect of Phytochemicals on Antiviral

It has been well documented that phytochemicals possess strong antiviral action against several DNA and RNA viruses (60, 101). The effective and efficient properties of pure natural products are a novel source of rich antiviral drugs, which exerts antiviral strategy in animal infectious disease.

Phytochemicals differently regulate the expression of genes related to immunity in alveolar macrophages of PRRSV (porcine reproductive and respiratory syndrome virus)-infected pigs (102). Curcumin can block PRRSV internalization and virus-mediated cell fusion in vitro (103), and Xanthohumol inhibits PRRSV proliferation and alleviates oxidative stress induced by PRRSV (104). Sugar cane extract (SCE)-treated pigs show a significant enhancement of natural killer cytotoxicity, lymphocyte proliferation, phagocytic function of monocytes, and interferon-gamma (IFN-γ) production of CD4+ and gammadelta T cells compared with the controls after pseudorabies virus (PRV) infection, which may be extensively applied in field for the prevention of infections (105). A study investigates that different concentrations of Radix isatidis polysaccharide can inhibit pseudorabies virus (PRV) replication by 14.674-30.840%, prevent infection at rates of 6.668-14.923%, and kill this virus at rates of 32.214-67.422% (106). Porcine epidemic diarrhea virus (PEDV) causes lethal diarrhea in suckling piglets. Even commercial vaccines do not guarantee effective protection against PEDV. It is urgent to find alternatives to antibiotics to prevent diarrhea in the context of anti-drug prohibition. Isoflavonoid is the major component of Puerarin (PR), which is isolated from the Chinese herb Gegen and possesses anti-inflammatory and antiviral activities. PR (0.5 mg/kg body weight between days 5 and 9) plays antiviral and anti-inflammatory roles in piglets infected with PEDV (104.5 TCID50 per pig on day 9) via regulating the interferon and NF-κB signaling pathways both in vitro and in vivo. In addition, Tomatidine inhibits PEDV replication mainly by targeting 3CL protease (107, 108). However, formic acid has no function in any anti-PEDV activity in the early steps of the viral cycle with the only exception of a slight effect of viral inactivation at the lowest PEDV MOI. Formic acid at a dose of only 1,200 ppm can effectively inhibit PEDV replication in Vero cells (109). However, the combination of essential oil and benzoic acid enhances the degradation of PEDV RNA (110). Rotavirus (RV) impairs intestinal morphology, antioxidant capacity, and microbiota, and increases apoptosis of jejunal epithelial cells of in piglets. It is reported that lentinan (LNT) relieves RV-induced diarrhea in piglets, which can be due to the increase in antioxidant capacity, reduction in apoptosis and improvement of the microbiota-increased gut barrier (79). Porcine circovirus type 2 (PCV2) often causes multiple system failure in nursery pigs. Cepharanthine and Curcumin can inhibit mitochondrial apoptosis induced by PCV2 by through increasing Bcl-2, reducing Bax, caspase-3, ROS, and decreasing mitochondrial membrane potential (MMP) (111). Selenizing astragalus polysaccharides (sAPS) attenuates oxidative stress-induced PCV2 replication promotion through inhibition of autophagy via the increased phosphorylation of Akt and mTOR (112). Additionally, PCV2 induced immunosuppression and total flavonoids of Spatholobus suberectus Dunn (TFSD) might be able to protect animals from virus infection via regulation of immune function and inhibition of oxidative stress (113). Additionally, an essential oil blend of three oils, E. globulus, P. sylvestris, and L. latifolia, can enhance the pig humoral immune system by enhancing IgG levels and reducing IgM levels, suggesting that this novel formulation functions as a potential agent to minimize African swine fever virus (ASFV) transmission in an in vivo trial in swine (114). To sum up, inhibition of virus replication in different ways may be the main advantage of phytochemicals and can be supplemented by alleviating oxidative stress, regulating interferon expression, reducing cell apoptosis and improving the intestinal barrier. Therefore, these results demonstrate that phytochemicals exert promise as a new antiviral drug in the future.



Effect of Phytochemicals on Antimicrobial Activity

Phytochemicals possess strong potential as antimicrobial agents. The antimicrobial action of essential oils not only depends on phytochemical constituents but also interactions among different components leading to synergistic or antagonistic activities (60). The plant extracts containing nonpolar compounds such as α-amyrin, friedelan-3-one, lupeol, and β-sitosterol, damage the internal and external anatomy of the cytoplasmic membrane and inner structure, and lead to an increased influx of propidium iodide into treated bacterial cells to exert antimicrobial and anti-inflammatory properties (28).

Thymol activity is related to alterations in the bacteria cell wall, but cinnamaldehyde activity is associated with the cell wall of both enterobacteria and protein and fatty acid changes for C. perfringens (115). In addition, an additive effect is shown for carvacrol-oregano essential oil for Escherichia coli, formic acid-carvacrol and formic acid-thymol for Salmonella spp. and carvacrol-cinamaldehyde for C. perfringens (29). Ginseng polysaccharides (GPS) (200 mg/kg) supplementation improves immunity-related biomolecular levels in sow serum and milk during late pregnancy and lactation, which may be further beneficial to piglet health and growth through biological transmission effects (116). In a lasting 28-days experiment, water extract of Artemisia ordosica (WEAO) supplementation improves the apparent nutrient digestibility of piglets in a linear or quadratic dose‐dependent manner. In addition, dietary WEAO quadratically increases serum concentrations of IL‐1, IL‐4, TNF‐α, soluble surface antigen CD8 (sCD8), immunoglobulins (Ig)‐A and linearly increased serum concentrations of IL‐2, IL‐6, IgG, IgM. Furthermore, dietary WEAO linearly or quadratically decreases serum concentrations of malondialdehyde but quadratically increases the activities of antioxidant enzymes and total antioxidative capacity (117).

Enterotoxigenic Escherichia coli is considered one of the main causes of diarrhea in weaning piglets. 2% (20 g/kg) chestnut extract (CE) can represent a promising alternative to antibiotics immediately after weaning for improving growth performance and reducing post-weaning diarrhea (PWD) caused by ETEC F4 (118). Anethole (300 mg/kg) coated with corn starch can improve the growth performance of weaned piglets infected by Escherichia coli K88 through decreasing the expression of TLR5, TLR9, MyD88, IL-1β, TNF-α, IL-6, and IL-10 in the jejunum, attenuating intestinal barrier disruption and enriching the abundance of beneficial flora in the intestines of the piglets (119). Acetone crude leaf extracts of Syzygium and Eugenia (Myrtaceae) have good antimicrobial activity as well as a protective role on intestinal epithelial cells against enterotoxigenic E.coli bacterial adhesion (120). Plant-derived natural steroid compound phytosterol (PS) supplementation exerts similar effects on growth, anti-inflammation and intestinal microorganisms as supplementation with polymyxin E in piglets. Despite of no significant effect on growth, 0.2 g/kg PS supplementation activates CD4+ T cells and results in a Th2 shift, which suggests that PS can improve immunity and anti-inflammatory activity and ameliorate diarrhea in weaned piglets (121). Baicalin–aluminum complex (BBA) administration alters the structure of the gut microbiomes. Then the diarrhea rate reduces significantly after treatment with BBA in piglets (122). Scutellaria baicalensis extracts (SBE) supplementation can potently attenuate diarrhea in weaning piglets and decrease inflammatory cytokine expression through inhibiting the NF-κB and P38 signaling pathways, attenuating Escherichia coli K88-induced acute intestinal injury in weaned piglets (123).

H. parasuis infection provokes the expression of cytokines and pathways activation, and induces the release of high-mobility group box 1 (HMGB1). HMGB1 protein is related to the pathogenesis of various infectious pathogens. Baicalin displays important anti-inflammatory and anti-microbial activities. Baicalin significantly reduces the release of HMGB1 in peripheral blood monocytes induced by H. parasuis (124). Tea polyphenols can inhibit H. parasuis growth in a dose-dependent manner and attenuate the biofilm formation of H. parasuis. In addition, tea polyphenols inhibit the expression of H. parasuis virulence-related factors. Moreover, tea polyphenols can confer protection against a lethal dose of H. parasuis and reduce pathological tissue damage induced by H. parasuis (125). Together, some plants are known as nutraceuticals because they exhibit antimicrobial properties for susceptible in pig production. These activities of phytochemicals may be achieved by rebuilding the structure of bacterial cell membranes and cell walls, inhibiting the expression of bacterial virulence factors, regulating the expression levels of inflammatory factors, and improving antioxidant enzyme activity.



Effect of Phytochemicals on Immunomodulatory

Phytochemicals are hopeful alternatives to chemotherapeutics in animal production owing to their immunostimulant. Phytochemicals may activate the immunity of the host either by directly stimulating the innate immune system or through commensal microorganisms sustenance and pathogens inhibition (126, 127). The dietary administration of phytochemicals can modulate the following biological processes related to innate immune effector cells, namely “leukocyte activation”, “leukocyte activation involved in immune response”, “neutrophil activation”, and “neutrophil degranulation” (127). Neutrophils are rapidly recruited to infected tissues and can engulf bacteria directly or produce toxic antimicrobial mediators, which have always been considered as uncomplicated front-line troopers of the innate immune system equipped with limited proinflammatory duties (128).

Plants containing immunostimulatory properties improve the activity of lymphocytes, macrophages, and NK cells and thereby increase phagocytosis and stimulate interferon synthesis (129). Medicinal plants propose an alternate to conventional therapeutic strategies for numerous ailments, particularly when suppression of inflammation is expected (130, 131). It has been reported that dietary supplementation of phytochemicals increases the number of white blood cells and other immune parameters and possesses significant anti-inflammatory activity (132). Chinese medicinal herbs (CMH) supplementation composed of Panax ginseng, Dioscoreaceae opposite, Atractylodes macrocephala, Glycyrrhiza uralensis, Ziziphus jujube and Platycodon grandiflorum can enhance the immune activities of polymorphonuclear leucocytes (PMNs), and reduce diarrhea frequency in weanling pigs. (133). ORE treatment alters the lymphocyte proportion and the ratio of CD4+ and CD8+ T-cells in the serum of non-stimulated and in LPS-stimulated piglets (134). NF-κB is downregulated on peripheral blood mononuclear cells (PBMCs) in outdoor reared pigs when fed the ORE diet (135). Leukocyte populations in blood reveal that the percentages of Th lymphocytes, γδ T lymphocytes, and B lymphocytes are more affected by body weight in weanling piglets. The percentage of this leukocyte population is higher in high birth weight (HBW) piglets receiving CKTL + COL diet [a cocktail of feed additives containing cranberry extract, encapsulated carvacrol, yeast-derived products, and extra vitamins A, D, E, and B complex (CKTL); CKTL diet with bovine colostrum in replacement of plasma proteins (CKTL + COL)] when compared with low birth weight (LBW) piglets of the same group (136). The E. coli challenge tends to increase the number of total WBC on d 5 and increase it on d 11 post-infection compared with the sham group, but the plant extracts (10 ppm of capsicum oleoresin, 10 ppm of garlic botanical, or 10 ppm of turmeric oleoresin) treatments in the E. coli–challenged group decrease total WBC and the number of neutrophils (137), and feeding each of the plant extracts has effects on expression of several genes that are counter to the effects of E. coli (76). Additionally, Agrimonia procera (AP) increases the immune response in LPS-treated piglets (138). SBE supplementation can potently attenuate diarrhea in weaning piglets and decrease inflammatory cytokine expression through inhibiting the NF-κB and p38 pathways (123). Moreover, dietary supplementation with isoquinoline alkaloids extracted from Macleaya cordata R. Br. boosts the immune system, regulates the metabolic process and finally promotes growth and development in swine (139). The immunomodulatory effects of plant-derived compounds are increasingly attracting people’s interest. Studies that applied plant extracts with known components, or single constituents, and de facto measured parameters with the relevant to immune function as outcome measures are included (140). Several studies proving to have effects on weaned piglet immune regulation apply a ready-to-use plant product. The immunomodulatory effects are mainly inspected on a cellular (monocytes/macrophages, neutrophil granulocytes, NK cells, and T and B lymphocytes) and molecular level (cytokines, immunoglobulins), data on the potential molecular genetical mechanisms accounting such immunological effects in the literature is limited (140).



Effect of Phytochemicals on Detoxification of Mycotoxins

Deoxynivalenol (DON), zearalenone (ZEN), and aflatoxin B1 (AFB1) are the main mycotoxins that frequently contaminate maize and grain cereals which are the main feedstuff in pig diets (141). The effects of toxic include immune modulation, disruption of intestinal barrier function, and cytotoxicity leading to cell death, which all result in impaired pig performance and impose risks to the health of both humans and animals (142, 143). It is reported that the genera Lactobacillus (particularly in DON) and Bacteroides dominate the bacterial flora in both the DON and ZEN dietary treatments, and there may be potential opportunities to isolate and characterize useful probiotics that decrease the level of mycotoxins (143). However, phytochemicals may potentially reduce tissue damage mediated by mycotoxins by regulating immune function, improving the abundance of intestinal flora, and decreasing oxidative stress.

Liver is the earliest target for AFB1 toxicity in both humans and animals (144). Grape pomace is able to reduce the gastrointestinal absorption of mycotoxins (145). Dietary grape seed meal (GSM) can mitigate the AFB1-induced toxicity in pigs (146). Diet containing 8% GSM (grape seed meal) by-products ameliorates histological liver injury and oxidative stress in the liver of the pig after weaning exposed to AFB1 through the contaminated feed for 28 days, accompanied by decreasing MAPK (mitogen-activated protein kinase) signaling pathway and inhibition of NF-κB signaling pathway by AFB1 diet (144). After 30 days of experiment, GSM (8% inclusion in the diet) and AFB1 (320 g/kg feed) increase the relative abundance of phylum Bacteroidetes and Proteobacteria. However, compared to the individual treatments, the Firmicutes abundance is decreased in a synergic manner. An additive or synergistic action of the two treatments were identified for Lactobacillus, Prevotella, and Campylobacter. On the contrary, a rather antagonistic effect is observed on Lachnospira (147). Additionally, Dihydromyricetin (DHM) alleviates cell injury induced by DON and it is possibly through its antioxidant activity, anti-inflammatory activity, or ability to regulate metabolic pathways (148). Astragalus polysaccharides (APS) can attenuate the immune stress induced by ochratoxin A (OTA) in vitro and in vivo via activation of AMPK/SIRT-1 signaling pathway (149). Plant derivatives can be used to diminish the detrimental effects caused by mycotoxins in pigs, more specifically in the gastrointestinal tract (141). Phytobiotics, such as plant extracts, typically include bioactive extracts and characterize with antioxidative and anti-inflammatory properties (150). Phytobiotics are often included in mycotoxin-detoxifying agent formulas to mitigate the negative effects of multiple mycotoxins in diets fed to pigs, which is directly related to the gut health and gut microflora of pigs (151). In summary, the effects of phytochemicals on mycotoxin poisoning can be achieved by regulating signaling pathways, improving histological damage, oxidative stress, flora abundance, and regulating anti-inflammatory activity and metabolic activity.




The Action Mechanisms of Phytochemicals

Phytochemicals exhibit antimicrobial activity, antioxidative capacity, anti-inflammatory activity, and other properties against pathogenic microorganisms (bacteria, fungi, and viruses) or risks. Although the chemical composition and function attributes of phytochemicals have been studied previously, the comparison of their chemical constituents using different extraction methods as well as the linked mechanisms still remain unexplored (152). A number of mechanisms have been proposed and proven. The studies have focused on enzymatic activity, endocrine disruption, plasma membrane homeostasis, singling pathway. In this manuscript, the antimicrobial, antivirus, antioxidant, and immune regulation mechanisms of phytochemicals are mainly discussed.


Antimicrobial and Antivirus Mechanism of Phytochemicals in Pig Production

It is demonstrated that numerous antimicrobial phytochemicals have been discovered or better characterized (22, 153). Wang et al. summarizs the antimicrobial mechanisms of ginseng, one of a phytochemicals (a) inhibit the microbial motility and quorum-sensing ability; (b) affect the formation of biofilms and destroy the mature biofilms, which can weaken the infection ability of the microbes; (c) perturb membrane lipid bilayers, thus causing the formation of pores, leakages of cell constituents and eventually cell death; (d) active of the host immune system and attenuate microbes induced apoptosis, inflammation, and DNA damages, which can protect or help the host fight against microbial infections; and (e) inhibit the efflux of antibiotics that can descend the drug resistance of the microbial (154). Besides ginseng, cinnamon extracts have been reported to inhibit bacteria by damaging cell membranes, altering the lipid profile, inhibiting ATPases, cell division, and biofilm formation (155). Carvacrol can cross the bacterial plasma membrane and bind molecules such as ATP or monovalent cations such as K+ and transport them out of the bacterial cell depending on a phenolic OH group, seriously altering the membrane potential and homeostasis (22, 156). Thymol has the ability to incorporate into the polar-head group region of the lipid bilayer, altering the structural integrity and fluidity of the membrane through hydrogen bonding and hydrophobic interactions exerting antimicrobial activity (157, 158). Cortex Phellodendri Extract (CPE) has a positive effect on diarrhea in weaning piglets. The mechanism behind these effects is that CPE can diminish the adhesion of ETEC to intestinal epithelial cells by suppressing the expression of the bacterial flagellum genes (94). Furthermore, Cranberry extract (20 μg or 100 μg/mL) inhibits in vitro adhesion of F4+ and F18+ E. coli to pig intestinal epithelium and reduces in vivo excretion of pigs orally challenged with F18+ verotoxigenic E. coli (159).

Many plant-derived natural substances are potential keys to designing antiviral therapies for inhibiting viral replication and infection (160, 161). The main active ingredients of Chinese medicines or phytochemicals such as quercetin, kaempferol, luteolin, isorhamnetin, baicalein, naringenin, and wogonin could target on AEC2 and 3CL protein of COVID-19. They exert the antivirus, inhibiting inflammatory mediators, regulating immunity, and eliminating free radical properties through the signaling pathways of IL-17, arachidonic acid, HIF-1, NF-κB, Ras, and TNF (162). Pterodontic acid is isolated from L. pterodonta and shows selective antiviral activity of influenza A virus, which is most probably associated with inhibiting the replication of influenza A virus by blocking nuclear export of viral RNP complexes, and attenuating the inflammatory response by inhibiting activation of the NF-κB pathway (163). Isoflavonoid is the major component of Puerarin (PR), which is isolated from the Chinese herb Gegen and possesses anti-inflammatory and antiviral activities. PR supplementation inhibits PEDV-induced NF-κB activation, demonstrating that PR has the potential to be an effective antiviral feed additive (108). PRRSV is one of the major swine pathogens. Tea seed saponins (TS) inhibit PRRSV-induced cell apoptosis and effectively suppress PRRSV replication by reducing the expression of the host cellular gene PABP, and significantly restrain virus N gene/protein expression (164). Xanthohumol, a prenylated flavonoid found in hops, significantly suppresses PRRSV proliferation by activating the Nrf2-HMOX1 pathway, which may be helpful for developing a novel prophylactic and therapeutic strategy against PRRSV infection (104). Studies showed that APS attenuated PCV2 infection by inhibiting oxidative stress and endoplasmic reticulum stress and by blocking NF-κB pathway (165, 166), and selenizing astragalus polysaccharide (sAPS) attenuates PCV2 replication promotion through autophagy inhibition via PI3K/AKT activation relying on Akt and mTOR phosphorylation (112). Aloe (Ae) extract can hamper completely the proliferation of PEDV in Vero and IPEC-J2 cells in vitro, and can reduce virus load and pathological changes in the intestinal tract of pig challenge with highly pathogenic PEDV variant GDS01 infection. However, Ae could not degrade S1 protein in vitro, indicating that Ae may directly inactivate the virus infectivity, but no effect on virus nucleic and virus invasion (167). Virus-infected cells release signals to recruit and activate immune cells. These immune cells secrete a variety of cytokines and chemokines to recruit more immune cells to the lesion site (168). Phytochemicals can be beneficial for animal health and considered as an alternative agent for antimicrobial and antivirus therapy. Although, potential targets and pathways of phytochemicals prescriptions were predicted through network pharmacological analysis. Antimicrobial and antivirus mechanisms of phytochemicals in pig production need further to be investigated.



Antioxidant and Immune Regulation Mechanisms of Phytochemicals in Pig Production

The main antioxidant and anti-inflammatory mechanisms found in phytochemicals are largely attributed to the regulation of signaling pathways. The Nrf2-ARE signaling is an important mediator of cellular response during an oxidative stress condition. Nrf2 may be considered as a key factor that protects cells against oxidative damage and contributes to the survival of the cell (169). Tagetes erecta flowers essential oils exerting antioxidative stress, anti-apoptotic and anti-inflammatory effects may rely on Nrf2/HO-1 and NF-κB signaling pathways (170). Isoegomaketone (IK), an essential oil component of Perilla frutescens (L.) Britt, inhibits NO production through simultaneous induction of HO-1 and inhibition of the IFNβ-STAT-1 pathway possessing anti-inflammatory activity (171).

NF-κB is a critical regulator of immunity and responsible for the transcription of the gene encoding many pro-inflammatory cytokines and chemokines (172). NF-κB activation results in tissue changes characteristic of inflammation. Schisandra chinensis extract (SCE) and Schisandra chinensis lignans (SCL) can greatly inhibit the TLR4/NF-κB/IKKα signaling pathway, and indicate that Schisandra chinensis ameliorates depressive-like behaviors by regulating microbiota-gut-brain axis via its anti-inflammation activity (173). Astilbe Chinensis ethanol extracts (ACE) inhibit LPS or thioglycollate (TG)-induced inflammation by blocking the NF-κB signaling pathway in macrophages (174). Additionally, MAPK and protein kinase A (PKA) signaling pathways are involved in antioxidant and immune regulation (175).

OEO is generally attributed to its antimicrobial and anti-inflammatory effects and contributes to promoting intestinal barrier integrity in pigs. The protective effect of OEO on the intestine is associated with the decrease of intestinal E. coli population and the inactivation of the JNK, ERK1/2, Akt, and NF-κB signaling pathways (83). Illicium verum extracts (IVE) and probiotics with added glucose oxidase (PGO) promote antioxidant capacity through upregulating the hepatic and jejunal Nrf2/Keap1 pathway of weaned piglets. Therefore, IVE and PGO can be recommended as a new potential alternative to antibiotics in piglets’ diets (176). Ulva prolifera extracts contain multiple functional active substances, which relieves oxidative stress via Nrf2 signaling, but not through AMPK pathway in weaned piglets treated with hydrogen peroxide (177). It is shown that SBE supplementation can potently attenuate diarrhea in weaning piglets and decrease inflammatory cytokine expression through inhibiting the NF-κB and P38 signaling pathways (123). Additionally, KEGG Pathway enrichment analysis by RNA sequencing shows that PI3K-Akt, AMPK, Rap1, and peroxisome signaling pathways are enriched in Tibetan pig liver after Chinese wolfberry (Lycium barbarum) and Astragalus (Astragalus membranaceus) extract treatment, and the plant extracts exert antioxidant and anti-stress ability (178). In vitro, OEO induces SOD1 and GSH expression through Nrf2 activation and alleviates hydrogen peroxide-induced oxidative damage in IPEC-J2 Cells (179). A low dose of eugenol (100 μM) improves selectively permeable barrier function during LPS-induced inflammation and tends to increase TEER values in the IPEC-J2 cell line (180). The antioxidant and immune regulation effects of phytochemicals are partly related to the activation of signaling pathways. These facts justify the urgency for therapeutic alternatives in pig production, preferentially combining selective antioxidant and anti-inflammatory activities, which may be efficiently to promote growth performance. Although numerous antioxidant and anti-inflammatory phytochemicals have been discovered or better characterized, in most cases, their mechanisms of action still have been clarified (Figure 1).




Figure 1 | Antimicrobial, antivirus, antioxidant mechanism of parts phytochemicals. Phytochemicals exert antimicrobial effect by inhibiting NF-kB signaling, and function as antioxidant role by activating Nrf2-HO-1 pathway. Phytochemicals show antivirus function relying on STAT pathway. Other pathways such as cAMP-PKA and AMPK/SIRT1 are also involved in antimicrobial, antivirus or antioxidant effects.






Discussion and Prospect

Scientific feeding strategies need to be considered to achieve certain goals in pig production. It is imperative to develop by-products or feed additives with high nutritional value, low cost, and easy access, to solve the shortage of feed resources, alleviate the current situation of human and animal competition for food, reduce drug resistance and environmental pollution, and provide safe meat. In the application of feed additives to improve animal performance and health, the chemical composition of feed additives, the mechanism of action, the release efficiency of the target of action, the relationship between feed and additives, nontoxic side and no residue, are important factors that should be considered. Plants are the source of a large proportion of medicines. Phytochemicals are considered to have medicinal properties possessing a wide variety of bioactivities including antimicrobial, antiviral, antioxidant, anti-inflammatory (181). Some novel biological functions including medical and commercial benefits of some phytochemicals have been fully explored, which can be acted as an alternative to antibiotics (182, 183).

Antibiotics have played a crucial role in the growth and development of the swine industry. Their efficiency in increasing growth rate, improving feed utilization, and reducing mortality from clinical disease is well documented (184). However, antibiotic residues, drug resistance, and environmental pollution seriously threaten human health and the sustainable development of the pig industry. It is necessary to improve nutritional programs in swine diets using phytochemicals, which contributes to increasing production efficiency and profitability, and reducing the environmental impact of pork production. The prohibition of antibiotics in pig feed provides a good application prospect for the development of effective phytochemical additives (Table 1). The principles of choosing by-products or additives are that they do not require more time or effort to process (188). However, there is limited information available on the pharmacodynamics/kinetics of phytochemicals in pig production. Firstly, efficient extraction methods to obtain active ingredients may be a pending challenge for many phytochemicals. It is imperative to use modern technologies including supercritical fluid extraction, subcritical extraction, liquid or solvent-free microwave extraction to obtain the effective substances. Secondly, the morphological damage, toxicity, and effectiveness, as well as the dosage in animals need to develop new techniques and to evaluate. Furthermore, the potential pharmacological interactions of ingredients and action mechanisms need to be further investigated. Importantly, the quick growth rate, stress-load effects of combinational feed additives, and cost/benefit analysis can be conducted to understand the achievable application of phytochemicals in pig production. Besides, careful consideration of group size, sample size, and how these factors may influence study outcomes, protocol implementation, sample collection, and recording of important information will be beneficial to the research progress of effective alternatives of antibiotics (189). Some studies of phytochemicals in pig production indicate the fruitfulness but others are still unclear. Experiments are needed to evaluate its economic aspects and efficacy under clinical conditions, so that phytochemicals can be used as natural medicine alternatives to antibiotics in the pig industry.


Table 1 | Summary of the application of part phytochemicals in pig production.
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Age-related gut barrier dysfunction and dysbiosis of the gut microbiome play crucial roles in human aging. Dietary methionine restriction (MR) has been reported to extend lifespan and reduce the inflammatory response; however, its protective effects on age-related gut barrier dysfunction remain unclear. Accordingly, we focus on the effects of MR on inflammation and gut function. We found a 3-month methionine-restriction reduced inflammatory factors in the serum of aged mice. Moreover, MR reduced gut permeability in aged mice and increased the levels of the tight junction proteins mRNAs, including those of occludin, claudin-1, and zona occludens-1. MR significantly reduced bacterial endotoxin lipopolysaccharide concentration in aged mice serum. By using 16s rRNA sequencing to analyze microbiome diurnal rhythmicity during 24 h, we found MR moderately recovered the cyclical fluctuations of the gut microbiome which was disrupted in aged mice, leading to time-specific enhancement of the abundance of short-chain fatty acid-producing and lifespan-promoting microbes. Moreover, MR dampened the oscillation of inflammation-related TM7-3 and Staphylococcaceae. In conclusion, the effects of MR on the gut barrier were likely related to alleviation of the oscillations of inflammation-related microbes. MR can enable nutritional intervention against age-related gut barrier dysfunction.

Keywords: methionine restriction, aging, microbiome diurnal rhythmicity, gut barrier, inflammation


INTRODUCTION

Aging is accompanied by a decline in the functional capacity of body systems, including cognitive, cardiovascular, and physiological health. The gut has been reported to play crucial roles in the aging process (1). Moreover, aging can alter microbial abundance and cause microbiota dysbiosis (2). Loss of gut microbiota diversity can increase chronic low-grade inflammation and reduce cognitive function during aging (3). The gut microbes could produce short-chain fatty acids (SCFAs) from carbohydrate fermentation. It has been reported that Sutterella, Bacteroides, Lactobacillus, Prevotella and Bacteroidales are SCFAs producing microbe (4). Moreover, Desulfovibrionaceae, Staphylococcus, and Ruminococcaceae lipopolysaccharidesare has been reported to be associated with the microbiota inflammatory properties (5, 6). Several studies have revealed that elderly adults and aged mice have lower levels of Firmicutes, Actinobacteria, and SCFA-producing microbiota (e.g., Lachnospiraceae, Faecalibaculum, and Ruminococcaceae) and higher levels of inflammatory gastrointestinal bacteria, such as Proteobacteria, Desulfovibrio, and Staphylococcus, compared with the microbiome of younger adults and mice (7–10). Age-related changes in the gut microbiome are strongly related to intestinal barrier permeability and age-associated inflammation of the host. Christensenella, Akkermansia, and Bifidobacterium, showed potential life span–promoting effects (11–13). Furthermore, Escherichia coli can induce cognitive impairment and colitis, which is increased in the feces of aged mice and elderly adults (14).

Mammalian circadian clock system is composed of suprachiasmatic nucleus (SCN) in the hypothalamus, which acts as the central pacemaker, and other cells/tissues, such as the liver, gut, and muscle, which act as peripheral oscillators (15, 16). Aging has a negative effect on the circadian clock, and animals and humans show impairment of rest-activity rhythms with age. SCN neurons can disrupt the circadian phase, and the amplitude is reduced in peripheral oscillators with age (17, 18). Mutation of circadian clock gene reduces lifespan and increases oxidative damage and neuronal degeneration in Drosophila (19). In addition, disorders of the circadian clock system affect microbial community gene expression, decrease host immune ability and increase the synthesis and transportation of lipopolysaccharide (LPS); these changes are similar to those observed in the gut microbiome of Alzheimer's disease patients (20, 21). Interestingly, the circadian clock is involved in gut microbiota-gut epithelium crosstalk and regulates multiple functions, including intestinal permeability, body composition, and the immune response (22–24). Notably, the abundance of gut bacteria exhibit daily oscillations over a 24-h period (25, 26). The total biomass of the gut microbiome also shows diurnal fluctuations, affecting more than 20% of functional pathways (27). Furthermore, the oscillating pattern of genes in germ-free and wild-type mice was quite different, suggesting that the gut microbiome is associated with host molecular rhythms (28). Similarly, germfree or antibiotic-treated mice exhibit reduced expression of clock and metabolic genes and significantly dampened diurnal histone signaling owing to a lack of histone deacetylase 3 expression (22, 29). The diurnal rhythms of the gut microbiome may contribute to the development of healthy host states. However, whether the circadian rhythm affects the aging process by regulating the gut microbiome remains unclear.

Dietary restriction (DR) extends lifespan in various organisms, including rat, mouse, and fruit fly models, and prevents age-related circadian reprograming in various tissues (30, 31). Methionine is a sulfur-containing essential amino acid that is enriched in animal products. Methionine restriction (MR) can mimic the effects of DR and is effective for suppressing proliferation, increasing longevity, and alleviating inflammation and obesity (32). More specifically, both 80 and 40% MR diets reduce mitochondrial reactive oxygen species generation, which may lead to a healthy lifespan in rodent models (32). In MR-treated mice, the inflammatory responses in the liver and white adipose tissue were found to be significantly downregulated (33). Notably, MR (0.172%) decreases endogenous oxidative molecular damage in the rat brain, further ameliorating aging-related neurodegenerative diseases (34). In addition, a recent study showed that MR improves gut function by regulating the gut microbiome and reducing intestinal permeability in high-fat diet (HFD)-fed mice (35), and feeding of an MR diet for 1 month leads to sex-specific changes in the gut microbiome (36). Moreover, MR time-specifically increases the abundance of SCFA-producing bacteria and decreases the inflammation-related bacteria Desulfovibrionales and Staphylococcaceae (37), and restriction of sulfur amino acids improves gut barrier function and upregulates claudins (38). Taken together, these findings support that MR may alter the gut microbiome in aged mice. However, whether MR affects diurnal fluctuations in the gut microbiome and the potential effects of MR on age-related gut homeostasis remain unknown. Accordingly, in this study, we revealed the effects of MR on age-related inflammation and gut barrier damages.



MATERIALS AND METHODS


Animal Procedures

Fifteen-month-old and two-month-old male C57BL/6J mice (Vital River Laboratory Animal Technology, Beijing, China) were housed under a 12/12-h light-dark cycle (lights on 08:00, lights off 20:00). Fifteen-month-old mice were randomized into two groups after adaptively feeding. Aged group fed a standard chow diet and MR group fed a MR diet for 3 months. Two-month-old mice were fed a standard chow diet. The detailed dietary compositions of these diets are provided in Supplementary Materials. We have obeyed relevant ethical regulations and research were approved in advance by Northwest A&F University (approval no. N81803231).



Quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNA was isolated from frozen colon using TRIzol method, diluted to uniform concentration, and reverse-transcribed into cDNA. RT-qPCR was performed using an UltraSYBR Mixture (Cowin Bio., Jiangsu, China) on a CFX96TM real-time system (Bio-Rad, CA, USA), operated at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The 2−ΔΔCT method was used to calculated the mRNA expression. Gene-specific mouse primers were used as listed in Supplementary Materials.



Serum Lipopolysaccharide Analysis

Serum samples were obtained by eyeball extirpating under anesthesia. Serum LPS contents were detected by ELISA kits (Xinle Bio., Shanghai, China).



Hematoxylin and Eosin (H&E) and Immunofluorescence Staining

The proximal colons were fixed in paraformaldehyde (4% in PBS, v/v) and embedded in paraffin. For H&E staining, colon sections were cut and stained with hematoxylin and eosin. Three animals per group were used for the assessment of goblet cell numbers. The number of goblet cells on each villus was counted.

For immunofluorescence staining, sections were exposed to Claudin-1 antibodies (Abcam, Ab15098, USA) at 4°C for 10 h, and incubated with biotinylated antibodies. After DAPI staining, the sections were sealed with antifading mounting medium (Solarbio, Beijing, China). Stained sections were observed using an inverted fluorescence microscope (Olympus, Tokyo, Japan).



Ussing Chamber Assays

Ussing chamber assays were performed as previously described (39). Briefly, 1.5 cm colons were unfolded and placed on Ussing chambers (KingTech, Beijing, China). The chamber was separated into two parts by the unfolded tissue. The tissue was exposed to carbogen-gassed Krebs buffers (7.35 g CaCl2·2H2O, 13.67 g NaCl, 7.01 g KCl, 4.2 g NaHCO3, 4.88 g MgCl2·6H2O, 3.96 g glucose, 3.74 g NaH2PO4·2H2O, dissolved in 2 L ddH2O, pH 7.4) at 37°C. For permeability measurements, fluorescein (0.09 g/L) were replaced on the luminal side and the fluorescence intensity of the serosal buffer was determined on the other side.



16S rRNA Sequencing

Fecal samples were collected every 4 h over 24 h before sacrifice through repeated sampling from the same mice after dietary intervention. Total DNA was isolated using an E.Z.N.A. Stool DNA Extraction Kit (Omega, GA, USA), and the V3 to V4 regions of the 16S rRNA gene were amplified using region-specific primers (341_F: 5′-CCTACGGGNGGCWGCAG-3′; and 802_R: 5′-TACNVGGGTATCTAATCC-3′). Raw reads were merged, trimmed, and denoised to construct operational taxonomic units (OTUs) and identified using Usearch (version 7.1). Venn diagram evaluation, β-diversity assessment, principal coordinate analysis (PCoA), and partial least squares-discriminant analysis (PLS-DA) were performed using Qiime2 (2018.11) combined with the R-package vegan and ANCOM2. Taxonomy-based analyses were used to identify significant differences in phylotypes under MR treatment at distinct energy densities. Biomarker-discovery responses to MR were analyzed by linear discriminant analysis (LDA) effect size (LEfSe). Significant biomarkers were detected using the default threshold of α value < 0.05 and LDA score >2.



Data Analysis

Gut microbiome data were reported as mean ± SEM, other data were reported as max, min, and median. Significant differences between mean values were determined by one-way ANOVA. For multiple comparisons, Tukey's test was performed using GraphPad Prism 7.0 software. Means were considered significantly different when the p-value was <0.05. JTK_CYCLE (v3.1) was used to determine whether an OTU was cyclical (ADJ. p < 0.05) (40).




RESULTS


Effects of MR on Serum Inflammation Factors in Aged Mice

Aged mice were fed with an MR diet for 3 months. MR feeding significantly decreased the body weights of aged mice (p < 0.01, Figure 1A). However, MR-fed aged mice consumed more food compared to control diet-fed aged mice (p < 0.01, Figure 1B). Moreover, methionine intake was significantly decreased under MR feeding (p < 0.01, Figure 1C). The inflammatory response during aging is one of the causes of other age-related symptoms. To evaluate the effects of MR on age-induced systemic inflammation, which have been reported to be a risk factor for age-related biological degradation, inflammatory factors were investigated. As shown in Figures 1D,E, interleukin (IL)-1β and tumor necrosis factor (TNF)-α levels in serum were dramatically increased in aged mice, and this effect was reversed in MR-fed aged mice (Figures 1D,E, p < 0.05).


[image: Figure 1]
FIGURE 1. Effects of methionine restriction on the body weight, food intake, and serum cytokines concentrations of aged mice. (A) Body weight; (B) food intake; (C) methionine intake; (D) IL-1β content in serum; (E) TNF-α content in serum. The boxplot elements are defined as following: center line, median; box limits, upper and lower quartiles; whiskers, min to max (n = 5/group). Significant differences between mean values were determined using one-way ANOVA analysis of variance with Tukey's multiple comparison test; *p < 0.05, **p < 0.01.




Effects of MR on the Gut Barrier Integrity in Aged Mice

Intestinal barrier integrity plays a critical role in age-related systemic inflammation. There is no significant difference of muscular thickness between young and aged mice. We found MR increased the villi length, and number of goblet cells in aged mice (p < 0.01, Figures 2A–D). Moreover, immunofluorescence staining for claudin-1 showed that aging decreased the expression of claudin-1, whereas MR increased claudin-1 in aged mice (Figure 2A). Furthermore, we observed that MR prevented gut leakage (Figure 2E). In addition, the expression levels of occludin, claudin-1, and zona occuldens-1 (Zo-1) mRNAs, which encode tight-junction proteins in the gut barrier, were also elevated by MR (p < 0.01, Figures 2F–H). The intestinal barrier is the first defense against LPS-induced inflammatory activation in the body. Consistent with this, LPS content was increased in aged mouse serum, whereas MR reversed the abnormal increase (p < 0.05, Figure 2I). This result showed that MR reduced age-related inflammation, possibly because of its effects on improving gut barrier function.


[image: Figure 2]
FIGURE 2. Effects of methionine restriction on the gut barrier integrity of aged mice. (A) Representative images of hematoxylin and eosin staining and immunofluorescence staining of claudin-1/DAPI in mouse colon tissues (n = 3/group). Arrows point to goblet cells. (B) Muscular thickness; (C) villus length; (D) average goblet cell per villi; (E) rate of fluorescence changes during Ussing chamber analysis (n = 3/group). (F–H) mRNA expression of occludin, claudin-1, and Zo-1; loading control: Gapdh (n = 5/group). (I) LPS content in serum. (n = 5/group). The boxplot elements are defined as following: center line, median; box limits, upper and lower quartiles; whiskers, min to max. Significant differences between mean values were determined using one-way ANOVA analysis of variance with Tukey's multiple comparison test; *p < 0.05, **p < 0.01.




Effects of MR on Gut Microbiome in Aged Mice

We identified 1102 OTUs in mice fecal of 3 conditions. Venn diagram showed that microbial composition of mice in each group was significantly changed (Figure 3A). As shown in Figures 3B,C, the gut microbiome was distinctly different between the young and aged groups, as demonstrated by PCA and PLS-DA. Moreover, aging significantly increased the observed OTUs, Chao index, and ACE index compared with that in young mice (p < 0.01, Figures 3D–G). However, MR increased the Simpson index in aged mice (p < 0.01, Figure 3H). MR affected the relative abundance of gut microbiome. Specifically, compared with the young group, the proportion of Bacteroidetes decreased and the proportions of Firmicutes and Proteobacteria increased in the aged group. After MR treatment, an increase in the proportion of Bacteroidetes with a decrease in Firmicutes was observed (Figure 3I). LEfSe analysis suggested that Akkermansia, Verrucomicrobiaceae, and Bacteroidaceae were universal markers in the young group; Erysipelotrichaceae, Staphylococcus, and Helicobacteraceae were dominant microbes in the aged group; and Prevotella, Bacteroidales, Desulfovibrionales, and Bifidobacteriales were aged + MR-specific markers (Figures 3J,K).


[image: Figure 3]
FIGURE 3. Effects of methionine restriction on the gut microbiota composition of aged mice. (A) Venn diagram displays the number of shared and unique OTUs among Young, Aged and Aged+MR. (B) Principal coordinate analysis (PCoA) and (C) Partial least squares discrimination analysis (PLS-DA) indicated the beta-diversity of gut microbiome.; (D) Observed species index, (E) Chao index, (F) Ace index, (G) Simpson index, and (H) Shannon index indicated the alpha-diversity of gut microbiome. The boxplot elements are defined as following: center line, median; box limits, upper and lower quartiles; whiskers, min to max. Significant differences between mean values were determined using one-way ANOVA analysis of variance with Tukey's multiple comparison test; *p < 0.05, **p < 0.01. (I) Gut microbiome composition at the phylum level. Differential analysis of the gut microbiome between (J) young and (K) aged + MR groups.




Differential Effects of MR on the Gut Microbiome Composition Over a 24-H Period

To investigate the stability of the relative abundance of gut microbes over the course of a day, we use JTK_CYCLE to define the rhythmicity of each OTU. Venn diagram analysis showed the distribution of OTUs that were considered to be rhythmic, with an ADJ. p-value <0.05, in each group (Figure 4A). Moreover, the gut microbiome of aged mice had the most rhythmic OTUs, accounting for 17.48% of the total number of OTUs. However, the gut microbiome of young mice and MR-fed aged mice ranged from 11 to 12% (Figure 4B). In OTUs with oscillations, peaks appeared at different times. In the young group, the cycling OTUs showed peaks distributed over a day (Figure 4C). The peaks of these OTUs changed in the feces of aged mice. However, these alterations were alleviated by MRD. The peaks of these OTUs were shifted rather than dramatically disturbed compared with those in young mice (Figure 4C). These data indicated that the composition of the gut microbiome changed over time and that MR could have different influences on the gut microbiome at different time points.


[image: Figure 4]
FIGURE 4. Effects of methionine restriction on diurnal rhythms of the gut microbiome in aged mice. (A) Venn diagrams displays the number of shared and unique cycling OTUs. (B) Proportion of cycling and non-cycling OTUs. (C) Heatmap of cycling OTUs organized by peak, from the young group. (D–G) Diurnal patterns of relative abundances of TM7-3 CW040, Staphylococcus, Desulfovibrionales, and Ruminococcaceae over 24 h. Data are double-plotted for clear visualization. Data are presented as means ± SEMs; n = 5/time point. *p < 0.05, **p < 0.01, vs. the young group; #p < 0.05, ##p < 0.01, vs. the aged group. Significant differences between means were determined using one-way ANOVA analysis of variance with Tukey's multiple-comparison test.




MR Decreased the Inflammation-Related Microbiome in Aged Mice

The results of analyses of inflammation-related microbiome, involving TM7-3 CW040, Staphylococcaceae, Desulfovibrionales, and Ruminococcaceae, showed that the aged group exhibited dramatic increases in TM7-3 CW040, Staphylococcaceae, and Desulfovibrionales compared with the young mice. No significant differences in Ruminococcaceae were detected between the young and aged groups. The relative abundance of Staphylococcaceae was lower in the aged + MR group than in the aged group at ZT4 and ZT8. Moreover, the aged group showed disordered cyclical oscillations of Staphylococcaceae, Desulfovibrionales, and Ruminococcaceae (ADJ. p = 0.18, 0.08, and 0.05, respectively). After MR feeding, the aged + MR group exhibited similar cyclical fluctuations in Staphylococcaceae, Desulfovibrionales, and Ruminococcaceae as the young group (Figures 4D–G).



MR Increased the SCFA-Producing and Life Span-Promoting Microbiome in Aged Mice

To consider circadian effects, the family, genus, and species levels of the gut microbiome were evaluated. Specific differences in the relative abundances of these organisms are shown in Figure 5A, including SCFA-producing microbes (e.g., Prevotella, Bacteroidales, Bacteroides, Lachnospiraceae, and Sutterella) and potential life span-promoting microbes (e.g., Escherichia coli, Akkermansia, and Bifidobacterium), from the light to the dark phase. The aged + MR group showed a marked increase in the relative abundance of Prevotella compared with the aged group, particularly at ZT0 and ZT4. Moreover, the young group exhibited higher relative abundances of Bacteroidales, Bacteroides, and Lachnospiraceae than the aged groups, but had a lower relative abundance of Sutterella. A previous study demonstrated that aging could alter the Sutterella to Barneseilla ratio (41). Additionally, we found that MR significantly increased the relative abundance of Bacteroidales at ZT0. Although Lachnospiraceae has been found to increase SCFA levels, this microbe is also associated with obesity. Our findings showed that MR slightly decreased the relative abundance of Lachnospiraceae in the aged mice. In addition, in the young and aged + MR groups, Prevotella, Bacteroides, Lachnospiraceae, Escherichia coli, and Bifidobacterium exhibited similar cyclical oscillation, whereas the cyclical fluctuations of Bacteroides and Bifidobacterium were disrupted (ADJ. p = 0.17 and 0.08, respectively) compared with those in the young and aged + MR groups (Figure 5B). These results together indicated that MR enhanced the relative abundances of SCFA-producing and life span-promoting microbiomes and restored the diurnal fluctuations of specific microbiomes in aged mice.


[image: Figure 5]
FIGURE 5. Methionine restriction increased the abundances of SCFA-producing and life span-promoting microbes. (A) Diurnal patterns of the relative abundances of Prevotella, Bacteroides, Lachnospiraceae, and Sutterella over 24 h. (B) Diurnal patterns of the relative abundances of Escherichia coli, Akkermansia, and Bifidobacterium over 24 h. Data are presented as means ± SEMs; n = 5/time point. *p < 0.05, **p < 0.01, vs. the young group; #p < 0.05, ##p < 0.01, vs. the aged group. Significant differences between means were determined using one-way ANOVA analysis of variance with Tukey's multiple-comparison test.




Correlation Analysis Between Characteristic Indicators and the Specific Rhythm Microbiome

To clarify the correlations among the characteristic indicators, tight junction proteins, and inflammatory factors, Pearson's correlation analysis was performed (Figure 6). The results showed that characteristic indicators and specific rhythm microbiomes were highly correlated. More specifically, Met intake was positively correlated with serum TNF-α levels (Pearson's coefficient = 0.83). Importantly, the correlation of oscillation characteristic indicators and abundance in the light period (ZT4, ZT8, and ZT12) was slightly higher than that in the dark period (ZT16, ZT20, and ZT0).


[image: Figure 6]
FIGURE 6. Correlation analysis between the characteristic indicators and relative abundances of the gut microbiome during daytime (ZT4, ZT8, and ZT12) and nighttime (ZT16, ZT20, and ZT0). Pearson's correlation analysis was performed for body weight, methionine intake, inflammatory factors, and relative abundance of the gut microbiome. Red, positive correlation; blue, negative correlation.





DISCUSSION

In this paper, the protective effects of MR on age-related systemic inflammation were investigated. The mechanism may involve protecting the gut barrier and reducing LPS, consistent with the results of reshaping the gut microbiome (Figure 7). We also found that intestinal tight junction proteins were upregulated and the age-related rhythmic disturbance of intestinal bacteria was alleviated by MR.


[image: Figure 7]
FIGURE 7. Methionine restriction alleviated systemic inflammation in aged mice by reshaping the gut microbiome, improving gut barrier function, and reducing serum lipopolysaccharide.


The effects of MR on lifespan extension have been reported in various animal models (32). Recent studies have shown that MR can alleviate age-related bone density reduction, cognitive dysfunction, systemic inflammation, and oxidative stress (35, 42–44). Moreover, during aging, intestinal function gradually degrades, which may facilitate other age-related degenerative processes. Aging leads to aging of intestinal cells, damage to intestinal barrier function, and reduction of intestinal tight junction protein levels, which in turn promotes the degradation of overall body function (3, 45, 46). Additionally, improving aging-related intestinal barrier damage can extend lifespan (46, 47). Mechanistically, MR can promote the production of glutathione and regulate the production of H2S by activating the nutritional response signal fibroblast growth factor 21, thereby prolonging lifespan and reducing inflammation (48, 49). However, some studies have shown that the anti-inflammatory effects of MR are partly independent of these mechanisms (50). Furthermore, the regulatory effects of MR on the intestinal function of aging mice have not been clearly studied. In an HFD-induced obese mouse model, an MRD reshaped the gut microbiome, reduced inflammatory factors, and ultimately alleviated metabolic syndrome in obese mice (35, 37). MR alleviates fat accumulation and inflammatory responses by reshaping gut microbiome of 8-month-old mice (51). In young mice, dietary methionine supplementation alters one-carbon metabolism and DNA methylation in the proximal jejunum, and alters the normal gut physiology (52). Increasing or decreasing the level of methionine in the diet will cause changes in the composition of gut microbes, with some differences between males and females (36). Consistent with this, in our study, dramatic changes in gut microbiome composition were found in MR-treated 18-month-old mice, with a lower level of inflammatory factors.

Intestinal barrier integrity is necessary for maintaining the stability of the body. Gut microbial disruption leads to compromised gut barrier function and sustained systemic inflammation (53). Microbiome-host interactions are related to the inflammatory factors production in humans (54), and LPS produced by the gut microbiota accelerates inflammation and aging in mice (55). In the current study, we found that MR reduced serum LPS levels in aged mice and that LPS levels were correlated with Met intake. In addition, the increase in LPS associated with age further activates the intestinal inflammatory factors TNF-α and IL-1β, triggering a systemic inflammatory response. In another study in our group, an increase in LPS caused by aging was found to exacerbate the cognitive impairment associated with aging (56). Furthermore, damage to the intestinal barrier function and activation of inflammatory factors have been used as triggers or biomarkers for Crohn's disease, Parkinson's disease, and metabolic syndrome (57–59). We found that MR reduced the levels of serum LPS and inflammatory factors in aged mice, which may be related to enhancement of the integrity of the intestinal barrier and upregulation of tight junction proteins by MR. The results of correlation analysis also supported this speculation.

The gut microbiome has a circadian rhythm similar to that of organisms, and this rhythm plays critical roles in the biological functions of the host, including digestion, absorption, and metabolism (60, 61). Feeding time and food composition have been shown to affect the diurnal rhythm of the gut microbiome (62, 63). In our study, MR affected the diurnal rhythms of some specific intestinal bacteria, particularly those related to inflammation-associated, SCFA-producing, and lifespan-promoting microbes. The relative abundance of TM-7 has been reported to be increased in the intestine and oral cavity of patients with inflammatory bowel disease (64, 65). In addition, the relative abundances of Desulfovibrionaceae and Staphylococcaceae, related to the activation of host inflammatory factors, are down-regulated by MR. In particular, Desulfovibrio and other sulfate-reducing bacteria, hydrogen sulfide producer, are related to inflammatory response (66). Sutterella, Bacteroides, Lactobacillus, Prevotella, and Bacteroidales are associated with SCFA production (4). Akkermansia improves the colonic mucus thickness decline and attenuates immune activation in aged mice (67). Bifidobacterium and Lactobacillus have been reported to impair brain function and further lead to neurodegenerative disorders (68). We found that MR increased the relative abundance of Staphylococcaceae during the daytime and decrease the relative abundance of TM7-3 CW040 at night in aged mice. MR has no difference in up-regulating the relative abundance of Akkermansia between a day.

This study has potential limitations. Firstly, the synchronism between gut microbiota and gut barrier function upon MR diets would be estimated if there are serum LPS concentrations with different time points. Secondly, there may be commensal bacteria that become opportunistic pathogens only under certain conditions. The classification of inflammation-related, SCFA producing and age-related microbes in presented study may not be applicable to all pathologies. Metagenomics sequencing could provide more precise information on how gut microbiota affects host functions. Thirdly, we only chose a single dose of Met-restricted diet commonly used in MR studies. The effect of different Met intakes on the gut microbiome is not clear. A wider range of Met-restricted level will reveal a clearly correlation between Met intake and the relative abundance of gut bacteria. Moreover, feeding time was not monitored in this study, which was proved to have great influence on the diurnal rhythm of the gut microbiome. The relationship between dietary methionine content and the relative abundance of gut microbiome on aging and aging-related gut dysfunction are under further investigation.



CONCLUSION

In this study, we found that MR alleviated systemic inflammation, improved gut barrier function, and reshaped the gut microbiome. The effects of MR on Staphylococcus, TM7-3 CW040, and Prevotella varied during the 24-h observation period. These findings provide important insights into the application of MR for prevention of age-related gut barrier damage and inflammation-related diseases.
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Up to 50% of patients with Crohn's disease (CD) experience secondary loss of response (SLR) to infliximab. Patients with SLR may show clinical signs of iron deficiency as a result of inflammation despite being iron-replete. The magnetic resonance imaging (MRI)-based radiomic index, R2*, can detect changes in iron metabolism. Therefore, the R2* parameter has considerable potential for detection of SLR to infliximab. The aims of this study were to explore the correlation between R2* and inflammation and to develop a non-invasive nomogram based on R2* to identify SLR to infliximab in patients with CD. Three hundred and twenty-two infliximab-treated patients with CD who underwent magnetic resonance enterography within 2 weeks before or after 54 weeks of infliximab therapy were divided into training and validation datasets at a ratio of 8:2. Point-biserial analysis was conducted to confirm the relationship between R2* and inflammation. A multivariate logistic regression model was created using R2*, CRP and hemoglobin (OR, 1.10, 1.04 and 0.98; P < 0.05). Receiver-operating characteristic curves and the Hosmer-Lemeshow test were used to assess the performance of the model. A correlation between R2* and inflammation was identified. Different trends in R2* and iron status indices were observed between patients with responsive and non-responsive CD, which is worthy of further study. The model was converted to a visualized nomogram that had a good ability to discriminate the outcomes of infliximab therapy with an area under the curve of 0.723 (95% CI, 0.661–0.785) in the training dataset and 0.715 (95% CI, 0.587–0.843) in the validation dataset. We confirmed a correlation between R2* and inflammation in patients with CD. Based on the MRI-based radiomic signature, a novel nomogram was established and validated to facilitate individualized identification of SLR to infliximab in patients with CD.
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INTRODUCTION

Crohn's disease (CD), a major subtype of inflammatory bowel disease (IBD), is a chronic remitting and relapsing inflammatory disorder of the gastrointestinal tract that requires lifelong treatment and follow-up (1). Biologic therapies, including anti-tumor necrosis factor (TNF), are effective in inducing and maintaining remission (2, 3); however, up to 50% of patients with an initial clinical response stop therapy due to secondary loss of response (SLR) (4). Loss of response to infliximab, an anti-TNF monoclonal antibody, is thought to emerge when drug levels become insufficient due to degradation and elimination of the anti-drug antibody. When loss of response to infliximab is suspected, an assessment for active inflammation and/or complications of IBD should be initiated, combined with evaluation of clinical manifestations, biochemical markers, endoscopy, and imaging. Moreover, routine monitoring of disease activity is necessary during infliximab therapy so that treatment options can be adjusted in a timely manner to ensure long-term remission.

For decades, the Crohn's Disease Activity Index (CDAI) has been considered a useful standard for assessing the clinical activity of CD (5–8). However, CDAI needs to be calculated over a period of 7 days, and correct calculation depends on good patient compliance, which limits its practicality for routine clinical application (9, 10). Colonoscopy is an objective and reliable method that reflects the status of the intestinal tract but is invasive, costly, and accompanied by risks of perforation, bleeding, and sedation-related cardiovascular complications (11). Moreover, endoscopy is not feasible in a significant proportion of patients with CD because of luminal stricture in the intestine and/or a penetrating phenotype of disease behavior. Moreover, repeated invasive operations require a longer recovery time and are psychologically burdensome for patients (12). Magnetic resonance enterography (MRE) is a non-invasive tool for comprehensive radiological assessment of disease activity, especially for patients who cannot be evaluated by endoscopy due to penetrating and stenotic lesions (13). The magnetic resonance index of activity (MaRIA), which is based on features such as wall thickness and mucosal ulceration, is widely used for objective evaluation of the activity of CD (14). However, use of the MaRIA requires simultaneous evaluation of a series of indicators, which is time-consuming and highly dependent on the competence of the radiologist.

To date, there has been no MRI-based radiomics signature that can identify disease activity in CD. However, detailed observation of MRI-based radiomic signatures suggests that the R2* relaxation rate of liver tissue in gradient-echo images could be an indicator of CD status. R2*, known as the reciprocal of T2*, is directly proportional to iron and demonstrate the most promising result in evaluating iron deposition in the liver (15). And so R2* can detect changes in iron metabolism, a characteristic of inflammation, which is facilitated by the presence of binding sites for proinflammatory cytokines in the promoter of genes regulating iron homeostasis (16). Moreover, as a quantitative parameter, R2* is more objective and less operator-dependent than MaRIA. The aims of this study were to explore the role of R2* in disease activity and to combine R2* with clinical parameters to develop a non-invasive, sensitive, and convenient tool for identification of SLR to infliximab in patients with CD.



MATERIALS AND METHODS


Study Design and Patients

This retrospective single-center study was conducted at the Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine. The study was approved by the Ren Ji Hospital Ethics Committee (approval number KY2019-039) and conducted in accordance with the Declaration of Helsinki. The need for informed consent was waived in view of the retrospective observational nature of the study. Patient confidentiality was ensured by protection of all personal information in the medical record system.

Patients with CD who were treated with infliximab at Ren Ji Hospital between July 2018 and November 2020 were enrolled according to the eligibility criteria. The inclusion criteria were as follows: diagnosis of CD confirmed in accordance with the consensus statement published by the European Crohn's and Colitis Organization (17); treatment with infliximab initially effective and continued to 54 weeks or loss of response after week 14; MRE performed within 2 weeks before or after 54 weeks of infliximab therapy, or within 2 weeks after a relapse (CDAI >150); and a time interval between laboratory examinations and MRE of <1 week. The following exclusion criteria were applied: adverse reactions during infliximab treatment; concurrent hematological, neoplastic, metabolic, or auto-immune liver disease; incomplete clinical data; MRE performed after rescue therapy with corticosteroids, second biologic agents, or second-line immunosuppressants; and iron supplementation. A flowchart summarizing the details of the recruitment process is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Recruitment process for patients in the training set and validation set.




MRE Image Acquisition and Calculation of R2*

Patients underwent bowel preparation 8 h before the MR examination. All patients were instructed to drink 1,000–1,200 mL of polyethylene glycol (Wanghe Pharma, Shenzhen, China) 45 min before scanning, and 10 mg of anisodamine (First Biochemical Pharma, Shanghai, China) was injected into the gluteus maximus muscle. MR examinations were performed on a 1.5-T GE scanner with an 8-channel torso phased-array coil (Optima MR360; GE Healthcare, Milwaukee, WI, USA). All images were obtained using routine MRE scanning in the supine position. In the contrast-enhanced phase, 15 mL of Magnevist (Bayer Schering, Shanghai, China) was injected through the dorsal vein.

The IDEAL-IQ sequence was used in this study. The R2* map was generated using the post-processing software provided by the manufacturer. Five circular regions of interest (ROIs) of ~100 mm2 were drawn manually in the R2* map using the AW4.6 workstation (GE Healthcare). The value of R2* was displayed automatically once ROIs were drawn and the mean R2* of five ROIs was considered as patient's R2*. Three of these ROIs were evenly placed on the right lobe and two on the left, avoiding major vessels, ligaments, and bile ducts. The ROI was delineated by two radiologists experienced in performing MRE and by an experienced gastroenterologist.



Clinical Variables and Definition of Outcomes

Basic patient information was retrospectively extracted from the medical records. Information was collected on inflammation-related indicators, including the C-reactive protein (CRP) level and platelet count, and nutrition-related indicators, including hemoglobin, albumin, serum iron, mean erythrocyte hemoglobin concentration, mean red blood cell hemoglobin content, mean volume of hematocrit, total iron binding capacity, and transferrin. The Montreal classification was used to classify the location and behavior of the disease (18).

Secondary loss of response is defined in those patients who initially respond to infliximab therapy and subsequently lost clinical response (19). The CDAI value was used as a reference standard to determine whether patients responded to infliximab. The cut-off values were set at a CDAI score of ≤150 for inactive disease and >150 for active disease to indicate whether or not a patient showed a clinical response after treatment with infliximab. The SLR evaluation process was performed by a multi- disciplinary team of experienced experts at our institution during week 54. In brief, CDAI over 150 indicates loss of response. Subclinical recurrence would be determined by our MDT integrating the clinical symptoms, inflammatory biomarkers, endoscopic findings, and radiologic features. Patients with dose intensification or replacement with another anti-TNF drugs were also included as the secondary loss of response in this study.



Construction and Validation of the Model

The enrolled patients were randomly divided into a training set and a validation set at a ratio of 8:2 using SPSS software (version 25.0; IBM Corp., Armonk, NY, USA). This ratio is the one that is commonly used to divide training and validation datasets (20–22). Univariate analysis was conducted to identify meaningful candidate variables for the model. Variables with a P < 0.2 in univariate analysis were considered potential candidates for further selection (23). Point-biserial analysis was conducted to further examine the correlation between the candidate variables and disease activity. Multivariate logistic regression analyses were performed with three selection procedures (forward, backward, and stepwise) to select the best-fit model based on the value of the Akaike information criterion. A nomogram was formulated from the results of the multivariate logistic analysis using the rms package in R (version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria).

Receiver-operating characteristic (ROC) curve analysis was used to validate the performance of the model in both the training and validation sets. The calibration curve was evaluated using the Hosmer- Lemeshow goodness-of-fit test.



Statistical Analysis

The statistical analysis was performed using R version 4.0.3 and STATA 15.0 for Windows (StataCorp LLC, College Station, TX, USA). Normally distributed continuous variables are expressed as the mean (standard deviation) and non-normally distributed variables as the median (interquartile range). Categorical variables are expressed as the proportion. Univariate analysis was performed using the Mann-Whitney U-test for continuous variables and the chi-squared test for categorical variables. Point-biserial analysis was conducted to identify the correlation between continuous and binary variables. The cut-off value of R2* was calculated using the pROC package in R version 4.0.3. Logistic regression analysis was used to examine associations and find the best combination of variables.

Discrimination was quantified using the area under the ROC curve. Odds ratios with 95% confidence intervals (CIs) were calculated for the final predictors. The Hosmer-Lemeshow goodness of fit test was used to evaluate the model fit and a P > 0.05, indicating a good estimation of the model (24). All statistical tests were two-sided. A P < 0.05 was considered statistically significant.




RESULTS


Demographics and Clinical Characteristics

A total of 322 patients who were treated with infliximab between July 2018 and November 2020 were recruited and subsequently randomized to a training set (n = 257) or an independent validation set (n = 65). The continuous variable hemoglobin was converted into two categories at a threshold of 120 g/L. The demographics and clinical characteristics of the patients in the training and validation sets are summarized in Table 1. In the training set, 122 patients (47.5%) showed an SLR to infliximab and recurrent inflammation, namely active CD, and 135 (52.5%) continued to respond to infliximab and remained in clinical remission. In the validation set, 35 patients (53.8%) had active CD and 30 (46.2%) had inactive CD. There were no statistically significant demographic or clinical differences between the two sets.


Table 1. Patient demographics and clinical characteristics.
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Contribution of Inflammation to Iron Utilization Disorders

MR images of the infliximab-treated patients are shown in Figure 2. The R2* map (Figures 2A,C) shows that there was a significant difference in signal intensity in the liver between patients with and without a clinical response to infliximab. Furthermore, the R2* was significantly higher in patients with active disease ([image: image] vs. [image: image] = 28.0 vs. 26.6, P = 0.03) whereas iron status indices showed an opposite trend (Figure 3). The outcome of point-biserial analysis showed that R2* was significantly correlated with SLR (rp= 0.242, P < 0.001). The correlation between SLR and hemoglobin (rp= −0.242), serum iron (rp= −0.142), and transferrin saturation (rp= −0.139) was converse to that of R2* and was statistically significant (all P < 0.05) (Table 2). R2* was positively correlated with hepatic iron and outcomes of therapy, reflecting the difference in intestinal inflammation (15). The different trends in R2* and iron status indices indicated that iron stores were adequate in patients with active CD but that recurrent intestinal inflammation might contribute to iron utilization disorders, resulting in iron deficiency (26). The possible cut-off value of R2* is 35.655 with a lower AUC of 0.630 (Supplementary Figure 1), indicating that R2* alone is not much practical for the identification of SLR.


[image: Figure 2]
FIGURE 2. Examples of comparative MRE images obtained from patients with active CD and inactive CD. (A) A patient with active CD who showed higher liver signal intensity on the R2* map (R2* = 93.074; CDAI value, 233). (B) Corresponding T2-weighted and diffusion-weighted images of a patient with active CD showing inflammation of the bowel wall, including thickening of the wall of the ileum with an increased signal, rough mucosal surface, and a small amount of pelvic cavity effusion. (C) MRE image of a patient with inactive CD on the R2* map (R2* = 14.12, CDAI value, 73). (D) Corresponding T2-weighted and diffusion-weighted images for a patient with inactive CD. CD, Crohn's disease; CDAI, Crohn's Disease Activity Index; MRE, magnetic resonance enterography.



[image: Figure 3]
FIGURE 3. Difference in iron status indices and R2* between patients with active and inactive disease. Hemoglobin, serum iron, and transferrin saturation were higher in patients with inactive CD (P < 0.01, 0.02, and 0.03, respectively). R2* was higher in patients with active CD (P = 0.03). CD, Crohn's disease.



Table 2. Correlations of secondary loss of response with R2* and several iron status indices.
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Development and Validation of a Clinical-Radiomics Nomogram to Identify SLR to Infliximab

For better identification, we used logistic regression to develop a new model based on R2* and other clinical parameters. As shown in Table 3, variables with a P < 0.2 in univariate analysis, such as body mass index, hemoglobin, R2*, and CRP level, were considered as candidate variables. The remaining variables were not significantly associated with SLR in our training cohort. Three selection procedures (forward, backward, and stepwise) were applied to further confirm the best-fit model; CRP, hemoglobin, and R2* were finally determined as the appropriate subset of variables to identify SLR (odds ratios, 1.04, 0.98, and 1.10, respectively; P < 0.05). The diagnostic equation for the model was: 0.406 + 0.035*CRP - 0.025*Hb + 0.090*R2*. Specific information on the model is presented in Table 4. To further simplify the logistic regression results and to create a clinically practical tool, the coefficients of each factor in the multivariate logistic regression analysis were used as weights to construct a nomogram that would facilitate the practical application of the model for identifying the risk of SLR in a given patient (Figure 4).


Table 3. Results of univariate analysis of candidate variables for the training dataset.
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Table 4. Variables in the final multi-regression model in the training dataset.
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FIGURE 4. Nomogram for identification of secondary loss of response in patients with Crohn's disease.


The ROC curves of the nomogram in the training and validation datasets are shown in Figure 5. Briefly, the nomogram was equipped with satisfactory discrimination power to identify SLR; the area under the curve was 0.723 (95% CI, 0.661–0.785) in the training dataset and 0.715 (95% CI, 0.587–0.843) in the validation dataset. Furthermore, the nomogram was well-calibrated, with a Hosmer-Lemeshow c2 statistic of 6.98 (P = 0.73) in the training dataset and 13.12 (P = 0.22) in the validation dataset, demonstrating that its monitoring efficacy was highly consistent with that of the CDAI (Supplementary Figure 2).


[image: Figure 5]
FIGURE 5. Receiver-operating characteristic curves for nomograms used to identify secondary loss of response to infliximab (A) in the training cohort (area under the curve, 0.723) and (B) validation cohort (area under the curve, 0.715).





DISCUSSION

Although CD can generally be well-controlled by anti-TNF therapy, up to 50% of patients may lose their initial therapeutic response over time. To achieve a better prognosis, it is imperative to objectively confirm SLR using a comprehensive assessment of CD activity. In the present study, we developed and validated a novel non-invasive, MRI-based robust radiomics nomogram for identification of SLR to infliximab in patients with CD. This study confirmed the value of R2* when monitoring the outcomes in patients with CD treated with infliximab, highlighting a novel signature for monitoring the progression of CD. To the best of our knowledge, this is the first attempt to identify SLR to infliximab based on an MRI-based radiomics signature.

Radiomics is an emerging field of medical imaging and is typically used to quantify tumor heterogeneity (27–29). Inspired by the promising potential of radiomics, we sought to expand its use to non-neoplastic diseases and develop a clinical-radiomics model that allows more comprehensive assessment of SLR in patients with CD. Considering the radiation dose during computed tomography enterography, R2*, a radiomics signature based on MRI, was selected as the core for our model. In contrast with the complexity of MaRIA, R2* can be obtained in a more rapid and less operator-dependent manner, making the model a more objective and practical tool. Moreover, MRE can be performed without being hindered by strictured bowel segments, which means that our model has a wider scope of applicability.

R2* is commonly used to monitor iron overload and is positively related to the liver iron concentration. Although frank iron overload was not present in any individual in our study, R2* was significantly higher in patients with non-responsive CD than in those with responsive disease. Patients with active CD, namely, non-responsive patients in whom inflammation of the intestinal mucosa did not achieve remission, had higher levels of hepatic iron. However, the difference in R2* between patients with and without active CD appears to be contradictory to that of the iron status indices. Comparative analysis revealed that the values for iron status parameters, including serum iron, transferrin, and hemoglobin, were lower in patients with active disease, which has previously been attributed mainly to iron deficiency anemia as a result of chronic intestinal blood loss or decreased iron absorption in the damaged duodenum (25, 30). However, our findings with regard to R2* show that patients with active CD have adequate hepatic iron, indicating that iron deficiency may not be the cause of the lower serum iron-related parameters in patients with CD and intestinal inflammation. A possible explanation for this might be impairment of iron utilization caused by recurrent inflammation and anemia of chronic disease (ACD).

The pathogenesis and specific mechanisms of ACD remain to be elucidated. The evidence suggests that hepcidin, a protein hormone synthesized mainly in hepatocytes, is a critical mediator of ACD and maintains iron homeostasis in patients with IBD (31). The increase in proinflammatory cytokines such as interleukin-6 during inflammation stimulates production of hepcidin in the liver. High levels of hepcidin could lead to a defect in the ability of enterocytes to transport iron and an inability of reticuloendothelial cells to recycle iron, resulting in development of ACD (32). This suggestion is in agreement with our findings and could explain why a proportion of patients with active CD show symptoms of anemia but have an adequate (or even elevated) iron reserve. Our findings regarding R2*, which measures the iron concentration in the liver with MRE, reflect inflammatory factors contributing to anemia without the need for iron supplementation. Our nomogram and multivariate logistic regression analysis also found that CRP, hemoglobin should be included in the assessment of disease activity, which confirms the findings of previous studies (33). The relevant studies have usually combined several inflammatory indicators, including CRP and interleukin-6, to evaluate disease activity without modeling (34–36), whereas we combined inflammation with nutrition-related indicators to build a model, not only improving clinical efficiency but also corroborating the new insight that nutrition-related factors are environmental triggers for development and modification of lifestyle-related chronic diseases, including IBD (37).

Our study had several strengths. To the best of our knowledge, it is the first to report the importance of R2* in the treatment of CD. The model we have built incorporated two major types of indicators, providing a new approach for identification of SLR. Another advantage of this study is that the model was translated into a visualized nomogram, making it an easy and convenient tool for clinical use. Moreover, the association between inflammation and iron was further confirmed, suggesting that patients with CD who show signs of iron deficiency do not necessarily require iron supplementation.

Nevertheless, the study also has several limitations. First, as a single-center retrospective study, most enrolled patients resided in the same area, and the observed effect might not fully represent the general patient population with CD. The verification of external data from different areas or hospitals is lacking. Second, the number of eligible patients was limited due to the low prevalence of CD and high cost of infliximab. The nomogram can only be internally validated in a relatively small cohort. It would be desirable to expand the sample size in future studies to improve the statistical power and expand the application range of the model. Third, the definition of clinical response to infliximab in this study was based on the CDAI value, given that some of the patients had penetrative and/or obstructive phenotypes, which were contraindications to endoscopic evaluation. Whether the nomogram can reliably evaluate underlying mucosal healing must be addressed further. Besides, pre-treatment data of R2* was not available in this study. The correlation between R2* and severity of intestinal inflammation needs to be researched in depth with both pre- and post-treatment data.

In conclusion, this study has defined the association between R2* and disease activity in patients with CD. The possible underlying mechanism provides a feasible solution to determine the effect of the inflammatory state on iron metabolism. An innovative nomogram was established and validated based on an MRI-based radiomic signature to facilitate individualized identification of SLR to infliximab in patients with CD. Nevertheless, large-scale prospective studies should be conducted to further enhance the accuracy and applicability of the model.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

JF collected and analyzed clinical data. YC and TY helped collect part of the clinical data. QF and SC collected and analyzed radiological data. JF and QF drafted the manuscript. YQ presented the idea of this paper. QF and JS supported the funding. YQ and JS analyzed the conclusions, edited, and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from National Natural Science Foundation of China (Nos. 81770545 and 81701746), MDT Project of Clinical Research Innovation Foundation, Ren Ji Hospital, and Shanghai Jiao Tong University School of Medicine (PYI-17-003).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.773040/full#supplementary-material



REFERENCES

 1. Torres J, Bonovas S, Doherty G, Kucharzik T, Gisbert JP, Raine T, et al. ECCO guidelines on therapeutics in crohn's disease: medical treatment. J Crohns Colitis. (2020) 14:4–22. doi: 10.1093/ecco-jcc/jjz180

 2. Sands BE, Blank MA, Diamond RH, Barrett JP, Van Deventer SJ. Maintenance infliximab does not result in increased abscess development in fistulizing Crohn's disease: results from the ACCENT II study. Aliment Pharmacol Ther. (2006) 23:1127–36. doi: 10.1111/j.1365-2036.2006.02878.x 

 3. Rutgeerts P, Van Assche G, Vermeire S. Review article: infliximab therapy for inflammatory bowel disease–seven years on. Aliment Pharmacol Ther. (2006) 23:451–63. doi: 10.1111/j.1365-2036.2006.02786.x

 4. Papamichael K, Cheifetz AS. Therapeutic drug monitoring in inflammatory bowel disease: for every patient and every drug? Curr Opin Gastroenterol. (2019) 35:302–10. doi: 10.1097/MOG.0000000000000536

 5. Best WR, Becktel JM, Singleton JW. Rederived values of the eight coefficients of the Crohn's Disease Activity Index (CDAI). Gastroenterology. (1979) 77:843–6. doi: 10.1016/0016-5085(79)90384-6

 6. Sandborn WJ, Feagan BG, Hanauer SB, Lochs H, Lofberg R, Modigliani R, et al. A review of activity indices and efficacy endpoints for clinical trials of medical therapy in adults with Crohn's disease. Gastroenterology. (2002) 122:512–30. doi: 10.1053/gast.2002.31072

 7. Yoshida EM. The Crohn's Disease Activity Index, its derivatives and the Inflammatory Bowel Disease Questionnaire: a review of instruments to assess Crohn's disease. Can J Gastroenterol. (1999) 13:65–73. doi: 10.1155/1999/506915

 8. Masaki T, Kishiki T, Kojima K, Asou N, Beniya A, Matsuoka H. Recent trends (2016-2017) in the treatment of inflammatory bowel disease. Ann Gastroenterol Surg. (2018) 2:282–8. doi: 10.1002/ags3.12177

 9. Henao MP, Bewtra M, Osterman MT, Aberra FN, Scott FI, Lichtenstein GR, et al. Measurement of inflammatory bowel disease symptoms: reliability of an abbreviated approach to data collection. Inflamm Bowel Dis. (2015) 21:2262–71. doi: 10.1097/MIB.0000000000000496

 10. Stone AA, Shiffman S, Schwartz JE, Broderick JE, Hufford MR. Patient non-compliance with paper diaries. BMJ. (2002) 324:1193–4. doi: 10.1136/bmj.324.7347.1193

 11. Fernandes SR, Rodrigues RV, Bernardo S, Cortez-Pinto J, Rosa I, da Silva JP, et al. Transmural healing is associated with improved long-term outcomes of patients with Crohn's disease. Inflamm Bowel Dis. (2017) 23:1403–9. doi: 10.1097/MIB.0000000000001143

 12. Miles A, Bhatnagar G, Halligan S, Gupta A, Tolan D, Zealley I, et al. Magnetic resonance enterography, small bowel ultrasound and colonoscopy to diagnose and stage Crohn's disease: patient acceptability and perceived burden. Eur Radiol. (2019) 29:1083–93. doi: 10.1007/s00330-018-5661-2

 13. Griffin N, Grant LA, Anderson S, Irving P, Sanderson J. Small bowel MR enterography: problem solving in Crohn's disease. Insights Imaging. (2012) 3:251–63. doi: 10.1007/s13244-012-0154-3

 14. Rimola J, Rodriguez S, Garcia-Bosch O, Ordas I, Ayala E, Aceituno M, et al. Magnetic resonance for assessment of disease activity and severity in ileocolonic Crohn's disease. Gut. (2009) 58:1113–20. doi: 10.1136/gut.2008.167957

 15. Queiroz-Andrade M, Blasbalg R, Ortega CD, Rodstein MA, Baroni RH, Rocha MS, et al. MR imaging findings of iron overload. Radiographics. (2009) 29:1575–89. doi: 10.1148/rg.296095511

 16. Wessling-Resnick M. Iron homeostasis and the inflammatory response. Annu Rev Nutr. (2010) 30:105–22. doi: 10.1146/annurev.nutr.012809.104804

 17. Maaser C, Sturm A, Vavricka SR, Kucharzik T, Fiorino G, Annese V, et al. ECCO-ESGAR guideline for diagnostic assessment in IBD part 1: initial diagnosis, monitoring of known IBD, detection of complications. J Crohns Colitis. (2019) 13:144–64. doi: 10.1093/ecco-jcc/jjy113

 18. Silverberg MS, Satsangi J, Ahmad T, Arnott ID, Bernstein CN, Brant SR, et al. Toward an integrated clinical, molecular and serological classification of inflammatory bowel disease: report of a Working Party of the 2005 Montreal World Congress of Gastroenterology. Can J Gastroenterol. (2005) 19(Suppl. A):5a−36a. doi: 10.1155/2005/269076

 19. Allez M, Karmiris K, Louis E, Van Assche G, Ben-Horin S, Klein A, et al. Report of the ECCO pathogenesis workshop on anti-TNF therapy failures in inflammatory bowel diseases: definitions, frequency and pharmacological aspects. J Crohns Colitis. (2010) 4:355–66. doi: 10.1016/j.crohns.2010.04.004

 20. Tan M, Ma W, Sun Y, Gao P, Huang X, Lu J, et al. Prediction of the growth rate of early-stage lung adenocarcinoma by radiomics. Front Oncol. (2021) 11:658138. doi: 10.3389/fonc.2021.658138

 21. Feng X, Wei Y, Pan X, Qiu L, Ma Y. Academic emotion classification and recognition method for large-scale online learning environment-based on A-CNN and LSTM-ATT deep learning pipeline method. Int J Environ Res Public Health. (2020) 17:1941. doi: 10.3390/ijerph17061941

 22. Zhou C, Hu J, Wang Y, Ji MH, Tong J, Yang JJ, et al. A machine learning-based predictor for the identification of the recurrence of patients with gastric cancer after operation. Sci Rep. (2021) 11:1571. doi: 10.1038/s41598-021-81188-6

 23. Kang SJ, Cho YR, Park GM, Ahn JM, Han SB, Lee JY, et al. Predictors for functionally significant in-stent restenosis: an integrated analysis using coronary angiography, IVUS, and myocardial perfusion imaging. JACC Cardiovasc Imaging. (2013) 6:1183–90. doi: 10.1016/j.jcmg.2013.09.006

 24. Fagerland M, Hosmer D. A generalized Hosmer–Lemeshow goodness-of-fit test for multinomial logistic regression models. STATA J. (2012) 12:447–53. doi: 10.1177/1536867X1201200307 

 25. Rogler G, Vavricka S. Anemia in inflammatory bowel disease: an under-estimated problem? Front Med. (2014) 1:58. doi: 10.3389/fmed.2014.00058

 26. Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders revisited in the hepcidin era. Haematologica. (2020) 105:260–72. doi: 10.3324/haematol.2019.232124

 27. Gillies RJ, Kinahan PE, Hricak H. Radiomics: images are more than pictures, they are data. Radiology. (2016) 278:563–77. doi: 10.1148/radiol.2015151169

 28. Huang YQ, Liang CH, He L, Tian J, Liang CS, Chen X, et al. Development and validation of a radiomics nomogram for preoperative prediction of lymph node metastasis in colorectal cancer. J Clin Oncol. (2016) 34:2157–64. doi: 10.1200/JCO.2015.65.9128

 29. Liang C, Huang Y, He L, Chen X, Ma Z, Dong D, et al. The development and validation of a CT-based radiomics signature for the preoperative discrimination of stage I-II and stage III-IV colorectal cancer. Oncotarget. (2016) 7:31401–12. doi: 10.18632/oncotarget.8919

 30. Gasche C, Lomer MC, Cavill I, Weiss G. Iron, anaemia, and inflammatory bowel diseases. Gut. (2004) 53:1190–7. doi: 10.1136/gut.2003.035758

 31. Dudkowiak R, Neubauer K, Poniewierka E. Hepcidin and its role in inflammatory bowel disease. Adv Clin Exp Med. (2013) 22:585–91.

 32. Semrin G, Fishman DS, Bousvaros A, Zholudev A, Saunders AC, Correia CE, et al. Impaired intestinal iron absorption in Crohn's disease correlates with disease activity and markers of inflammation. Inflamm Bowel Dis. (2006) 12:1101–6. doi: 10.1097/01.mib.0000235097.86360.04

 33. Sostegni R, Daperno M, Scaglione N, Lavagna A, Rocca R, Pera A. Review article: Crohn's disease: monitoring disease activity. Aliment Pharmacol Ther. (2003) 17(Suppl. 2):11–7. doi: 10.1046/j.1365-2036.17.s2.17.x

 34. Slowinska-Solnica K, Pawlica-Gosiewska D, Gawlik K, Owczarek D, Cibor D, Pocztar H, et al. Serum inflammatory markers in the diagnosis and assessment of Crohn's disease activity. Arch Med Sci. (2021) 17:252–7. doi: 10.5114/aoms/130842

 35. Bourgonje AR, von Martels JZH, Gabriels RY, Blokzijl T, Buist-Homan M, Heegsma J, et al. A combined set of four serum inflammatory biomarkers reliably predicts endoscopic disease activity in inflammatory bowel disease. Front Med. (2019) 6:251. doi: 10.3389/fmed.2019.00251

 36. Hoekman DR, Diederen K, Koot BG, Tabbers MM, Kindermann A, Benninga MA. Relationship of clinical symptoms with biomarkers of inflammation in pediatric inflammatory bowel disease. Eur J Pediatr. (2016) 175:1335–42. doi: 10.1007/s00431-016-2762-2

 37. Haller D. Nutrigenomics and IBD: the intestinal microbiota at the cross-road between inflammation and metabolism. J Clin Gastroenterol. (2010) 44(Suppl. 1):S6–9. doi: 10.1097/MCG.0b013e3181dd8b76

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Feng, Feng, Chen, Yang, Cheng, Qiao and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





ORIGINAL RESEARCH

published: 11 January 2022

doi: 10.3389/fimmu.2021.827946

[image: image2]


Effects of Dietary Phospholipids on Growth Performance, Digestive Enzymes Activity and Intestinal Health of Largemouth Bass (Micropterus salmoides) Larvae


Shilin Wang 1†, Zhihao Han 1†, Giovanni M. Turchini 2, Xiaoyuan Wang 1, Zishuo Fang 1, Naisong Chen 1*, Ruitao Xie 3, Haitao Zhang 3 and Songlin Li 1*


1 Research Centre of the Ministry of Agriculture and Rural Affairs on Environmental Ecology and Fish Nutrition, Shanghai Ocean University, Shanghai, China, 2 School of Life and Environmental Sciences, Deakin University, Geelong, VIC, Australia, 3 Key Laboratory of Aquatic, Livestock and Poultry Feed Science and Technology in South China, Ministry of Agriculture and Rural Affairs, Zhanjiang, China




Edited by: 

Hongkui Wei, Huazhong Agricultural University, China

Reviewed by: 

Yanjiao Zhang, Ocean University of China, China

Shiwei Xie, Guangdong Ocean University, China

*Correspondence: 

Naisong Chen
 nschen@shou.edu.cn

Songlin Li
 slli@shou.edu.cn


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Immunology







Received: 02 December 2021

Accepted: 20 December 2021

Published: 11 January 2022

Citation:
Wang S, Han Z, Turchini GM, Wang X, Fang Z, Chen N, Xie R, Zhang H and Li S (2022) Effects of Dietary Phospholipids on Growth Performance, Digestive Enzymes Activity and Intestinal Health of Largemouth Bass (Micropterus salmoides) Larvae. Front. Immunol. 12:827946. doi: 10.3389/fimmu.2021.827946



While the beneficial roles of dietary phospholipids on health status and overall performances of fish larvae have been well demonstrated, the underlying mechanisms remain unclear. To address this gap, the present study was conducted to investigate the effects of dietary phospholipids on growth performance, intestinal development, immune response and microbiota of larval largemouth bass (Micropterus salmoides). Five isonitrogenous and isolipidic micro-diets were formulated to contain graded inclusion levels of phospholipids (1.69, 3.11, 5.23, 7.43 and 9.29%). Results showed that the supplementation of dietary phospholipids linearly improved the growth performance of largemouth bass larvae. The inclusion of dietary phospholipids increased the activity of digestive enzymes, such as lipase, trypsin and alkaline phosphatase, and promoted the expression of tight junction proteins including ZO-1, claudin-4 and claudin-5. Additionally, dietary phospholipids inclusion alleviated the accumulation of intestinal triacylglycerols, and further elevated the activity of lysozyme. Dietary phospholipids inhibited the transcription of some pro-inflammatory cytokines, including il-1β, and tnf-α, but promoted the expression of anti-inflammatory cytokines tgf-β, with these modifications being suggested to be mediated by the p38MAPK/Nf-κB pathway. The analysis of bacterial 16S rRNA V3-4 region indicated that the intestinal microbiota profile was significantly altered at the genus level with dietary phospholipids inclusion, including a decreased richness of pathogenic bacteria genera Klebsiella in larval intestine. In summary, it was showed that largemouth bass larvae have a specific requirement for dietary phospholipids, and this study provided novel insights on how dietary phospholipids supplementation contributes to improving the growth performance, digestive tract development and intestinal health.
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Introduction

Phospholipids are phosphorus containing lipids with several important structural and functional roles (1, 2). It is well demonstrated that the limited biosynthetic capacity in larval stages of most fish species makes phospholipids essential nutrients, and accordingly they have to be supplemented in larval diets (3). The provision of appropriate dietary phospholipids is beneficial in improving growth performance, digestive tract development, antioxidant capacity and stress resistance (4–7). However, there are still a series of unclarified physiological considerations and mechanisms that might contribute to the explanation of how dietary phospholipids affect digestive and intestinal development and health in larval fish.

In addition to limited phospholipid biosynthetic capacity, larval fish also possess an immature digestive tract, whereas well-developed and functioning digestive organs are essential to digest the feed and absorb its nutrients (Zambonino 8). Extensive literatures revealed that dietary nutrient composition directly influences the development of digestive tract in fish larvae (3, 9, 10). Notably, the maturation of digestive functions has been associated with dietary phospholipids content in several larval fish, such as European seabass (Dicentrarchus labrax) (4), pikeperch (Sander lucioperca) (5) and large yellow croaker (Larmichthys crocea) (6). Importantly, in all these studies the maturation of the digestive tract was assessed by measuring the activity of intestinal enzymes such as lipase, amylase, trypsin and alkaline phosphatase. However, within this context, little research attention has thus far been given to tight junctions. These are intercellular junctions, which are essential for epithelial adhesion and barrier function in various kind of tissues and organs, including the digestive system (11). The tight junctions have been suggested to regulate the intercellular structural integrity of intestine in some juvenile fish including gilthead seabream (Sparus aurata) (12), grass carp (Ctenopharyngodon idella) (13), and largemouth bass (Micropterus salmoides) (14). Nevertheless, little information is currently available on the influence of dietary phospholipids on tight junctions in fish larvae.

Phospholipids are important components of chylomicrons, which are central for lipid transport (15), but the enterocytes of larval fish possess limited phospholipid biosynthetic capability (16). Thus, a dietary phospholipid deficiency in fish larvae commonly results in excessive lipid deposition in intestinal enterocytes (17–19), which, in turn, is commonly associated with chronic inflammation (20, 21). The p38 mitogen-activated protein kinases (MAPK), a member of MAPK family, is involved in the regulation of several cellular processes, including inflammation (22). The nuclear factor kappa B (Nf-κB), a downstream target of the p38 MAPK signaling pathway, is a major signaling molecule in the regulation of cytokines production (23). Therefore, it has been suggested that, in teleosts, the p38 MAPK/Nf-κB pathway participates in the regulation of inflammation response (20, 24). However, it is yet unclear whether dietary phospholipids can alleviate the intestinal inflammation response in fish larvae through the p38 MAPK/Nf-κB pathway.

Another important consideration when it comes to digestive and intestinal health in larval fish is the intestinal microbiota (25). The diversity and abundance of intestinal microbiota influence a wide range of host biological processes such as digestion, mucosal system development, and disease resistance (26, 27). Growing evidence revealed that the dietary composition is affecting the intestinal microbiome in most fish species (28–30). Therefore, the possible beneficial roles of dietary phospholipids on the development of intestine in fish larvae may also be partly related to the variation in intestinal microbiota. However, little information is currently available on the influence of dietary phospholipids on intestinal microbiota.

Considering the points introduced above, and aiming at contributing to current knowledge of the roles of dietary phospholipids on the overall performance of fish larvae, the present study focused on assessing the effects of dietary phospholipids on growth performance, digestive enzymes activity, antioxidant capacity, immune response and intestinal microbiome of larval largemouth bass. Largemouth bass was chosen as target species as it has important socio-economic considerations, as its production in China has reached 600,000 tons in 2020 (31). Previous studies mainly focused on the nutritional physiology research of juvenile largemouth bass (32–36). However, on farm, the survival rate of this fish larvae is reported to be as little as 3%, which represents an important bottleneck for the further development of this aquaculture sector. As such, any knowledge gain in larval nutrition of this species would have dramatic positive effects on this industrial sector, as well as it would contribute to current fundamental knowledge of fish nutrition.



Materials and Methods


Experimental Diets

Five isonitrogenous, isoenergetic and isolipidic diets were formulated with graded supplementation of soybean phospholipids, 0% (control, PL0), 2% (PL2), 4% (PL4), 6% (PL6) and 8% (PL8), and the resulting measured value of dietary phospholipids content was 1.69, 3.11, 5.23, 7.43, and 9.29%, respectively (Table 1). Diets were manufactured following previously described procedures (36). Briefly, after thorough mixing of the dry ingredients, water was added to the mixture to make a stiff dough, which was then extruded through a 1.0 mm die by a pelleting machine, and dried in a ventilated oven at 55°C. Then, the experimental diets were ground to crumbles of four different particle sizes, 180-250 μm, 250-380 μm, 380-830 μm and above 830 μm, which were stored at -20°C until being used.


Table 1 | Formulation and proximate composition of experimental diets (mg/g dry matter).





Experimental Procedure

The in vivo feeding trail was conducted at the joint laboratory of Shanghai Ocean University and Guangdong Evergreen Feed Industry Co., Ltd (Zhanjiang, China), and all procedures of this study were performed following the guide for the use of experimental animals of Shanghai Ocean University. Largemouth bass larvae (7 DPH, days post hatching) were provided by a local commercial hatchery in Foshan city (Guangdong, China). Larvae were fed with newly hatched artemia for three days, and then weaned to adapt a dried commercial micro-diet by alternate feeding artemia and micro-diet over a six days’ period. Then, larvae (17 DPH) with initial body weight of 9.61 ± 0.02 mg were divided into 15 tanks (water volume 1000 L) with the destiny of 2500 individuals per tank. Following a random allocation, triplicates groups of larvae were fed the experimental diets to apparent satiation five times daily (6:00, 9:00, 12:00, 15:00, and 18:00) for 28 days. The larvae were gradually fed the diet with particle size of 180-250 μm (body weight ≤ 0.10g), 250-380 μm (0.10g < body weight ≤ 0.50g), 380-830 μm (0.50g < body weight ≤ 0.80g) and above 830 μm (body weight > 0.80g). The water quality was monitored during the feeding trail to maintain within optimal conditions: temperature, 27 ± 1°C; pH, 7.2 ± 0.2; dissolved oxygen ≥ 6 mg/L.



Sampling

The initial body weight and body length of 100 randomly collected largemouth bass larvae were measured at the beginning of the feeding trail. At the termination of the in vivo study, the weight and number of fish larvae were recorded to calculate the survival rate and growth performance. Before final weighing, fish were fasted for 24h and then anaesthetized with eugenol (1:10000; Shanghai Reagent Corp., Shanghai, China). Thirty larvae were randomly collected and sacrificed to measure the individual body weight and body length, and were then used for the body composition analysis. Another sixty fish were sacrificed and dissected to collect liver and intestinal samples for the analysis of enzyme activity, gene expression and microbiome.



Chemical Composition Analysis

The moisture content was determined through drying samples at 105°C to a constant weight (37). Crude protein content was measured with the Kjeldahl method through the measurement of nitrogen content (N × 6.25) (37). Crude lipid content was assayed by the chloroform-methanol extraction method (38) with some modification described in Peng etal. (39). Dietary phospholipids content was assayed with the molybdenum blue method following the procedure described in Li etal. (40).



Digestive Enzymes Activity Analysis

The intestinal samples were homogenized in ice-cold phosphate buffer saline (1:9; w/v), and then centrifuged at 5000 rpm for 10 min at 4°C to separate the supernatant which was used for the analysis of digestive enzymes activity. The trypsin activity was measured by the trypsin assay kit (Nanjing Jiancheng Bio-Engineering Institute, China), and L-arginine ethyl ester was used as the reaction substrate. The activity of lipase was determined, with triglyceride as the substrate, by the lipase assay kit (Nanjing Jiancheng Bio-Engineering Institute). The amylase activity was assayed by evaluating the reduced amylase content with a commercial kit (Nanjing Jiancheng Bio-Engineering Institute). The activity of alkaline phosphatase was determined using disodium phenyl phosphate as reaction substrate with a commercial kit (Nanjing Jiancheng Bio-Engineering Institute). The soluble protein content was determined with the coomassie brilliant blue method (41), which content was measured to calculate the specific activity of digestive enzymes.



Lysozyme Activity Analysis

The lysozyme activity of intestine was determined using the turbidimetric method with a commercial lysozyme assay kit (Nanjing Jiancheng Bio-engineering Institute). Briefly, the transmittance was recorded at 20s after samples being blended with the suspension of Micrococcus lysodeikticus. Then, the mixture was reacted at 37°C for 5 min, and thereafter, the transmittance was recorded to calculate the lysozyme activity.



Triglyceride Content Analysis

The triacylglycerols (TAG) content in intestine was analyzed spectrophotochemically at 546 nm according to the colorimetric enzyme-linked TAG detection method described by Schwartz and Wolins (42) with a commercial TAG regent kit (Nanjing Jiancheng Bio-engineering Institute).



RNA Extraction and Relative Gene Expression Analysis

The relative expression of genes involved in immune response and intestinal barrier function was determined following previously described procedures (36). The primer sequences for the selected target genes, p38α mitogen-activated protein kinase (p38α mapk/mapk14), p38δ mapk (mapk 13), nuclear factor-kappa B p65 (nf-κb p65/rela), interleukin-1β (il-1β), tumor necrosis factor-α (tnf-α), 5-lipoxygenase (5-lox), transforming growth factor-β (tgf-β), zona occludens-1 (zo-1), claudin-1, claudin-4, claudin-5 and β-actin were designed based on the corresponding sequences or referred to previously published studies (14, 43) (Table 2). The total RNA of whole intestine was extracted using RNAiso Plus (Takara, Japan), and then was reverse transcribed into single strand cDNA based on the description of Li et al. (21). The real-time quantitative PCR (RT-qPCR) was performed in a quantitative thermal cycler (CFX96, Bio-Rad, CA, USA) with the following procedure: 95°C, 2min; 40 cycles of 95°C for 10 s, 57°C for 10 s, and 72°C for 20s. After the reaction, a melting curve analysis was performed to confirm the single PCR product in those reactions. The relative expression of target genes was calculated using the 2-ΔΔCt method (44), and β-actin was used as the housekeeping gene.


Table 2 | Sequences of the specific primers used in real-time quantitative PCR.





DNA Extraction, Amplification, and Sequencing of Gut 16S rRNA Genes

The bacterial DNA of the larvae in both the control group and PL8 group were extracted using the E.Z.N.A.® soil DNA Kit (Omega, USA) following the instructions of manufacturer. The integrity of DNA extract was determined on 1% agarose gel, and concentration and purity of the obtained DNA were measured with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA). Then, the V3-V4 region of the bacterial 16S rRNA gene was amplified with the 338F/806R primer set in a PCR thermocycler (ABI, USA). The PCR program was set as follows: 95°C for 3 min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 45 s, and 72°C for 10 min. Subsequently, the PCR product was extracted from 2% agarose gel, and purified with the AxyPrep DNA Gel Extraction Kit (Axygen, USA), and quantified using Quantus™ Fluorometer (Promega, USA). After that, the purified amplicons were sequenced on an Illumina MiSeq PE300 platform (Illumina, USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



Bioinformatic Analysis

The raw DNA sequences were demultiplexed and quality-filtered to obtain the high-quality clean reads with the Quantitative Insights into Microbial Ecology (QIIME) quality filters (45), and thereafter, merged with the FLASH software (46). Then, operational taxonomic units (OTUs) with a 97% similarity cutoff were clustered using UPARSE, and then chimeric sequences were removed UCHIME Algorithm (47). The phylogenetic affiliation of each OTU representative sequence was analyzed by RDP Classifier against the 16S rRNA database (eg. Silva v138), and a confidence threshold was set as 70% (48). The alpha diversity analysis, Shannon index, Simpson index, Ace index and Chao index, and beta diversity analysis, non-metric multidimensional scaling (NMDS) ordination, principal coordinates analysis (PCoA) and hierarchical clustering tree analysis, were calculated with QIIME and displayed with R software. Linear discriminant analysis (LDA) effect size (LefSe) analysis was used to identify the different abundant taxa between the two detected groups (49)



Calculations and Statistical Analysis

The growth performance of largemouth bass in response to dietary phospholipids inclusion were calculated as follows:

	

	

All of the statistical analysis were performed with SPSS version 19.0 (SPSS, Inc.). Polynomial contrasts (linear and quadratic) were used to test the effects of dietary phospholipids inclusion levels on the various variables measured in the present study after the data being tested for normality and homoscedasticity. When both linear and quadratic significant regressions were observed, linearity was selected as the simplest model for describing the observed trend. The level of significance was set at P < 0.05, and the results are presented as mean values, plus or minus standard errors of means. The intestinal bacterial diversity and OTU richness were analyzed by the Welch’s t-test with statistically significance being considered as P < 0.05.




Results


Growth Performance

The supplementation of dietary phospholipids significantly increased the final body weight and final body length in a positive linear manner (P < 0.05) (Table 3). The increasing levels of dietary phospholipids led to a direct linear increase of the specific growth rate, with the larvae of PL8 group obtained the maximum value (P < 0.05) (Table 3). The survival rate also increased linearly with the increase of dietary phospholipids (P < 0.05), and the maximum content was observed in the PL8 group (Table 3).


Table 3 | Growth performance of largemouth bass larvae fed the experimental diets for 28 days*.





Body Approximate Composition

The inclusion of phospholipids produced no significant influence on the moisture content of largemouth bass larvae (P > 0.05) (Table 4). However, the crude protein content was linearly related to the increase of dietary phospholipids (P < 0.05), and the maximum value was observed in the PL4 group (Table 4). The increase of dietary phospholipids led to a linear decrease of crude lipid content of whole fish body (P < 0.05) (Table 4).


Table 4 | Effects of dietary phospholipids on whole body composition of largemouth bass larvae fed the experimental diets for 28 days*.





Digestive Enzyme Activities

The activity of amylase decreased as dietary phospholipids increased, although no linear, nor quadratic, response was observed (P > 0.05) (Table 5). However, the inclusion of dietary phospholipids led to a linear increase of lipase activity, and the maximum value was observed in PL8 group (P < 0.05) (Table 5). Meanwhile, the increase of dietary phospholipids linearly elevated the activity of trypsin increased with the maximum value being observed in the PL6 group (P < 0.05) (Table 5). The variation of alkaline phosphatase (AKP) followed a similar pattern with trypsin, and the maximum activity of AKP was achieved in the PL4 group (P < 0.05) (Table 5).


Table 5 | The activities of digestive enzymes in the intestine of largemouth bass larvae fed with experimental diets for 28 days*.





Relative mRNA Levels of Tight Junction Proteins

The expression of zo-1 was increased in linear manner as dietary phospholipids increased (P < 0.05) (Figure 1). The supplementation of phospholipids significantly decreased the expression of claudin-1 in a negative linear manner (P < 0.05) (Figure 1). The expression of claudin-4 and claudin-5 was significantly followed an opposite pattern with that of claudin-1, and the lowest expression value was observed in larvae of the control group (P < 0.05) (Figure 1).




Figure 1 | Relative expression of tight junction proteins, including zona occludens-1 (ZO-1) (A), claudin-1 (B), claudin-4 (C), claudin-5 (D), in the intestine of larval largemouth bass fed diets with grade levels of phospholipids for 28 days. ZO-1: Plinear < 0.001,   = 0.927; Pquadratic < 0.001,   = 0.952; claudin-1: Plinear = 0.041,   = 0.285; Pquadratic = 0.021,   = 0.474; claudin-4: Plinear < 0.001,   = 0.670; Pquadratic < 0.001,   = 0.900; claudin-5: Plinear < 0.001,   = 0.689; Pquadratic < 0.001,   = 0.902. The “x” in the regression equation means the variation of dietary phospholipids content.





Intestinal TAG Content, Lysozyme Activity and Immune Response

The increased supplementation of dietary phospholipids showed a significant negative relationship with the TAG content in intestine of larval largemouth bass (P < 0.05) (Figure 2). The activity of lysozyme was increased in a linear manner with the increase of dietary phospholipids (P < 0.05) (Figure 3). The expression of mapk14 was significantly down-regulated in a linear manner with the supplementation of phospholipids (P < 0.05) (Figure 4). Meanwhile, the inclusion of dietary phospholipids slightly decreased the expression of mapk13 (P > 0.05) (Figure 4). The expression of rela was decreased quadratically with the increase of dietary phospholipids (P < 0.05) (Figure 4). The supplementation of dietary phospholipids led to linear down-regulation of il-1β expression (P < 0.05) (Figure 5). Meanwhile, the expression of tnf-α was also decreased linearly by dietary phospholipids (P < 0.05) (Figure 5). The inclusion of dietary phospholipids slightly depressed the expression of 5-lox, although no significant regression was observed (P > 0.05) (Figure 5). The expression of tgf-β was linearly increased with the inclusion of dietary phospholipids (P < 0.05) (Figure 5).




Figure 2 | The triacylglycerols content in intestine of larval largemouth bass fed diets with graded levels of phospholipids for 28 days. TAG: Plinear = 0.028,   = 0.320; Pquadratic = 0.011,   = 0.525. The “x” in the regression equation means the variation of dietary phospholipids content.






Figure 3 | The lysozyme activity in intestine of larval largemouth bass fed diets with graded levels of phospholipids for 28 days. Plinear = 0.009,   = 0.420; Pquadratic = 0.037,   = 0.423. The “x” in the regression equation means the variation of dietary phospholipids content.






Figure 4 | Relative expression of mitogen-activated protein kinase (MAPK) signal pathway related genes, including mapk13 (A), MAPK14 (B), and rela (C), in intestine of larval largemouth bass fed diets with graded levels of phospholipids for 28 days. mapk13: Plinear = 0.202,   = 0.122; Pquadratic = 0.311,   = 0.177; mapk14: Plinear = 0.008,   = 0.431; Pquadratic < 0.001,   = 0.735; rela: Plinear = 0.881,   = 0.023; Pquadratic = 0.020,   = 0.477. The “x” in the regression equation means the variation of dietary phospholipids content.






Figure 5 | Relative expression of pro-inflammatory, including interleukin-1β (il-1β) (A), tumor necrosis factor-α (tnf-α) (B), and 5-lipoxygenase (5-lox) (C), and anti-inflammatory transforming growth factor-β (tgf-β) (D) in intestine of larval largemouth bass fed diets with graded levels of phospholipids for 28 days. il-1β: Plinear = 0.013,   = 0.391; Pquadratic = 0.001,   = 0.695; tnf-α: Plinear = 0.004,   = 0.492; Pquadratic = 0.017,   = 0.493; 5-lox: Plinear = 0.132,   = 0.166; Pquadratic = 0.239,   = 0.212; tgf-β: Plinear = 0.000,   = 0.815; Pquadratic < 0.000,   = 0.956. The “x” in the regression equation means the variation of dietary phospholipids content.





Microbiota Composition and Diversity Analysis

A total number of 278,896 sequences were obtained after being demultiplexed, quality screened and trimmed, which contained 858 OTUs with 97% identity from 6 samples, and the raw reads were deposited into the NCBI Sequence Read Archive (SRA) database under accession number PRJNA767234. The OTUs were assigned to 638 species, 466 genera, 244 families, 136 orders, 54 class, and 26 phyla. The alpha diversity index, including Simpson, Shannon, Ace and Chao index, of the intestinal microbiota in larvae of PL8 group was slightly higher than that of the control group, but no significant differences were observed (Figure 6). The beta diversity index was estimated by principal coordinates analysis (PCoA) and non-metric multidimensional scaling (NMDS) ordination, and the results indicated that the intestinal bacterial in larvae of PL8 group was distinct from the control group (PL0) (Figure 7).




Figure 6 | The alpha diversity comparisons analysis, including Shannon diversity index (A), Simpson diversity index (B), Ace species richness index (C) and Chao species richness index (D) of microbial communities in the intestine of largemouth bass in the PL0 (control) and PL8 groups. Values (mean ± standard error of the mean, SEM) in bars that have the same letter are not significantly different (P > 0.05; Welch’s t-test) between treatments (N = 3).






Figure 7 | The beta diversity comparisons analysis, including non-metric multidimensional scaling (NMDS) (A), principal component analysis (PCoA) (B), and hierarchical clustering tree analysis (C) of microbial communities at genus level in the intestine of largemouth bass fed the diets in the PL0 (control) and PL8 groups.



A bar map was used to graphically illustrate the variation in the dominant intestinal bacterial communities in response to dietary phospholipids at the phylum and genus level in PL0 (control) and PL8. The Proteobacteria, Firmicutes, and Actinomycetes were the dominant phyla in both treatments (Figure 8). However, Plesiomonas, Klebsiella and Lactococcus were detected as the predominant bacterial genera in the larval intestine of the control group, while Plesiomonas and Acinetobacter were the mainly intestine bacterial genera in the PL8 group (Figure 8). The Welch’s-test revealed that phospholipids supplementation significantly elevated the relative abundance of Plesiomonas, Corynebacterium_1 and Macrococcus, but significantly decreased the abundance of Klebsiella (P < 0.05) (Figure 8).




Figure 8 | Relative abundances (%) of bacteria and comparison of bacterial abundances in the intestine of largemouth bass in the PL0 (control) and PL8 groups. at the phylum (A, B) and genus (C, D) level, and the phyla and genus with relative abundances lower than 1% were assigned as “others”, respectively. ⁎0.01 < P ≤ 0.05, ⁎⁎0.001 < P ≤ 0.01 (Welch’s t-test, N=3).



The Venn diagram analysis revealed that 219 shared microbial genera were identified between the control group and PL8 group, and meanwhile, 37 and 210 unique bacterial genera were detected in the control group and PL8 group, respectively (Figure 9). The most abundant genera in the shared genera (> 10%) were Plesiomonas (51.49%) and Klebsiella (35.34%) (Figure 9). The unique intestinal microbial genus (>5%) in the larvae of the control group was Eubacterium fissicatena, Odoribacter, and genus unidentified Proteobacteria (Figure 9), and the unique genus (>5%) in the larvae of PL8 group was Prevotella_7 and Prevotella (Figure 9).




Figure 9 | Venn diagram analysis of microbial communities in the intestine of largemouth bass in the PL0 (control) and PL8 groups. The number (A) and community (B‐D) of overlapping and unique bacterial genera (C, D) in the intestine of largemouth bass were identified.



LEfSe analysis was conducted to evaluate the differences in intestinal microbial community composition from the domain to the genus level between the control group and PL8 group, and significant differences in taxonomic distribution of intestinal microbiota communities were observed (Figure 10). The larval intestine of the control group exhibited significant enrichment for order Enterobacteriales, family Enterobacteriaceae and genus Klebsiella, while high dietary phospholipids increased the relative abundance of Sulfurimonas (from phylum to genus), Macrococcus, Corynebacterium_1, Bifidobacterium, Acinetobacter, Thauera, and Thiobacillus (from order to genus) and Plesiomonas at the genus level (Figure 10).




Figure 10 | Cladogram showing the phylogenetic distribution of the bacterial lineages associated with dietary phospholipids inclusion. Taxonomic representation of statistically and biologically consistent differences between intestinal microbiota of largemouth bass in the PL0 (control) and PL8 groups (A). Differences were represented by the color of the most abundant class (red indicates the control group; blue indicates PL8 group). Histogram of linear discriminant analysis (LDA) scores for differentially abundant taxon (B). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.






Discussion

It is well established that fish at larval stage possess a specific requirement for dietary phospholipids (1, 50). The improved growth performance caused by the inclusion of dietary phospholipids have been confirmed in some fish species, including European seabass, Pacific bluefin tuna (Thunnus orientalis), cobia (Rachycentron canadum), large yellow croaker, Dojo loach (Misgurnus anguillicaudatus), and hybrid grouper (Epinephelus fuscoguttatus ♀× E. lanceolatus ♂) (4, 6, 7, 51–53). Consistently, in the present study, the survival rate and specific growth rate were elevated with the supplementation of dietary phospholipids, and the maximum growth was observed in the PL8 group (9.29% phospholipids). As no plateau was observed with the increasing dietary supplementation of phospholipids, it can be concluded that the minimal requirement of phospholipids for optimal growth in larval largemouth bass is at least 9.29%, but possibly further improved performances could be achieved by higher supplementation levels. However, the findings of some previous studies revealed the dietary phospholipids requirement of larval freshwater fish (2-5%) was relatively low, and typically lower than marine fish species (5-12%) (1). Therefore, the relatively high phospholipids requirement observed here for the freshwater carnivorous fish largemouth bass seems to be a species-specific peculiarity, placing this species amongst marine larvae in terms of dietary phospholipids requirements. Prior to the feeding trail, the larvae were weaned with newly hatched artemia containing relative low phospholipids, about 4%, which was possibly far from meeting the phospholipids requirement of larval largemouth bass. Thus, it cannot be excluded that the nutritional background of experimental fish may have also affected the requirement of largemouth bass larvae for phospholipids observed in this experiment.

The immature digestive tract of fish larvae seriously restricts the digestion and absorption of nutrients, and that is one of the main reasons why the culture of larval fish relies on live prey. Previous studies have demonstrated that dietary phospholipids supplementation can promote the development of digestive tract in some fish larvae (4–6). In general, a decreased amylose activity and increased alkaline phosphatase indicate the maturation of the digestive tract (4). Consistently, in the present study, the supplementation of phospholipids slightly decreased the activity of amylose, and meanwhile a significantly elevated alkaline phosphatase activity was recorded. Additionally, the activity of lipase and trypsin were linearly elevated with the supplementation of dietary phospholipids, and this was consistent with the increased lipase and trypsin activity that were also observed in some previous studies in the same species (6, 54). In summary, the variation in digestive enzyme activity confirmed the beneficial roles of dietary phospholipids in improving digestive tract development in largemouth bass larvae.

Tight junctions are key to epithelial adhesion and barrier function in mammals (11). The tight junction protein ZO-1 acts as a bridge between the transmembrane protein occludin and cytoskeleton proteins (55). The downregulation of zo-1 expression caused the impairment of tight junction (56) and, in teleosts, was associated with the disrupted intestinal structural integrity (14, 57). In addition, the activation of claudin 1, claudin 4 and claudin 5 are suggested to strengthen the junction of epithelial cells (58, 59). In the present study, the inclusion of dietary phospholipids was shown to directly up-regulate the expression of zo-1, claudin 4 and claudin 5, which confirmed the positive regulation of dietary phospholipids on intestinal structural integrity. Interestingly, the intercellular intestinal structural integrity has been reported to be inversely related to the expression of claudin 1 in largemouth bass (14), which was the opposite of what has been reported for mammals. Consistently, in the present study, the expression of claudin 1 was decreased in a linear manner with the inclusion of dietary phospholipids, and therefore favored the development of intestinal integrity. All these results observed on the digestive enzyme activities and the tight junction protein expression confirmed the beneficial roles of dietary phospholipids in the physiological and healthy development of the digestive tract of fish larvae.

An insufficient supply of dietary phospholipids has been reported to generally promote lipid accumulation in the intestine of fish larvae, further resulting in intestinal histological damage (18, 19). This was suggested to be related to the limited phospholipids biosynthesis ability (16). In the present study, the supplementation of dietary phospholipids linearly decreased the TAG content in the intestine, with similar observation in larval gilthead sea bream (17) and common carp (18). This excessive lipid accumulation has been suggested to cause chronic inflammation in teleosts (20, 36). The immune barrier function, mainly depending on antibacterial compounds, such as lysozyme and cytokines, is also an important component of intestinal mucosal barriers (60). In the present study, the supplementation of dietary phospholipids proportionally increased the activity of intestinal lysozyme of largemouth bass. The increased lysozyme activity induced by dietary phospholipids inclusion has been observed in some fish species, such as Caspian brown trout (Salmo trutta caspius) (61), common carp (Cyprinus carpio) (62) and stellate sturgeon (Acipenser stellatus) (63). Cytokines, including pro-inflammatory and anti-inflammatory cytokines, are mainly responsible for the host innate defense in fish (64). The pro-inflammatory cytokine tnf-α is an important mediator in the regulation of inflammatory response, and its activation induces gene expression of some proinflammatory factors, such as il-1β, in rainbow trout (65). In the present study, the expression of pro-inflammatory cytokines, tnf-α and il-1β, were repressed linearly with the increased supplementation of dietary phospholipids. The anti-inflammatory cytokines, such as tgf-β, can depress the production of pro-inflammatory cytokine, and thereby inhibit the inflammatory response in teleost (66). In general, the expression of anti-inflammatory cytokines commonly followed an opposite pattern with that of pro-inflammatory cytokines, which was previously observed in some other fish species (67, 68; 69). Consistently, the inclusion of dietary phospholipids was directly relative to the increase of the expression of tgf-β. Therefore, the elevated lysozyme activity, reduced expression of pro-inflammatory cytokines, and improved gene expression of anti-inflammatory cytokines confirmed the contribution of dietary phospholipids in improving fish immune response.

In mammals, the pro-inflammatory cytokines, such as tnf-α and il-1β, can be directly induced by the transcriptional factor, nf-κb (70). Previous studies have confirmed that the inhibition of rela, a member of nf-κb family with the function in regulating the transcription of target genes (71), decreased the expression of proinflammatory cytokines (72, 73). The positive relationship between the expression of rela and pro-inflammatory cytokines, such as tnf-α and il-1β, were widely observed in some fish species, including grass crap (67), large yellow croaker (68) and hybrid grouper (69). In the present study, the inclusion of dietary phospholipids significantly decreased the expression of rela in a quadratic manner, followed a similar pattern with that of the proinflammatory cytokines. Moreover, nf-κb is a downstream target of the p38 MAPK signaling pathway, which is involved in the regulation of inflammation in mammals (22) and is suggested to influence the intestinal immune function of grass carp (24, 74). In the present study, the transcription of p38 mapk, mapk 13 and mapk 14, was repressed with the inclusion of dietary phospholipids. The above results suggested that dietary phospholipids supplementation attenuated the inflammation response through the p38 MAPK/NF-κB pathway.

The assembly of intestinal microbiota into distinct communities are important during the development of fish larvae (75). It is well demonstrated that dietary nutritional composition can affect the intestinal microbiota composition and diversity in fish species (28, 76, 77). In the present study, dietary phospholipids supplementation produced no significant difference in the intestinal microbial community composition at the phyla level, and the Proteobacteria, Firmicutes, and Actinomycetes were the dominant phyla in both the two extreme treatments with the supplementation of phospholipids (PL8) or not (PL0, control), in accordance with previous studies reviewed by Borges etal. (78). However, the intestinal bacterial diversity was significantly affected at the genus level as dietary phospholipids increased. It’s well confirmed that the intestinal microbiota plays an important role in the regulation of immune function and protection against pathogens (79). The inclusion of dietary phospholipids significantly decreased the richness of genera Klebsiella, an enterobacterium that was suggested to cause inflammation response through the p38 MAPK pathway (80, 81). The variation in the intestinal microbiota observed in the present study confirmed the beneficial role of dietary phospholipids in attenuating the inflammation response of largemouth bass larvae, and provided novel insights on possible mechanisms.

In conclusion, this study showed that larval largemouth bass have a specific requirement for phospholipids, that this requirement is equal or greater than 9.29%, a requirement that is substantially higher compared to other freshwater species, and that the supplementation of dietary phospholipids significantly improved the growth performance and survival rate of the larvae. In addition, dietary phospholipids inclusion significantly improved the intestinal development, reduced inflammation response and modulated intestinal microbiota, which contributed to the beneficial roles of dietary phospholipids on the overall performance of largemouth bass larvae.
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Heat stress as a result of global warming has harmful consequences for livestock and is thus becoming an urgent issue for animal husbandry worldwide. Ruminants, growing pigs, and poultry are very susceptible to heat stress because of their fast growth, rapid metabolism, high production levels, and sensitivity to temperature. Heat stress compromises the efficiency of animal husbandry by affecting performance, gastrointestinal health, reproductive physiology, and causing cell damage. Selenium (Se) is an essential nutritional trace element for livestock production, which acts as a structural component in at least 25 selenoproteins (SELs); it is involved in thyroid hormone synthesis, and plays a key role in the antioxidant defense system. Dietary Se supplementation has been confirmed to support gastrointestinal health, production performance, and reproductive physiology under conditions of heat stress. The underlying mechanisms include the regulation of nutrient digestibility influenced by gastrointestinal microorganisms, antioxidant status, and immunocompetence. Moreover, heat stress damage to the gastrointestinal and mammary barrier is closely related to cell physiological functions, such as the fluidity and stability of cellular membranes, and the inhibition of receptors as well as transmembrane transport protein function. Se also plays an important role in inhibiting cell apoptosis and reducing cell inflammatory response induced by heat stress. This review highlights the progress of research regarding the dietary supplementation of Se in the mitigation of heat stress, addressing its mechanism and explaining the effect of Se on cell damage caused by heat stress, in order to provide a theoretical reference for the use of Se to mitigate heat stress in livestock.
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Introduction

Ruminants, pigs, and poultry (hereafter grouped as livestock) are extremely susceptible to high temperatures owing to their fast growth rate, fast metabolism, high yields, and sensitivity to temperature. Heat stress caused by global warming has attracted much attention from researchers owing to its harmful effects on livestock, especially high-yielding animals. Heat stress refers to the physiological conditions when the core body temperature of a specific species exceeds the range stipulated by its normal activities. It is caused by the total heat load (internal production and environment) exceeding the heat dissipation capacity (1). Heat stress affects feed intake, the antioxidant system, mitochondrial function, and heat shock protein expression; it disrupts the body’s free radical homeostasis and reorganizes the use of protein, fat, and energy; it subsequently affects animal production, reproduction, and health. The effect of heat stress on livestock and its molecular response are as follows: (I) Inhibition of feed intake: the energy requirements of animals increase under heat stress, but heat stress stimulates the hypothalamus to inhibit feed intake of animals by up-regulating the expression of leptin, adiponectin, and their receptors (2, 3). (II) Damage to mitochondria: heat stress can also cause histological and morphological damage of mitochondria (4), induce fat and protein degeneration (5), and activate the apoptosis pathway based on the release of cytochrome C (6), which intensifies heat stress damage to the body. (III) Oxidative stress: the excessive production of free radicals and reactive oxygen species caused by heat stress (7) can damage the body’s proteins (8), lipids (9), polysaccharides (10), and deoxyribonucleic acid (DNA) (11), and then induce the body to maintain a concentration of reactive oxygen species (ROS) by mobilizing endogenous antioxidants (12, 13) and increasing the activity of antioxidant enzymes (14). (IV) Heat shock protein: the expression of heat shock protein induced by heat stress is a repair mechanism for cells to cope with stress, which can prevent the loss of normal protein function induced by the interaction of denatured protein with neighboring proteins (Figure 1).




Figure 1 | The effect of heat stress on livestock and its molecular response. (A) Mitochondrial damage (B) Heat shock proteins (C) Antioxidant system (D) Feed intake.



Selenium (Se) is an essential nutrient trace element for animal husbandry. It belongs to the same family as oxygen and sulfur and can be combined with a variety of elements to form compounds that are very similar to sulfide. Se exists in nature and organisms in organic and inorganic forms; soil (0.1–0.7 mg/kg), plants (0.02–0.40 mg/kg) (15), animal food sources (0.03–0.34 mg/kg) (16), water (generally ≤10 mg/L) (17), and air (1–10 ng/m3) (18, 19) all contain trace amounts of Se. The main inorganic forms of Se include selenite (SeO32-), selenate (SeO42-), selenide (Se2-), and Se (20). Organic forms include selenomethionine (SeMet), selenocysteine (SeCys), and hydroxy-4-methylselenobutyric acid, a new type of organic Se with higher bioavailability (21) (Figure 2A). Se is mainly absorbed in the duodenum and cecum of livestock, and its absorption efficiency in ruminants is much lower than that of monogastric animals (22). Dietary protein, vitamin E (VE), and vitamin A (VA) can enhance Se absorption, while diets rich in carbohydrates or nitrates, sulfates, calcium, arsenic, vitamin C, mercury, or hydrogen cyanide can affect absorption (23). Se is stored in different organs and tissues in the form of SeMet in animals as follows: liver 30%, muscle 30%, kidney 15%, plasma 10% and other organs 15% (24). Se is mainly excreted in urine in monogastric animals, while in ruminants, owing to its low intestinal absorption rate, it is mainly excreted in feces (22). The specific metabolism and excretion pathways of Se in animals are shown in Figures 2B, C (25, 26). Studies have confirmed that Se can stimulate the formation of antibodies (27, 28), enhance the production of neutrophil chemokines (29), prevent cancer (30, 31) and cardiovascular diseases (32, 33), and enhance animal reproduction (34–36). In addition, the biological functions of Se are mainly mediated by the protein selenoprotein (SEL) containing SeCys, which is the main structural element of SELs such as glutathione peroxidase, thioredoxin reductase, and deiodinase (37, 38). Currently, 30 SELs have been identified in 25 mammalian genes, and they all play a key role in biological functions such as antioxidant, thyroid hormone synthesis, reproduction, and DNA synthesis (17).




Figure 2 | Sources and forms of selenium in nature and its metabolism and excretion in animals. (A) The source and form of selenium in nature (B) Metabolism diagram of selenium in animals (C) Metabolism and excretion of selenium in animals.





Dietary Supplementation of Se to Improve the Performance of Livestock Under Heat Stress

In tropical, subtropical and arid regions, high-temperature environments have become the main environmental factor affecting animal production (26). As the frequency, intensity, and duration of extreme weather events increases, a rising trend of global temperature has been noted. It is estimated that by 2100, the average global surface temperature will have risen by about 3.7°C (39). Heat stress can severely affect the production and quality of meat, eggs, and milk, as well as the metabolism and health of livestock (40–42), and can even lead to fatalities (14, 43), causing serious economic loss to the livestock industry. In the USA, for example, the annual economic loss caused by heat stress is as high as US$1.2 billion (of which, the dairy industry accounts for US$900 million, and the beef cattle and pigs around US$300 million) (44).


Growth Performance

Heat stress has an adverse effect on the food intake, digestion, and growth performance of livestock (45, 46). Studies indicate that dietary Se supplementation can significantly reduce the negative impact of heat stress on the growth performance of broilers (47–53). Dietary supplementation of VE and Se can reduce the adverse effects of high ambient temperature on the growth performance of Japanese quail (54), and a combination of 250 mg VE and 0.2 mg Se can maximize their growth performance (55). Supplementing nano-Se in the diet of rabbits suffering severe heat stress can significantly improve their growth performance (56, 57), and dietary supplementation of Se and VE can significantly alleviate weight loss in heat-stressed sheep and improve their feed conversion efficiency (58). Such effects are owing to the following factors: (I) Se can improve feed utilization by regulating the metabolism of carbohydrates, lipids, and proteins (59); (II) Se can improve the antioxidant status of animals, reduce oxidative stress induced by heat stress, and reduce the inflammatory response, thereby promoting growth performance; (III) Se can enhance the ability of livestock to regulate their body temperature (for example, dietary Se significantly inhibits rectal temperature increase in sheep (60), lactating cows (61), and growing pigs (62) affected by heat stress; (IV) Se can maintain and improve growth performance by reducing the adverse effects of heat stress on skeletal muscle (63).



Production Performance

Heat stress leads to energy balance and metabolic disorders, resulting in a decline in the yield and quality of livestock products (64–67). Studies have found that heat stress reduces egg weight, eggshell thickness, egg yolk index, and egg quality (65, 68, 69). Rozenboim et al. (70) found that supplementing Se to poultry under heat-neutral conditions can increase their egg production and Huff units, and that the supplement SeMet has a stronger protective effect than Na2SeO3 in reducing oxidative stress caused by heat stress in poultry (71). In addition, dietary Se supplementation could effectively alleviate decreased meat production and the deterioration of meat quality caused by chronic heat stress (72, 73). This is because Se can regulate thyroid hormone metabolism, DNA synthesis, cellular antioxidant levels and immune system responses (74–76)—reducing the adverse effects of heat stress on the metabolism (77) and meat production of livestock (78–81). Heat stress increases free radical and ROS levels in animals, which induce oxidative stress and metabolic disorders (82), and damage the nutrient content (essential fatty acids) and storage stability (flesh color and lipid oxidation) of meat (83–86). Lipid oxidation leads to the production of volatile secondary lipid oxidation products and lactic acid, and reduces meat quality. Studies indicate that the content of the secondary lipid oxidation product malondialdehyde in heat-stressed broiler breast meat can be increased more than two-fold (45, 84). However, the addition of dietary Se can enhance the oxidative stability of lipids in thigh and breast meat, and 125 mg/kg VE and 0.5 mg/kg Se combined supplement is the most effective lipid oxidation inhibitor (78).

Dietary supplementation of Se to heat-stressed sheep can also increase productivity by reducing lipid oxidation in their meat (87). Dietary Se can effectively alleviate the lipid oxidation induced by heat stress, which may be related to an increase in muscle Se content (88–90). Studies have confirmed that the iron, zinc, and Se content of meat is highly correlated with its oxidizing ability (91), and Se is known to be important for improving poultry health and meat quality. Heat stress increases the excretion of minerals in broilers (92, 93), thereby reducing the content of vitamins (VA and VE) and minerals (e.g., iron, zinc, Se) in their tissues (78, 94), resulting in a decrease in oxidative capacity (91). Dietary Se supplementation can be deposited in muscle tissue, which in turn maintains the oxidative stability of its lipids. In addition, Yang et al. (95) reported that the color of meat depends on myoglobin content, which is reduced after oxidation under heat stress. High ambient temperature will reduce red and yellow coloring and increase the pale color of breast meat in chickens (96). The decrease in value caused by such color changes has resulted in more than a one-billion-dollar loss to the USA meat industry annually (97). An Se-rich probiotic diet has been found to increase the redness and yellowness of broiler breast muscles, and reduces the light color caused by heat stress, so it is a beneficial nutritional supplement for improving meat quality in summer (98).

In dairy farming, the temperature and humidity index (THI) has been widely used to measure the heat stress experienced by dairy cows. The following formula is currently proposed by NRC (99) to calculate THI (THI=[1.8×Tdb+32]–[0.55–0.0055×RH]×[1.8×Tdb-26]; where Tdb = dry bulb temperature, °C ; RH = Relative humidity, %). Furthermore, it is recognized that when the average daily THI exceeds 68, heat stress will cause a decrease in milk production in dairy cows (100). Zimbelman et al. (100) found that when THI increased from 60 to 80, the milk production of dairy cows decreased linearly (for every increase in THI, milk production decreased by 0.13 kg/d); Bohmanova et al. (101) found that when THI was higher than 74, an increase of 1 THI resulted in a decrease in milk production of 0.3 kg/d; furthermore, West et al. (102) confirmed that when THI increased from 72.1 to 83.6, for each THI increase of 1, milk production decreased by 0.88 kg/d.

Further studies have confirmed that heat stress lowers milk quality, which is mainly reflected in the reduction of milk protein, milk fat, and lactose content (103, 104). Compared with other seasons, milk protein content in summer can be reduced by 6% (103); in a different study of heat stress conditions, the protein content of milk was reduced by 4.8% (105). Compared with spray-cooled cows in the dry period, the milk protein content in the following lactation was significantly lower in heat-stressed cows (106). Moreover, milk fat percentage in summer is low (104, 107, 108), and heat stress during the dry period also reduced lactose production of cows in the following lactation (109, 110). Studies have shown that Se can effectively slow down oxidative stress and inflammation in dairy cows, thereby improving health, reducing morbidity, and promoting milk protein synthesis (111–113). However, whether Se can slow down the effects of heat stress on milk production and milk composition needs to be further studied.




Dietary Supplementation of Se to Relieve Inflammation and Enhance Immunocompetence of Heat Stress Livestock

The mammalian immune system defends against environmental challenges. Stressors suppress immune system components, thereby enhancing the susceptibility of animals to diseases and inducing inflammatory reactions (114). The negative impact of heat stress on the immune system is mediated by cellular immunity and humoral immunity. Cortisol production during acute stress will stimulate the immune system, and during chronic stress, its secretion is related to immunosuppression (115, 116). Se has been shown to be used by almost all tissues and cell types, including those involved in innate and adaptive immune responses (117–119). By increasing Se intake, cell-mediated and humoral immune responses are enhanced (120, 121). Relevant studies have confirmed that dietary Se supplementation can slow down the inflammatory response induced by heat stress through regulating the immune response, thereby improving livestock production.


Inflammation Reduction

Damage to gastrointestinal physiology and barrier function under acute stress and other pathological conditions can induce various diseases. The gastrointestinal mucosa is covered by the lamina propria and a single layer of epithelial cells. These epithelial cells are connected by tight junctions to form a barrier that restricts the free entry and exit of materials from the intestinal lumen (122–124). The lamina propria contains immune cells, including eosinophils, neutrophils, macrophages, lymphocytes, and mast cells, which can protect the intestines from microbes and their toxic products (125). However, when livestock are in a hot environment, blood is redistributed from visceral tissues to peripheral tissues to maximize radiant heat (126), so the gastrointestinal tract may experience fever, hypoxia, and even inflammation (127–129). Heat stress damages intestinal tight junctions, resulting in impaired intestinal barrier integrity and increased epithelial permeability, which in turn leads to the entry of bacterial endotoxins that trigger local inflammation and immune responses (125), and induce intestinal barrier dysfunction (130). Moreover, there is evidence that oxidative stress caused by heat or other factors can lead to the accumulation of ROS and reactive nitrogen species, which are important predisposing factors of gastrointestinal diseases such as inflammatory bowel disease, intestinal fibrosis and ulcers, colitis, and colon cancer (122, 131). Study found that organic Se from Se-enriched Agaricus bisporus can increase the expression of glutathione peroxidase (GPx) by restoring epithelial ion transport and barrier functions, thereby protecting the gastrointestinal tract of rats from heat-induced oxidative stress (132). Increased dietary Se and VE alleviates the effect of heat stress on the integrity of the porcine jejunum and ileal barrier (133). Furthermore, Se has a protective effect on barrier damage and inflammation caused by heat stress in the jejunum of growing pigs (134). Therefore, Se can effectively alleviate intestinal barrier damage induced by heat stress, and follow-up studies should continue to focus on its impact on the structure and function of the intestinal tract of livestock.

According to reports, chronic heat stress significantly reduces liver weight and affects the body’s oxidation response, immune defense, and metabolism (64, 135, 136). It is known that long-term acute heat stress can cause chronic liver damage (137). Moreover, exposure of aged rats to acute heat stress (40–42°C for 24–48 hours) causes liver damage, increased levels of ROS, and changes intracellular signal transduction (138). Further studies have confirmed that dietary Se supplementation can reduce liver oxidative damage after heat stress in rats. This may be related to the ability of Se to activate liver marker enzymes, liver antioxidant status, and liver stress related genes (for example, antioxidant, inflammation, fibrosis, apoptosis, and heat shock) (139). Heat stress significantly increased the activities of aspartate transaminase, alkaline phosphatase, and lactate dehydrogenase in liver tissues; it also increased the content of malondialdehyde, but significantly reduced the level of serum total protein, superoxide dismutase (SOD), and total resistance. Supplementing with Se-rich probiotics can slow down liver damage induced by heat stress by inhibiting liver oxidation, inflammation, and necrosis in a high temperature environment. Compared with a heat stress group, Se supplementation reduced the expression of liver pro-inflammatory cytokines and nuclear factor kappa-B (NF-κB), and reached levels similar to those of a control group that were not exposed to heat stress (139–142). These findings are consistent with previous reports that Se has anti-inflammatory properties (142, 143), and its anti-inflammatory function may be owing to (I) the presence of specific SELs reducing oxidation-induced inflammatory changes in the liver, such as GPx (143–147); (II) Se can improve immunity by up-regulating the ability of immune active cells to respond to inflammation (148–150).

Wooden breast is a type of degenerative myopathy seen in modern broilers, which decreases the quality of breast meat. Studies have confirmed that dietary supplementation of organic Se can improve broiler meat production and increase carcass integrity, thus reducing the incidence of wooden breast. This effect is most likely to be achieved by simultaneously improving the exogenous and endogenous antioxidant status, reducing oxidative stress, and improving tissue healing processes (151). Moreover, heat stress can induce inflammatory damage to mouse lungs, leading to pulmonary edema and lymphocyte infiltration. Lastly, under heat stress conditions and a low-Se diet, the poultry lung exudes large numbers of inflammatory cells (152, 153), which may indicate that the addition of Se in the diet is an important substance to prevent inflammatory damage to lungs.



Immunocompetence Enhancement

Under heat stress, an animal’s continuous panting changes its blood pH value, leading to respiratory alkalosis. In addition, changes in blood pH can impair immune function and hormonal activity (154). Heat stress seriously damages the growth performance and immunity of livestock, but dietary Se supplementation has been shown to improve immune response in heat stressed broilers (63, 74); Se also supports the immune systems production of inflammation-related enzymes to kill pathogens (155). As mentioned before, heat stress can lead to oxidative stress, including inflammation (156, 157), the first line defense in all forms of cell damage, leading to removal of cell damage, and initiation of cell repair. However, when an inflammatory response is excessive, it causes damage to the surrounding normal cells. When an animal is subjected to oxidative stress such as heat stress, it manifests as the overexpression of lipopolysaccharide or ROS in the body, which is recognized by Toll-like receptors on the surface of immune cells such as monocytes and macrophages (158). The NF-κB pathway initiates the expression of inflammatory genes and produces interleukin (IL) 1, IL-4, IL-6, tumor necrosis factor-α (TNF-α), and other cytokines, which induce an immune response (159, 160). Additionally, heat stress activates the hypothalamic-pituitary-adrenal axis of livestock, which releases glucocorticoids when activated, inhibits the synthesis and release of cytokines, and disrupts the balance between pro-inflammatory and anti-inflammatory factors. The resulting decreased immunity of livestock causes inflammation and reduced feed intake and growth rate, that lead to economic losses in animal husbandry (114, 161).

According to report, the source and level of Se have no notable effect on the performance of broilers subjected to heat stress, via spleen and bursal index, blood biochemical indicators, and antibody response to infectious bursal disease virus (162). However, adding SeMet to the diet can improve the feed efficiency of heat-stressed broilers and enhance cell-mediated immunity and humoral immunity (74). Another study showed that Se supplementation had no notable effect on the performance and relative quality of lymphatic organs, but it did improve the antibody response and blood lipid characteristics of heat-stressed broiler red blood cells (163). That is, heat stress significantly reduced the relative quality of the immune organs of broilers and the primary and secondary antibody responses to their red blood cells, while dietary Se supplementation effectively mitigated the negative impact of heat stress on red blood cell secondary antibody responses (163). In addition, studies have found that when sheep are exposed to heat stress, higher dietary Se levels can enhance antibody titers of red blood cells. Supplementation of Se did not affect serum antibody titer of the anti-Newcastle vaccine in broilers (74), and the antibody titer of serum anti-H5N1 increased with the increase of dietary Se level; furthermore, organic Se had a better effect on antibody titer, indicating that Se supplementation using a specific Se source can improve the immune function of heat-stressed broilers (164).

Under heat stress conditions, corticosteroids released in the blood reduce the number of lymphocytes (165), and the immune system is stimulated to increase the number of heterophile cells, which are the first line of defense against stress damage (166). Leng et al. (167) found that organic Se supplements can enhance poultry immune system function by improving the ability of immune active cells to resist infection. Studies have found that: under heat stress, as the dietary Se level increases, the number of heterophils, monocytes, and eosinophils gradually decrease, and serum total protein and albumin levels gradually increase (168); a 5 mg Se treatment can reduce the rectal temperature of sheep by 0.3°C, reduce weight loss by 4.5%, and increase the number of eosinophils (60); injection of antioxidants containing Se, copper, zinc, manganese, VA, VE, etc. before and after weaning of calves in summer can increase their blood immunoglobulin (IgG, IgM, and IgA) concentrations and serum total white blood cells (neutrophils and monocytes) (169); dietary Se supplementation can increase the number of hemameba and hemoglobin in poultry blood (170); 0.25 ppm Se can significantly improve the growth performance of broiler chickens, promote their immune response and lymphatic organ development, and can also increase their serum antioxidant activity and the ratio of heterophile cells to lymphocytes, and reduce the gene expression of heat shock protein (HSP) 70 (171). Furthermore, heat stress-induced cell damage is usually accompanied by abnormal expression of SEL coding genes and SELs, and Se supplementation mainly reduces cell damage induced by heat stress via regulating the expression of SELs; that is, Se restores the expression of most SELs in heat-stressed cells at both mRNA and protein levels; in addition, organic Se has a better effect than inorganic Se.

It is known that Se can improve the immune response by changing the production of certain cytokines in immune cells and enhancing the resistance of immune cells to oxidative stress (172). Se added in the diet alone or in combination with vitamins can alleviate the damage caused by oxidative stress and improve immunity (173). Abdel-Moneim et al. (63) supplemented heat-stressed broilers with Se and the levels of immunoglobulins in broilers were notably increased. Moreover, the study found that the addition of dietary Se prevented the up-regulation of six inflammation-related genes induced by heat stress (IL-6, IL-8, intercellular cell adhesion molecule-1, interferon-β, and inducible nitric oxide synthase-2), reduced the expression of pro-inflammatory cytokines in porcine small intestinal epithelial (IPEC-J2) cells under heat stress, and effectively alleviated the adverse effects of acute heat stress on the expression of TNF-α and IFN-γ, thereby reducing immune dysfunction (174). Compared with inorganic Se, an organic Se group had a lower expression of pro-inflammatory genes and better protection (175). Studies have also found that although dietary Se supplementation can inhibit the expression of TNF-α in heat stressed broilers, it cannot prevent the down-regulation of TNF-α expression in IPEC-J2 cells induced by heat stress; therefore, Se can resist heat stress induced inflammatory damage, but this is not achieved by inhibiting the expression of TNF-α (172).




Dietary Supplementation of Se to Improve Antioxidant Status of Heat Stress in Livestock

Oxidative stress is one of the important factors leading to animal inflammation and immune disorder. As an antioxidant, the moderating effect of dietary Se on inflammatory response induced by heat stress is closely related to its ability to improve antioxidant status of animals. An imbalance between the production of oxides in the body and the antioxidant defense system is the root cause of oxidative stress (176). The biochemical and physiological reactions related to heat stress will increase the production of free radicals (45, 46). Excess free radicals will interact with protein, carbohydrates, lipids, and cells to destroy their structure and function (177); that is, oxidative stress occurs. Free radicals include lipid peroxides, lipid free radicals, ROS, and reactive nitrogen free radicals. Among them, ROS is produced endogenously by organisms during oxidative metabolism. Under normal circumstances, ROS is an important secondary messenger that affects intracellular signal transduction and redox regulation (178), and there is a balance between its production and antioxidant defense. However, under heat stress, the antioxidant defense of cells is unbalanced, and excessive ROS can cause severe damage to biomolecules (lipids, proteins, and nucleic acids), leading to the destruction of cell membrane fluidity and cell apoptosis (179, 180). Studies have shown that heat stress prevents the increase in ROS production in IPEC-J2 cells, and the redox balance is disrupted to trigger oxidative stress. Supplementing Se in an organic form can reduce ROS levels and thus alleviate oxidative stress (175).

Se mainly functions passes through Se such as GPx, thioredoxin (Trx), TrxR, and SELP. Proteins exert an antioxidant function, and there are 25 types of SELs with important physiological functions. The increase in antioxidant capacity is attributed to the inducible Se-dependent antioxidant enzymes. Se is a component of glutathione peroxidase, which combines with VE to counteract free radicals (181). VE is the main fat-soluble antioxidant found in cell membranes. It plays an important role as a chain-cut lipid antioxidant and free radical scavenger in the membranes of cells and subcellular organs (182). Recent studies have shown that VE supplementation has a beneficial effect on meat quality (183), and its combined use with Se can more effectively improve the antioxidant defense system of cells and tissues (78). Glutathione peroxidase can remove ROS, protect cells from oxidative stress damage (184, 185), and prevent lipid and protein oxidation. Studies have shown that dietary Se supplementation can increase the serum Se content and the activity of GPx in broilers, calves, lactating dairy cows, and other animals (63, 169, 186).

At present, the Se sources that researchers add to the diet mainly include SS, SeMet hydroxy analogs, yeast Se, and nano-Se. Different Se sources can increase the activity of GPx in animals under heat stress (63, 186–188). In ruminants, the efficiency of rumen microorganisms using organic Se is 3.8 to 4-fold greater than that of inorganic Se; it is therefore more conducive for rumen microorganisms to synthesize antioxidant enzymes from organic Se in the diet through redox reactions (189). Sun et al. (186) found that the addition of 0.3 mg/kg DM Se in the form of organic Se to the diets of Holstein dairy cows in mid-lactation allowed them to remain stable under heat stress, while GPx activity in the serum of the cows in a similar inorganic Se group decreased gradually. Furthermore, Trx is a multifunctional acidic protein, which exists in two subtypes of Trx1 and Trx2 in animals; TrxR is a pyridine nucleotide/disulfide oxidoreductase, including two isoenzymes TrxR1 and TrxR2. Research has found that the content of Trx in the culture of Bovine Mammary Epithelial Cells was significantly lower than that of heat-treated cells after adding 1 μM SS (190).

The concentration of oxidative stress biomarkers such as SOD, biological antioxidant potential (BAP), and advanced oxidation protein products (AOPP) can also reflect the degree of cellular damage under heat stress. During heat stress, the accumulation of reactive oxygen metabolite ROM in the body leads to a decrease in plasma BAP. The ratio of the two (ROM : BAP) is defined as the Oxidative Stress Index (OSI). AOPP is a marker of protein oxidation when the body is subjected to heat stress, and it also mediates inflammation. Chauhan et al. (191) fed a diet containing 100 IU VE/kg DM and 1.20 mg Se/kg DM to heat-stressed ewes; the results showed that the serum active oxygen metabolites of the ewes were significantly reduced (114 vs. 85 units/dL; P <0.005), physiological antioxidant potential increased (3688 vs. 3985 μmol/L; P = 0.070), heat stress index (ROM/BAP) decreased by 30%, and there was a downward trend of AOPP (19.4 vs. 18.8 mol/L). However, Liu et al. (62) found that feeding 1.0 ppm yeast Se to sows did not alleviate the decrease in blood BAP affect the increase in AOPP during heat stress, but only increased GPx activity by 13%. The above results suggest that when supplementing Se in livestock diets, we should fully consider whether the background value of Se in the basal diet meets the nutritional needs of experimental animals to determine whether additional Se sources can improve oxidative stress. However, it should be noted that Se and VE have a synergistic effect, therefore supplementing the two together may have a better effect.

Oxidative stress activates the heat shock response (192). Heat shock proteins (HSPs), molecular chaperone proteins expressed by the body under stress, can sense oxidative stress and restore physiological protein conformation during and after such stress. The significant increase in their expression is an adaptive mechanism for cells to respond to oxidative stress. When heat stress occurs, Heat shock transcription factor (HSF) is separated from HSP, and HSF enters the nucleus to induce heat shock elements to regulate gene expression and activate the transcription and translation process of HSP (19). According to molecular weight and amino acid sequence, HSPs can be divided into six families: HSP110, HSP90, HSP70, HSP60, small molecule HSPs (HSP27, HSP33, etc.), and ubiquitin. Most HSPs have molecular chaperone protein activity to prevent misfolded protein aggregation that causes damage to cells and promotes the formation of the correct structure of newly synthesized proteins (193). Supplementing Se can significantly reduce the production of HSPs in cells, alleviate the need of cells for HSP protection under high temperature stress, and alleviate oxidative stress (190).



Dietary Supplementation of Se to Increase Nutrient Digestibility and Regulate the Gastrointestinal Microbiome of Heat Stressed Livestock


Feed Intake and Nutrient Digestibility

Loss of livestock performance is mainly owing to energy loss caused by reduced feed intake, consumption of feed of low nutrient content, and temperature regulation. Therefore, maintaining the nutrient concentration required for the health and production of heat-stressed livestock is challenging (194). Heat stress adversely affects the feed intake of broilers (195), pigs (196–198), sheep, and dairy cows (191), and the poor health and feed intake associated with heat stress further negatively affects the yield and quality of livestock products. It has been shown that diets supplemented with Se can alleviate the adverse effects of heat stress on animal feed intake and mortality (199).

The effect of heat stress on feed intake (198, 200) is related to heat damage to the intestinal epithelial cells (201, 202). Thus, the effect of Se on the feed intake of heat-stressed livestock may be closely related to its mitigation of intestinal injury. Studies found that when broilers were exposed to heat stress, the flow of blood and nutrients to their gastrointestinal tract was reduced, which led to intestinal hypoxia, adenosine triphosphate consumption, intracellular acidosis, and oxidative and nitrative stress, resulting in changes in intestinal function and integrity (203). Increased intestinal permeability increases the leakage of lipopolysaccharides to the internal environment, leading to eventual multiple organ failure (203). There are also report indicating that heat stress up-regulates the mRNA and protein expression of HSP70, HSP90, and nuclear factor kappa-B, but reduces epidermal growth factor in the jejunal mucosa of black-bone chickens (204). Damage to the gastrointestinal tract reduces Se absorption, which further leads to Se deficiency. In addition, Se can affect gastrointestinal tissues by regulating the production of inflammatory cytokines and increasing the antioxidant status. Se deficiency can lead to the production of harmful free radicals including oxygen and nitrogen free radicals, and at the same time reduce the antioxidant capacity of the intestinal tract, resulting in oxidative damage to the intestinal tissues of chickens (205). Current research shows that: 1.2 ppm of nano-Se supplements can reduce lipid peroxidation and help broilers maintain intestinal structure under heat stress (206); adding 1–3 ppm sodium selenite (SS) to the diet for 90 days increases the Se concentration and the expression of SEL in the gastrointestinal tract of poultry (207); the addition of 0.4 mg of SS per kilogram of diet can enhance the activity of GPx in the blood and liver of broilers and the activity of thioredoxin in the duodenal mucosa, liver, and kidney (208). Therefore, dietary supplementation of Se can effectively reduce heat stress damage to the gastrointestinal tract of livestock, thereby effectively maintaining feed intake.

The reduction of feed intake under high temperatures is mainly to reduce heat production to adapt to the hot environment (196, 197), and the effect of Se on heat-stressed livestock feed intake may be related to its ability to promote digestion and absorption and improve the digestibility of nutrients. Under heat stress conditions, the reduction of feed intake limits total nutrient intake. Furthermore, in order to prevent heat stroke, livestock must prioritize heat dissipation and survival to combat heat stress over other biological processes such as animal production (67, 209). For example, related studies have shown that accelerated respiration for heat dissipation, increases the synthesis of heat shock proteins to prevent cell damage (133, 210), inflammation (211), and the physiological process of repairing damaged tissues (133)—further increasing the mobilization of a sow’s body reserves and impairing production performance and energy availability, as well as nutrient supply. Studies have shown that adding Se to the diet can effectively improve the gastrointestinal function of livestock and the apparent digestibility of nutrients: Wei et al. (212) confirmed that dietary supplementation of 0.3 mg/kg DM Se can promote rumen fermentation and the apparent digestibility of crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), and Se in mid-lactation dairy cows; Hassan et al. (57) found that adding 0.5 mg/kg of Se-enriched spirulina to the diet increased the apparent digestibility of DM, organic matter (OM), CP, ether extract (EE), and nitrogen free extract in heat-stressed rabbits; Alimohamady et al. (213) showed that dietary Se supplementation increased the digestibility of DM, OM, CP, NDF, and ADF in 4 to 5 month old lambs.

Both inorganic Se and organic Se can be added to livestock diets. Inorganic Se is more easily reduced to elemental Se that is difficult for the body to use under acidic conditions; whereas organic Se can directly form microbial protein without being reduced to the intermediate product H2Se, which improves utilization efficiency (189). The study by Zhang et al. (214) found that coating the Se source is also a way to improve its utilization, and they found that a 0.3 mg Se/kg inorganic Se coating treatment significantly increased the apparent digestibility of DM, OM, and CP in dairy cows. Blood flow plays an important role in controlling body temperature: although under heat stress, blood flow distribution shifts from internal organs to peripheral capillaries to quickly lower body temperature, decreased visceral blood flow can lead to hypoxia in gastrointestinal tissues. When the body lacks an adequate supply of oxygen (such as during metabolism), oxidative stress occurs (215). Hypoxia in the gastrointestinal tract, especially in the intestinal tissues, increases the permeability to pathogens and related endotoxins that cause oxidative stress damage (216, 217), which disturbs the function of the intestinal immune system, promotes deformation of mucous membranes and villi, and causes intestinal infections, which in turn lead to interruption of the digestion and absorption of nutrients (218, 219). Therefore, dietary Se supplementation to alleviate animal heat stress may be related to its ability to alleviate oxidative stress in the gastrointestinal tract and improve nutrient digestibility.



Gastrointestinal Microbiome

Growing evidence shows that interaction between hosts and their gastrointestinal microorganisms is involved in mammalian nutrient metabolism, immune homeostasis, and pathogen resistance (220, 221). For monogastric animals, it is reported that heat stress affects the structure and composition of the microbiota for from one week to several months (222–226). Xiong et al. (227) and He et al. (223) found that heat stress can increase the relative abundance of Proteobacteria, Gammaproteobacteria, Pseudomonadales, Moraxellaceae, and Acinetobactae in the intestines of pigs and ducks; Zhu et al. (226) found that heat stress increases the relative abundance of Bacteroidetes in the intestines of laying hens; Shi et al. (228) found that heat stress increased the relative abundance of Firmicutes, Tenericutes, and Proteobacteria in the intestines of broilers, but decreased the relative abundance of Bacteroidetes and Cyanobacteria; Qu et al. (229) found that heat stress increased the relative abundance of Oscillospira and Clostridium in murine intestines, but decreased the relative abundance of Lactobacillus and Bacteroides. Study have showed that the Lactobacillus was positively associated with serum total antioxidant, while some other microbial species were found negatively associated, such as Pseudomonadales and Acinetobacter (230). The increase of Firmicutes/Bacteroidetes ratio was considered to be a typical characteristic of obesity-driven dysbiosis in humans and animals (231). Thus, heat stress may affect animal health by affecting intestinal microorganism. There are still few studies on the effects of dietary Se supplement on the intestinal microbial ecosystem of heat stressed livestock. Further study could focus on this and provide a basis for moderating the heat stress of animals by regulating gastrointestinal microbes. Se in the intestine can enhance the intestinal environment for microorganisms by reducing local inflammation, and can also change susceptibility to infection caused by specific microorganisms (232). A small number of studies have evaluated the effects of dietary Se supplementation on the intestinal microbiota of fish (233, 234) and mammals. These studies confirmed that dietary Se supplementation has a positive effect on bacterial diversity in the intestine (234), produces an increase in beneficial bacteria number (235, 236), and reduces the frequency of intestinal infections (232).

In ruminants, rumen fermentation parameters are closely related to rumen microbes and can reflect their nutrient utilization. Under heat stress, lactating dairy cows significantly increased the production of lactic acid, decreased the production of total volatile acids and acetic acid, and decreased the pH of the rumen, which inhibited the activity of cellulolytic bacteria, resulting in a relative increase in Streptococci, Enterobacteriaceae, Ruminobacter, Treponema, and Bacteroidaceae in the rumen (199). Dietary Se can promote the growth of rumen microorganisms and rumen fermentation, and can significantly increase the production of propionic acid and total volatile acids. Previous studies have shown that the relative abundance of rumen bacteria, fungi, cellulose, and amylolytic bacteria (such as Ruminococcus, Fibrobacter, and Ruminococcus) increased after adding sodium selenate to the diet of lactating dairy cows; furthermore, the activity of cellobiase, carboxymethyl cellulase, xylanase, and protease were greatly promoted (214). The supplementation of yeast Se in the diet of sheep can increase the relative abundance of flora associated with rumen carbohydrate and protein metabolism (237). Therefore, dietary supplementation of Se may be related to its regulatory effect on gastrointestinal microbes. Future studies can further explore this hypothesis and clarify the role of Se supplementation in livestock diets and its interaction with gastrointestinal microbiota under heat stress.




Response of Heat Stress Cells to Se

Research on the cellular effects of heat stress began in the 1970s. Results initially showed that heat stress could induce a variety of abnormalities in cell function, including cell membrane fluidity and stability, inhibition of receptors and transmembrane transporters (14), and even induction of oxidative damage and cell death (238). Under stress conditions, structural lipids such as phosphatidylcholine are hydrolyzed to produce phosphatidic acid (239, 240), and cleavage products such as the non-esterified fatty acid may be re-inserted into different membrane sites—leading to changes in membrane structure and membrane fluidity (241). Studies have confirmed that Se supplementation can protect cells from apoptosis induced by heat stress (175). Se regulates the expression of SELs, which participates in a series of cellular defense reactions, thereby protecting cells from stressors such as protein aggregates, heavy metal ions, heat shock, and oxidative damage (242–244).


Intestinal Cells

The intestinal epithelium plays an important role in the digestion and absorption of nutrients and the development of immune function (245). Studies have shown that reducing the integrity of the intestinal barrier and increasing intestinal permeability through heat stress endangers the health of livestock and their production performance (127, 236, 246). Heat stress will increase the concentration of intestinal endotoxins and pathogenic bacteria in the portal vein and systemic blood (214), leading to gastrointestinal damage and eventual death from heat exhaustion (247, 248). As mentioned above, Se supplementation can reduce intestinal epithelial cell damage induced by heat stress (55, 74, 249, 250).

Heat stress can damage intestinal barrier function, leading to an increase in permeability, and the concentration of lipopolysaccharides in the portal vein and systemic blood (215). Intestinal epithelial cells are closely bound together by tight junction proteins between cells; the latter regulate the permeability of cells and are essential units in the epithelial barrier. Tight junctions are complex structures composed of more than 50 proteins. Studies on the expression of three tight junction proteins: claudin 1, occludin, and zonula occludens-1 (ZO-1) have shown that supplementation of SeMet reduces the down-regulation of ZO-1 and claudin 1 expression under heat stress conditions. Furthermore, SS supplementation alleviates the down-regulation of claudin 1 expression caused by heat stress (175). claudin 1 is a tightly connected structural skeleton and seals the space between two adjacent epithelial cells (251). ZO-1 is a plaque protein that combines with other proteins to form a scaffold or interacts with specific transmembrane proteins to stabilize them in the cytoplasm (252). Interestingly, the first PDZ structural domain of ZO-1 interacts with claudin 1 protein (253), and a decrease in gene and protein expression indicates an increase in the permeability of the epithelial barrier. Both SS and SeMet supplements effectively slowed down the damage of tight junctions, and SeMet even increased the expression of these two tight junction proteins in IPEC-J2 cells exposed to heat stress (175). In addition, occludin mainly regulates the inter-membrane diffusion and paracellular diffusion of small molecules (254), while SS and SeMet supplementation has no significant effect on the protein expression of occludin in IPEC-J2 cells under heat stress (175).

Cells accumulate HSP70 when undergoing heat stress and increased lipid peroxidation, which may serve as a tissue biomarker of potential damage caused by stress (255). In other words, an increase in HSP70 expression usually indicates an increase in the intensity of heat stress. In addition, HSP70 plays a key role in the process of heat resistance by maintaining cell homeostasis (256, 257) as it can protect cells from endotoxemia, hypoxia, and metabolic stress (258); inhibit the activation of caspase3 to prevent heat stress-induced cells apoptosis (259, 260); and activate protein kinase B (Akt) to promote cell survival (261). It is reported that heat stress significantly increases the expression of HSP70 in rat intestinal epithelial IEC-18 cells, which may play a role in protecting such cells from oxidation and heat damage (262). Study showed that SeMet supplementation promotes the expression of HSP70 mRNA and protein in IPEC-J2 cells under heat stress, indicating that it has a beneficial effect on intestinal epithelial cells, i.e., Se reduces heat stress, so cells do not need to synthesize relatively more HSP70 protein to combat heat damage (175).

Heat stress can damage the integrity of the intestinal epithelial barrier of pigs (210, 217, 263), and its mechanism may involve oxidative stress. Although the intestinal oxidative stress markers are closely related to the duration and intensity of heat stress, their expression in the intestinal tract of heat-stressed rats (264, 265) and pigs (209) is significantly increased. Oxidative stress destroys tight junctions (266) and reduces the viability of epithelial cells (258), so it may play a role in the integrity of the porcine intestinal barrier induced by heat stress. Dietary supplements that can alleviate oxidative stress can prevent heat stress caused by intestinal barrier dysfunction. Studies have shown that the expression of SEL in IPEC-J2 cells is affected by heat stress (161). Heat stress induces the expression of 10 SEL-related genes. These genes play an important role in anti-oxidation by promoting hydrogen peroxide metabolism and regulating the level of intracellular stress (161). Study confirmed that heat stress enhances intestinal oxidative stress and reduces barrier integrity, while high levels of dietary Se and VE can reduce the occurrence of oxidative stress and intestinal leakage (133). Studies have shown that Se yeast supplements enhance the resistance of poultry to oxidative stress and high temperature exposure associated with intestinal bacterial infections. This effect is closely related to the improvement of the body’s redox state after Se supplementation (267). In addition, related studies confirmed that the addition of Se to a cell culture medium of caco-2 significantly increased mRNA expression levels of GPx1, thioredoxin reductase (TrxR) 1, and SelP (268). Moreover, supplementation of hydroxyselenomethionine promotes the protein expression of GPx4, thioredoxin reductase (TXNRD) 1, and SELS and down-regulates the expression of seven inflammation-related genes in jejunal mucosa affected by heat stress (134).

The above results suggest that Se supplementation can enhance antioxidant capacity, and thus mitigate damage to the intestinal epithelial barrier of livestock under heat stress. This information provides a research base for alleviating heat stress induced intestinal injury and improving livestock intestinal health.



Other Cells

The main function of HSP is to resist the effects of stress on cells (269). Heat shock factor (HSF) 1 leads to the expression of stress-induced genes, and HSP90 is the main defense protein against heat stress (270, 271). Under normal circumstances, HSF1 combines with HSP (usually HSP90). When cells are stimulated, HSP separates from HSF1. HSF1 subsequently enters the nucleus and induces downstream heat shock elements to regulate gene expression (272). Studies have shown that the expression of HSF1 and HSP90 genes in bovine mammary epithelial (MAC-T) cells are notably increased after heat shock. Se pretreatment reversed this effect (190), and Se deficiency also increased the level of HSP in chicken livers (273) and the expression of HSP90 in chicken red blood cells (274).

Studies have found that heat stress can increase the production of ROS, which in turn disturbs the steady state of redox balance, leading to oxidative stress in cells (14). Dietary supplementation with Se can increase the activity of glutathione peroxidase in lactating dairy cows and enhance the ability of the antioxidant system (275). Studies have confirmed that oxidative stress in MAC-T cells after heat shock increases the production of ROS and reduces the activities of SOD and total antioxidant capacity (T-AOC), while Se pretreatment can significantly improve the antioxidant effect of MAC-T cells (190). In addition, heat shock and Se pretreatment can affect the expression of HO-1. The endogenous carbon monoxide produced by HO-1 activates Akt/PKB (protein kinase B). Akt has a negative effect on GSK-3β (glycogen synthase kinase 3β) that activates nuclear factor E2-related factor 2 (Nrf2) (276). Nrf2 is a major transcription factor that regulates the expression of antioxidant proteins. Under oxidative stress, its ubiquitination stops and it translocate into the nucleus where it combines with antioxidant response elements, ultimately activating the defense system (277). TXNRD1 is an intracellular SEL and an isoenzyme that provides one of the main enzyme defense systems for ROS in vascular endothelial cells. Studies have found that different forms of Se tend to activate different genes in the Nrf2-antioxidant pathway of dairy cow arterial endothelial cells: SM pretreatment tends to inhibit the expression of Nrf2, while SS tends to reduce the protein level of TXNRD1 (278).

Studies have found that environmental factors greatly affect cell differentiation (279). In the differentiation of mouse myoblasts, Se supplementation reduces the negative effect of heat stress on the myogenic differentiation of C2C12 cells to a certain extent. This process may be related to the change of SEL expression pattern and the effect of SeMet is superior to that of SS (280). It was shown that heat stress increases the expression of most SEL-encoding genes in myoblast (C2C12) cells (281). Among them: the GPx family can use glutathione to catalyze the reduction of hydrogen peroxide and lipid hydroperoxide (282); iodothyronine deiodinase 2 is located in the endoplasmic reticulum (ER) membrane (283) and is an oxidoreductase that participates in thyroid hormone metabolism by catalyzing the activation of tetraiodothyroxine to triiodothyronine (284); SELS and SELK have similar structural features, and they participate in the ER-related degradation of unfolded and misfolded proteins (285); SELT, known as glycosylated transmembrane protein, may have potential functions related to SELW. Studies have shown that: increasing the expression of SELW can compensate for the knockdown of SELT in mouse fibroblasts (286); SEL15 contains a Cys-rich domain in the N-terminal of the protein, which may play a role in catalyzing isomerization or reduction of disulfide bonds (287); the protein encoded by selenophosphate synthase 2 participates in the biosynthesis of SELs, can catalyze the synthesis of monoselenophosphate, and is the main donor of Se (147). Follow-up studies can focus on the expression of the above SELs and further explore the interaction between Se supplementation and heat stress-induced muscle cell damage.




Dietary Supplementation of Se to Improve the Reproductive Physiology of Heat Stressed Livestock


Female Livestock

Heat stress is the main risk factor that affects the reproductive efficiency and production performance of female mammals in summer (14, 288). Existing evidence shows that heat stress can cause abnormal atresia of follicles in the ovary, impaired secretion of ovarian steroid hormones, and even lead to infertility (289). Heat stress can cause a significant increase in body temperature and a decrease in egg production, egg weight, ovarian weight, and follicle number (70). Compared with acute heat stress, the impact of chronic heat stress is relatively weak, but owing to its lengthy duration, it also brings serious economic losses to the livestock industry (137). Granulosa cell apoptosis is an important marker and inducer of follicular atresia, and it plays a vital role in maintaining normal ovarian follicular growth, hormone synthesis, and other physiological functions (290). Heat stress inhibits the proliferation of ovarian granulosa cells and induces their apoptosis, which is closely related to the ovarian dysfunction caused by heat stress in various species (291–293); that is, maintaining normal physiological functions of granulosa cells under heat stress may help prevent or reduce ovarian damage caused by heat stress. In addition, in eukaryotes, the endoplasmic reticulum is an important organelle for the folding, modification, and maturation of new and mature proteins.

Many pathological factors can disturb the balance between the protein load and folding ability of the endoplasmic reticulum, which can trigger endoplasmic reticulum stress (294–296). If homeostasis of the endoplasmic reticulum microenvironment is not restored, severe or continuous endoplasmic reticulum stress will eventually induce cell apoptosis (297). There is accumulating evidence that endoplasmic reticulum stress is related to various pathological reactions caused by reproductive diseases and heat stress-induced cell death. Previous studies have shown that endoplasmic reticulum stress-mediated apoptosis of granulosa cells plays an important role in the progression of follicular atresia through 78-kD glucose-regulated protein (GRP78) and CHOP activation in the goat ovary (298). Owing to its antioxidant function, Se has been widely used to regulate metabolic disorders and reproductive physiological functions, such as effectively protecting certain cells from apoptosis induced by poisons and endoplasmic reticulum stress (35). Studies have confirmed that heat stress can reduce the viability of mouse granulosa cells and increase the expression of caspase3, which induces apoptosis, and key apoptosis-related proteins B-cell lymphoma-2-associated X protein and ER stress activation markers GRP78 and CHOP. Sodium selenite can significantly inhibit the decrease in cell viability induced by chronic heat stress, increase the protein expression levels of apoptosis-related genes and endoplasmic reticulum stress activation markers, and inhibit the decrease in estradiol expression in heat stress-induced granulosa cells (299).



Male Livestock

For male animals, heat stress can change the structure and weight of the testicles, reduce the number of sperms, reduce sperm quality, and cause abnormal sperm morphology and DNA fragmentation (300). The negative effect of heat stress on male fertility is related to the production of ROS (301). For example, studies have found that acute heat stress increases the oxidative stress and ROS levels of SOD 1 knockout mice, where even exposure to 42 C for 15 minutes can cause damage to sperm (136). Therefore, the use of antioxidants may mitigate the negative impact of heat stress on male fertility. The function of Se in the male reproductive tract is independent of other physiological processes in the body. Se acts on the reproductive organs and participates in the biosynthesis of testosterone and the formation and development of sperm (302). In addition, Se is a component of at least 25 SELs, including glutathione peroxidase and other functional and structural proteins of the testis, epididymis, and sperm (303, 304). For example: GPx1 and GPx3 are expressed and located in epididymal epithelia and sperm to protect epididymal parenchyma and mature sperm from oxidative stress; GPx4 can protect developing sperm from DNA damage caused by oxidative stress, it is also a structural component of the middle mitochondrial sheath of sperm and is an important part of sperm stability and motility (305).

Studies have shown that under heat stress, supplementation of 0.3 mg OSe/kg DM in basal diet for rabbits can improve heat tolerance and health status, thereby significantly improving semen quality and subsequent fertility (306). Moreover, the body’s antioxidant/pro-oxidant balance is considered a key determinant of chicken health, embryonic development, sperm quality, and possible production and reproduction characteristics of poultry (307, 308). Studies have found that supplementing organic Se in the diets of heat-stressed roosters increases the number and vitality of sperm, reduces the mortality of sperm, and enhanced the antioxidant status of seminal plasma, thereby improving the quality of seminal fluid (309). Furthermore, the combination of dietary vitamin E and organic Se has a synergistic effect in reducing lipid peroxidation and improving the antioxidant status of poultry seminal plasma, which is specifically increases the number and vitality of sperm under heat stress conditions and reduces sperm mortality rate (310).




Conclusion

In this review, we summarized the effect of Se as dietary source on heat stressed livestock, while focusing on the performance, inflammation, reproduction and cell damage, as well as the main regulatory mechanism, that is, regulating gastrointestinal microorganisms, nutrient digestibility, antioxidant status, cell damage, and immune capacity of livestock. Hence, Se supplement could serve as a nutritional strategy to help animals to reduce negative effects on their production performances and health during heat stress period.
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Ruminants account for a relatively large share of global nitrogen (N) emissions. It has been reported that nutrition control and precise feeding can improve the N efficiency of ruminants. The objective of the study was to determine the effects of soluble protein (SP) levels in low-protein diets on growth performance, nutrient digestibility, rumen microbiota, and metabolites, as well as their associations of N metabolism in fattening Hu sheep. Approximately 6-month-old, 32 healthy fattening male Hu sheep with similar genetic merit and an initial body weight of 40.37 ± 1.18 kg were selected, and divided into four groups (n = 8) using the following completely randomized design: the control diet (CON) with a 16.7% crude protein (CP) content was prepared to meet the nutritional requirements of fattening sheep [body weight (BW): 40 kg, average daily gain (ADG): 200–250 g/d] according to the NRC recommendations; other three include low protein diets (LPA, LPB, and LPC) of CP decreased by ~10%, with SP proportion (%CP) of 21.2, 25.9, and 29.4 respectively. The feeding trial lasted for 5 weeks including the first week of adaptation. The results showed no difference in the growth performance (P > 0.05); DM and CP digestibility were higher in LPB and LPC, with maximum organic matter digestibility in LPB (P < 0.05). Low-protein diets decreased serum urea-N whereas urinary urea-N was lower in LPB and LPC (P < 0.05), while N retention and the biological value of N were higher in LPB and LPC (P < 0.05). Ruminal NH3-N concentration in LPA and LPB was low than CON (P < 0.05), while total volatile fatty acid (TVFA), acetate, propionate, and butanoate were all lowest in LPA (P < 0.05). In the rumen microbiome, LPB increased the community richness in Prevotellaceae and Prevotella_1 (P < 0.05); Metabolomics analysis revealed low-protein diets downregulated the amino acid metabolism pathways, while the biosynthesis of unsaturated fatty acids along with vitamin B6 metabolism were upregulated with increased SP. These findings could help us understand the role of different SP levels in the regulation of rumen microbial metabolism and N efficiency. Overall, low-protein diets (CP decreased by ~10%) can reduce serum urea-N and ruminal NH3-N without affecting the growth performance of fattening Hu sheep. Additionally higher N efficiency was obtained with an SP proportion of ~25–30%.

Keywords: soluble protein, low-protein diet, nitrogen metabolism, rumen microbiome, metabolomics, Hu sheep


INTRODUCTION

Animal production systems (specifically, ruminants) produce a large proportion of ammonia (NH3) and nitrous oxide (N2O) into the atmosphere, where >70% of feed nitrogen (N) is released (1, 2). The sources of gaseous N emissions include urine and feces discharged by animals during grazing or captivity (3). It has been anticipated that the N2O emission from animals and their wastes is 2.7 Tg (Tg = 1012g) per annum, which is around 30–50% of total agricultural N2O emissions. Similarly, NH3 release is about 22−32 Tg, accounting for 50–75% of the total NH3 emissions, affecting overall human health and environmental issues (4, 5).

In livestock practices, a number of researchers have demonstrated that reducing dietary crude protein (CP) content is an important way to minimize N emissions and alleviate protein feed resources [e.g., pig (6), poultry (7), and ruminants (8)]. To our knowledge, under normal dietary conditions, the N utilization of ruminants is lower than that of monogastric animals, where only about 20–40% N is retained (9). The NRC (10) classifies the optimal utilization of dietary CP which requires the selection of suitable feed protein sources to provide the type and quantity of rumen degradable protein (RDP) that meets but does not exceed the rumen microbial N requirements. Arguably, the amount and degradability of dietary protein are the keys to affect rumen fermentation and nutrient absorption (11).

Soluble protein (SP) is defined as the protein fraction A dissolved in borate-phosphate buffer (12). It is composed of ammonia, nitrate, amino acids, peptides, and some true proteins, which can provide rumen microorganisms with rapid degradable protein and N (within 1 h after intake) (13). On the other hand, insoluble protein (ISP) is the sum of protein fractions B and C, including potential RDP and rumen undegradable protein (UDP) (12). Potential RDP cannot be utilized immediately like SP, but it will slowly degrade with time. Due to lignin-bound proteins, pass rates, and feeding management, not all potential RDP may be degraded in the rumen (14). Obviously, the utilization of protein and other nutrients is affected by the type and quantity of each protein fraction. Moreover, adjusting dietary SP proportion has the potential to improve N utilization in ruminants (15). In previous studies, dietary SP (%CP) increased from 34.4 to 44.9 in dairy cattle, which increased the milk urea N and plasma urea N but decreased the CP and true protein in milk (16). Meanwhile, Majdoub et al. (17) found that by increasing dietary SP (%CP) from 22 to 44, the dry matter intake (DMI) of dairy cattle was not affected, but milk yield and N utilization were decreased. Davis (18) reported that feeding a diet containing CP of 15.5–16.5% and SP (%CP) of 30–35% (without urea) to dairy cattle, can increase the milk yield.

The ruminant foregut fermenter is considered to be an important microbial ecosystem, where the rumen microbiome plays an important role in balancing between food safety and environmental impact (19). Diet influenced rumen microbes and their metabolites significantly, upregulation of the fiber-degrading microorganisms improved the production of volatile fatty acid (VFA) that can be absorbed by the host (20). Different diets can affect the harmful intermediate accumulation of fermentation in the rumen, such as lactate, which was produced under high-concentration feeding. The capability of ruminants to effectively utilize dietary nutrients is closely related to the dietary ingredients, and to the composition and structure of rumen microbes. Therefore, clarifying the role of the rumen microbiome in shaping the physiological parameters of the host can increase the agricultural yield and reduce environmental pollution by adjusting the structure of bacterial communities (21).

Even though reducing dietary CP levels has been widely required in livestock production to reduce N emissions and the feeding strategy of SP has also been investigated on sustainable cattle production, however, to date, there are few reports on the effects of SP level on rumen microbes and N metabolism in ruminants, especially in low-protein diets. Furthermore, the interaction between diet–microbiome is yet to be revealed when sheep were fed by different SP levels. Herein, we hypothesized that altering SP levels in low-protein diets impact nutrient absorption and N excretion by modifying the rumen microbiota and metabolites in sheep. Therefore, the effects of SP levels in low-protein diets on rumen microbiota, metabolites, and N excretion of fattening Hu sheep were investigated in the present study, aiming to provide a potential approach to convert dietary N into sheep products more effectively and reasonably and limit N emissions.



MATERIALS AND METHODS


Feed Preparation and the Determination of SP Fractions

Six feed samples were selected for the determination of SP fractions, including one roughage (mixed silage) and five concentrates (corn, soybean meal, wheat bran, urea, and corn protein meal) which were used in the feeding trial. Mixed silage consisted of cabbage and straw in the ratio of 6:4, collected from the experimental farm of Yangzhou University (Jiangsu, China); then these were cut into 2–3 cm in length, mixed with 0.035 g/kg Lactobacillus plantarum and 0.250 g/kg cellulase, and then sampled after 45 days of anaerobic fermentation. Concentrates were bought from commercial feed suppliers and sampled, respectively. Mixed silage samples were freeze-dried, whereas other feed samples were dried at 65°C in a forced-air oven for 24 h. All feeds were ground in a Retsch ZM 100 Wiley mill (Retsch GmbH, Haan, Germany) to pass through a 1 mm screen.

Soluble protein content was determined using the standardization of procedures for N fractionation (buffer-soluble N) described by Licitra et al. (22), which was recommended by the Cornell net carbohydrate-protein system (CNCPS). Concretely, weighed about 0.5 g ground dry sample into a 150 ml fermentation glass bottle from six samples respectively (3 replicates per feed sample), then 50 ml borate-phosphate buffer (pH 6.7–6.8, including monosodium phosphate, sodium tetraborate, and tertiary butyl alcohol) and 1 ml 10% sodium azide solution were added. Then the mixture was incubated in a thermostatic water bath shaker for 1 h at 39°C (SHA-A, Hengfeng Instrument, Jintan, China) with a shaking frequency of 120 rpm, and followed by filtration step through a filter paper (Whatman no. 54, UK). Afterward, the washing step with 250 ml of cold distilled water was performed to determine residual N by Kjeldahl to get the ISP fraction. Then, the SP contents were calculated by total CP min ISP calculation formulae. The protein fractions of the feed samples are presented in the Supplementary Table 1.



Animals, Diet Treatment, and Experimental Design

Approximately 6-month-old, 32 healthy fattening male Hu sheep with similar genetic merit and an initial body weight (40.37 ± 1.18 kg) were selected; then, they were randomly divided into four groups (n = 8 each treatment) in a completely randomized design: CON was Control diet, CP was 16.7% based on the nutritional requirements of the fattening sheep [body weight (BW): 40 kg, average daily gain (ADG): 200–250 g/d] according to the NRC recommendations for sheep (23); LPA, LPB, and LPC were all low-protein diets with CP reduced by ~10%, where SP proportion (% of CP) was configured as 21.2 25.9, and 29.4%, respectively. Except for CON, the other three diets met 90% of the CP requirement, and the targeted SP proportion was mainly achieved through a different additional proportion of concentrate. The actual protein solubilities of the four complete diets were determined by the method explained in Section Feed Preparation and the Determination of SP Fractions. The ingredients and nutrition contents of the diets are shown in Table 1.


Table 1. Ingredients and nutritive levels of the experimental diets.
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Thirty-two sheep were individually housed in a covered pen, and all the diets were fed as total mixed ration (TMR) with a forage-to-concentrate ratio of 50:50 (DM basis) twice daily in equal amounts (08:00 and 18:00 h). The amount of DM of the feed offered to the sheep was about 3% of the BW. The feeding trial lasted for 5 weeks, consisting of 1 week of adaption and 4 weeks of experimental periods. The animals were given fresh drinking water throughout the whole experimental period. Before starting the experiment, the sheep were vaccinated to avoid infectious diseases and then dewormed.



Sample Collection and Measurement


Growth Performance Indicators

The quantities about the feeds offered and refused by each individual Hu sheep were measured before the morning feed throughout the whole feeding trial to calculate DM intake (DMI). The body weights of all sheep were calculated weekly during the early morning before feeding. Here ADG was the regression of BW measured with the passage of time. The feed requirement of each sheep was measured using feed conversion rate (FCR), which is the ratio of DMI to ADG.



Feces and Urine Sampling and Analysis

To measure the apparent total tract digestibility (ATTD), feed samples and refused samples were gathered once every week. Then feces of each sheep were collected in fecal bags at the mid-term (from day 12 to 14) and the end-term (from day 26 to 28) of the feeding trial and weighted score. At each sampling date of two periods, around 10% of feces samples of each sheep were collected by adding a solution of H2SO4 (10% vol/vol) to prevent N loss during storage. After drying to a constant mass at 65°C in a forced-air oven (DHG9626A, Jinhong Co., Ltd, Shanghai, China), the feed, refusal, and fecal samples were ground in such a way that these can pass through a 1 mm screen with a Retsch ZM 100 Wiley mill (Retsch GmbH, Haan, Germany). By following the Association of Official Analytical Chemists (24), the chemical analysis for DM, (ID 973.18), crude ash (ID 923.03), and crude protein (CP, ID 4.2.08) was performed. Other contents, such as neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined by a filter bag technique (ANKOM 2000; Ankom Technology Corp., Fairport, NY) as explained by Van Soest et al. (25). The percent of ATTD was calculated by using the following formula:
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Where FNR is fecal nutrition retained (g DM/d) and FNI is feed nutrient intake (g DM/d).

The urine of each sheep was collected at the same time as the feces were collected in the middle and at the end of the experimental periods to determine the N balance. Total urine was collected once every day using a handmade urine bag into a container pre-filled with H2SO4 (10% vol/vol) to reduce ammonia loss. Acidified urine pH was checked with a portable pH instrument (PB-21, Sartorius Scientific Instrument Co., Ltd. Goettingen, Germany) to keep the pH below 3.0 (26). Approximately, 10% of the daily urine was stored at −20°C for chemical analysis. The N content of urine was determined using a Kjeldahl analyzer (Kjeltec 2300; FOSS Analytical AB, Hoganas, Sweden), and the N content of dietary and fecal material were calculated using the 6.25 factor with CP, using the following formula:
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Urinary urea N was analyzed using a urea assay kit (C013-2, Jiancheng Bioengineering Institute, Nanjing, China) according to the study by Ding et al. (27). The biological value of N (BVN) was calculated using the following formula:
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Where NR is N retention (g DM/d), NI is N intake (g DM/d), and FNE is Fecal N Excretion (g DM/d).



Blood Sampling and Analysis

During the last day of the trial, the blood samples of each sheep were collected from jugular veins, using the venipuncture method, into tubes containing a coagulant, before the morning feed. The serum was separated after centrifugation (3,000 g, 15 min, 4°C) and then reserved at −20°C in a freezer for later analysis purposes. The serum urea N was analyzed according to the method of urinary urea N.




Rumen Fluid Sampling and Analysis

Two hours after feeding of the last day in the trial, rumen fluid samples (30 mL) were taken from randomly selected six sheep of each group by using an oral stomach tube having a length of 1.2 m and a width of 1.0 cm. This tube was connected to an adjustable vacuum pump. Around 20 ml of rumen sample containing saliva contamination was discarded and the remaining fluid was filtered through four layers of cheesecloth followed by immediate readings of pH values. Later, these samples were stored at −80°C for further analysis of different compounds, such as ammonia N (NH3-N), microbial crude protein (MCP), VFA, microbial DNA extraction, and metabolomic analysis.

The concentration of NH3-N was measured using phenol-sodium hypochlorite colorimetry according to Weatherburn (28); MCP was determined using the trichloroacetic acid precipitation method described by Zhang et al. (29); VFA concentrations were determined by gas chromatography (GC-14B, Kyoto, Japan) according to the study by Wang et al. (30). The model of the GC capillary column (CP-Wax 52 CB, Agilent, US) was 30 m (length) × 0.53 m (diameter) × 1 μm (film thickness), the temperature of the injector and detector was set at 200°C; the initial temperature of the capillary column was 100°C, later the temperature was increased to 150°C at 3°C/min, the sensitivity was set to 101, and the attenuation was set to 25.



DNA Extraction From Rumen Fluid Samples, PCR Amplification, 16S rRNA Sequencing, and Data Mining

Genomic DNA was extracted from rumen fluid samples by using HiPure Soil DNA Kit (D3142B, Magen Biotechnology Co., Ltd., Guangzhou, China). Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, US) was used to determine the concentration and purity of genomic DNA. The gene amplification of the region V3–V4 of the 16S rRNA was performed by PCR using a set of primers, such as 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR amplification program was performed using GeneAmp® 9700 PCR instrument (ABI, CA, US) by following the factors, such as an initial denaturation at 95°C for 5 min; 27 cycles of 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 45 s; and a final extension at 10 min at 72 and 10°C, until halted. PCR reactions were carried out in 2 × Phanta Master Mix, 30 μl reaction mixture, containing 15 ul 2 × Phanta Master Mix, 1 ul Bar-PCR primer F(10 uM), 1 ul Primer R (10 uM), 10–20 ng Genomic DNA and finally added with ddH2O to 30 μL. After PCR was completed, the amplified PCR products were extracted by 2% agarose gel (voltage: 80 v; electrophoresis time: 40 min) to determine the target band size and concentration.

The amplified fragments were then sent to Genepioneer Biotechnologies Co., Ltd (Nanjing, China) for 16S rRNA sequencing using Illumina Novaseq PE250 platform to obtain paired-end (PE) reads. Pandaseq software (31) was used to merge pairs of reads into a sequence according to the overlap relationship between PE reads, with a minimum overlap length of 10 bp. The reads with tail quality values below 20 were filtered out using PRINSEQ software (32). Those sequences whose N length accounts for 5% of the total length of the sequence were also filtered out. Chimera sequences were removed with Usearch (33) by the Denovo method. Uparse software was employed to cluster unique sequences with 0.03 cutoff (97% similarity) into representative operational taxonomic units (OTUs) (34). To classify all OTUs with a confidence threshold of 0.8, the Ribosome Database Program (RDP) was used. Later on, the Silva132 database (http://www.arb-silva.de/) was employed to classify them into the species level. Based on the abundance and annotation information of OTU, the sequence proportion of each sample was counted at each classification level (phylum, class, order, family, and genus) to the total sequence number, and finally the dominant flora of phylum, family, and genus level were selected to visualize through the ggplot2 package in R program (v 3.6.1).

Community richness (ACE and Chao1 index), community diversity (Shannon and Simpson index), and community coverage (Goods coverage) was calculated using the “vegan” R package; “UpSetR” package was used to show core OTUs, dispensable OTUs, and specific OTUs; Principal coordinates analysis (PCoA) was performed and treatment differences based on Bray–Curtis dissimilarity matrix were determined to reveal the differences in the bacterial communities across the four treatments and plotted using the “ggplot2” package. Analysis of similarities (ANOSIM) was employed to indicate group similarity and Adonis was employed to describe the strengths and significance of the differences among the microbial communities, where 0 represents indistinguishable and 1 represents dissimilar (35). For the two analyses, the P-values were determined based on 999 permutations. The linear discriminant analysis (LDA) effect size (LEfSe) was used to identify the most differentially abundant bacterial taxa among treatments (http://huttenhower.sph.harvard.edu/galaxy). Effect-size threshold of 2 and a significance level of P < 0.05 were applied to identify the biomarker taxa.



Nontargeted Metabonomics Based on Liquid Chromatograph-Mass Spectrometer and Data Processing

The liquid chromatograph-mass spectrometer (LC-MS) platform was used to analyze 24 rumen samples by following the procedure as previously described by Ma et al. (36) with some modifications. All analyses were performed using an ACQUITY UPLC system (Waters Corporation, MD, USA) coupled with an Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, MA, USA). Briefly, 5 μL sample was taken and injected into the column (2.1*100 mm, 1.8 μm; Waters ACQUITY UPLC HSS T3, US) with chromatographic separation conditions, such as column temperature set to 40°C; mobile phase A with water, and 0.05% of formic acid; mobile phase B with acetonitrile; flow rate set to 0.3 mL/min; and mobile phase gradient time with 16 min. Finally, the Q Exactive HF-X mass spectrometer was operated using the positive/negative mode with a temp of 300°C, sheath gas flow rate of 45 arb, aux gas flow rate of 15 arb, sweep gas flow rate of 1arb, spray voltage of 3.2kv, the capillary temp of 350°C, and S-Lens RF Level of 60%. ChromaTOF software (V4.3x, LECO) was employed to perform peak extraction, baseline correction, and peak alignment based on mass spectrometry data; the peaks were matched with LECO/Fiehn Metabolomics Library database to identify and authenticate different metabolites.

The online platform MetaboAnalyst 5.0 was utilized to perform the statistical analysis and multivariate analysis of the metabolome dataset (https://www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml). Principal component analysis (PCA) along with orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was performed on the peaks extracted from all rumen samples of four treatments. The q value (FDR-adjusted P-value) <0.05 and variable importance projection (VIP) >1.0 were considered to be significantly different metabolites in the pairwise comparison. The differential metabolic pathways of the pairwise comparison were mainly analyzed through the pathway enrichment module in the online platform.



Analysis of Correlations and Network Structure

Correlation analysis among rumen microbiota, metabolites, fermentation, and N metabolism was performed using Spearman's rank correlation, q-values were calculated using “Psych” R packages, q-values under 0.05 were considered as significant for correlation. The correlation heatmap and correlation network maps were visualized by “ggcorrplot” R package and Gephi software (version 0.9.2).



Statistical Analysis

PROC MIXED procedure of SAS software (version 9.3, SAS Institute Inc., Cary, NC, US) was used for the data analysis. The treatment effects on ADG, DMI, ATTD, and N balance were estimated using the following model:

[image: image]

Where Yijk is the dependent variable, μ is the mean, Ti is the fixed effect of treatments, Pj is the fixed effect of sampling period, (T×P)ij is the fixed interaction between treatments and sampling period, Sk is the random effect of sheep, and εijk is the residual variation. Data for the rumen α-diversity index were analyzed by PROC GLM procedure. Tukey's method was utilized for multiple comparisons. The threshold was declared at P < 0.05 and tendency at 0.05 ≤ P < 0.1.




RESULTS


Feed Intake and Growth Performance

The results indicated that there was no significant difference between the feed intake and growth performance of each treatment (P > 0.05), but ADG and DMI were observed to be the highest in LPB, numerically (Table 2).


Table 2. Effects of SP (% of CP) in low-protein diets on growth performance in fattening Hu sheep (n = 8).
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Apparent Total Tract Digestibility

As shown in Table 3, the DM and CP digestibility of the LPB were higher than CON and LPA (P < 0.05), organic matter (OM) digestibility was higher in the LPB (P < 0.05), whereas the digestibility of NDF in the LPA group was lower as compared with the LPB (P < 0.05).


Table 3. Effects of SP (% of CP) in low-protein diets on apparent total-tract digestibility (ATTD) of nutrients in fattening Hu sheep (n = 8).
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N Metabolism

The serum urea N (Supplementary Figure 1A) in low protein treatments was lower than CON (P < 0.05), while the urinary urea N (Supplementary Figure 1B) of LPB and LPC were lower than CON (P < 0.05).

As shown in Table 4, N intake in the low-protein treatments (LPA, LPB, and LPC) was lower than CON (P < 0.05); the fecal N excretion (% of N intake) of LPB and LPC was lower than CON and LPA (P < 0.05), whereas urinary N excretion (% of N intake) was decreased in LPB and LPC as compared with CON (P < 0.05). Moreover, N retention (% of N intake) and BVN in LPB and LPC were higher than CON and LPA (P < 0.05).


Table 4. Effects of SP (% of CP) in low-protein diets on nitrogen balance in fattening Hu sheep (n = 8).
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Rumen Fermentation

Rumen fermentation parameter results (Table 5) showed that NH3-N concentration in LPA and LPB was lower than CON (P < 0.05); the concentration of TVFA, acetate, and butanoate were all higher in CON (P < 0.05), and lower in LPA (P < 0.05) on the contrary. In addition, propanoate concentration in LPA was lower than CON and LPB (P < 0.05).


Table 5. Effect of low-protein diet with different SP (% of CP) on rumen fermentation of fattening Hu sheep (n = 6).
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Rumen Microbiome Composition and Taxonomic Differences

In the rumen microbiome, a total of 933, 984 reads were obtained from the rumen samples, and an average of 49, 393 effective data were achieved after quality control, based on 97% sequence similarity, generating a total of 2, 242 OTUs (mean = 1, 263). The intersection numbers of OTU (Figure 1A) for the four groups were 1,097, which accounted for 68.78% of the total OTU number; the specific OTU numbers for CON, LPA, LPB, and LPC were 23, 21, 40, and 41 respectively. In Supplementary Table 2, the LPB group increased the ACE index and Chao 1 index (P < 0.05), while there was no difference in the bacterial community diversity (Shannon and Simpson) and coverage (P > 0.05). The PCoA results (Figure 1B) showed that the bacterial communities from the four treatments were isolated from one another based on Bray–Curtis dissimilarity matrix (ANOSIM: P = 0.001; Adonis: P = 0.001).


[image: Figure 1]
FIGURE 1. Bacterial community compositions in the rumen under four different treatments (n = 6). (A) The histograms show core operational taxonomic units (OTUs) (present in three or four treatments), dispensable OTUs (present in two treatments), and specific OTUs (present in one treatment). (B) Principal coordinates analysis (PCoA) revealed the separation of the microbial communities in the rumen among the four treatments based on the Bray–Curtis dissimilarity matrix. Bacterial compositions in the rumen of CON, LPA, LPB, and LPC treatments at the phylum (C), family (D), and genus (E) levels. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.


At the phylum level (Figure 1C), bacteroidetes and firmicutes were the dominant phyla of four treatments, it is observed from the comparison of four treatments (Figures 2A–C) that Kiritimatiellaeota, Elusimicrobia, and Lentisphaerae were enriched in LPB and Synergistetes was enriched in CON (LDA>3, P < 0.05). At the family level (Figure 1D), Prevotellaceae and Ruminococcaceae were the dominant families, while LPB and LPC increased the abundance of Prevotellaceae (LDA>4, P < 0.05), especially in LPB (Figures 2B,D). At the genus level (Figure 1E), Prevotella_1 and Rikenellaceae_RC9_gut_group were the dominant genus, Prevotella_1 and Ruminococcaceae UCG-010 were enriched in LPB (LDA > 3, P < 0.05, Figure 2B), which were also the top-20 dominant genus.
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FIGURE 2. Differential microbial enrichment analysis among four treatments (n = 6). (A) Dendrogram indicating that multiple taxa are differentially enriched in the rumen samples of four treatments. The taxonomic groups are differentially enriched in the corresponding groups: red (CON), green (LPA), blue (LPB), and purple (LPC). (B) Linear discriminant analysis (LDA) scores of the microbial OTUs in the rumen of Hu sheep fed with CON, LPA, LPB, and LPC diets, LDA score > 2 was marked. (C) Bar chart of differential microbial phylum levels in the rumen of four treatments. (D) Relative abundance of Prevotellaceae and the top-five abundance genus belong to Prevotellaceae. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.




Rumen Metabolite Composition, Differential Metabolites, and Pathway Enrichment

Based on the LC-MS system, 556 and 653 peaks were retained after preprocessing the original data of the positive and negative ion modes, with 263 compounds were identified and quantified finally. PCA score plot was listed in Figure 3A, which showed the metabolite composition. Meanwhile, the OPLS-DA plot (Figure 3B) showed that the four treatments are clearly separated. The OPLS-DA, score results and corresponding validation plots (Supplementary Figures 2A–F) were drawn to assess the model quality control parameters, all samples in the score plots of the six comparisons are within the 95% confidence interval (Hotelling's T-squared ellipse), and the corresponding R2Y values were all >0.99, indicating the satisfactory effectiveness of the model and can be used for subsequent difference analysis.
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FIGURE 3. Differences in rumen metabolites of Hu sheep fed with CON, LPA, LPB, and LPC diets (n = 6). (A) Principal Component Analysis (PCA) based on rumen metabolites of four treatments. (B) Orthogonal projections to latent structures-discriminant analysis (OPLS-DA) plot based on a liquid chromatograph-mass spectrometer (LC-MS) analysis of four treatments. (C) Heatmap showed significantly different rumen metabolites among four treatments, metabolites in black font were detected in positive mode, and red were detected in negative mode. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.


A total of 63 metabolites were obtained significantly different (VIP > 1.0 and q < 0.05; Figure 3C) from the comparisons of CON vs. LPA, CON vs. LPB, CON vs. LPC, LPA vs. LPB, LPA vs. LPC, and LPB vs. LPC, which were mainly classified into amino acids, peptides, fatty acids, carbohydrates, pyrimidines, and isoflavonoids. Among them, 14 metabolites (Supplementary Table 3) were mainly detected with significant differences from the pairwise comparison of the last three groups (LPA, LPB, and LPC), and 4-Pyridoxate and succinic acid significantly increased in LPB and LPC (q < 0.05).

Metabolic pathway enrichment analysis (Figure 4A) based on significantly different rumen metabolites revealed that low-protein diet treatment changed a total of 28 metabolic pathways in the rumen, with “Aminoacyl-tRNA biosynthesis,” “Phenylalanine, tyrosine, and tryptophan biosynthesis,” “phenylalanine metabolism,” and “valine, leucine, and isoleucine biosynthesis” all being the significant pathways (P < 0.05) in three low-protein diets (LPA, LPB, and LPC). In addition, with the increase in the SP proportion in low-protein diets, fatty acid metabolism was significantly changed, especially “propanoate metabolism,” “butanoate metabolism” and “vitamin B6 metabolism”. As shown in Figure 4B, a schematic diagram of the citrate cycle (TCA cycle) revealed the relationship between fatty acid metabolism and amino acid metabolites among different SP treatments in low-protein diets.


[image: Figure 4]
FIGURE 4. Enrichment analysis of metabolic pathways of differential rumen metabolites among four treatments. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis performed using the significantly different rumen metabolites based on the pairwise comparison (CON vs. LPA, CON vs. LPB, CON vs. LPC, LPA vs. LPB, LPA vs. LPC, and LPB vs. LPC). (B) Schematic diagram of the main different metabolic pathways of LPA, LPB, and LPC; heatmap showing the relative abundance of significantly different metabolites. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.




Correlations of Rumen Microbiome, Metabolome, and Phenotype

Spearman's rank correlations between the different rumen microbiota and rumen metabolites (Figure 5A) revealed that Kiritimatiellaeota, Elusimicrobia, Lentisphaerae, Prevotellaceae, Prevotella 1, and Ruminococcaceae UCG-010, which are enriched in LPB, showed negative correlations with amino acids, peptides, and analogs. Spearman's rank correlation network (Figure 5B) mainly showed the close and complex relationship among rumen microbiota, metabolites, fermentation, and N metabolism, which are mainly enriched in three low-protein diets with different SP treatments (LPA, LPB, and LPC). Among them, the interaction of rumen microbiota was the most complicated, where either the rumen microbiota or the metabolites, were connected with phenotype to some extent. Among the N metabolism indices, urine N excretion had the largest number of connections with the rumen microbiota, metabolites, and fermentation (11 connections in total), followed by N utilization (10) and fecal N excretion (8).


[image: Figure 5]
FIGURE 5. Interaction between rumen microbiota, metabolites, fermentation, and N metabolism. (A) Spearman's rank correlations between rumen microbiota and rumen microbial metabolites; the blue circle represents negative correlations and red circle represents positive correlations. (B) Spearman's correlation network showing relationships among rumen microbiota, metabolites, fermentation, and N metabolism, which significantly differ in LPA, LPB, and LPC. Only strong correlations (|r| > 0.5, q < 0.05) are shown in the correlation networks. FN: fecal nitrogen excretion; UN: urine nitrogen excretion; SUN: Serum urea nitrogen; UUN: Urinary urea nitrogen; NU: nitrogen utilization.





DISCUSSION

In the current study, dietary CP level was reduced by ~10%, while it did not affect the growth performance of Hu sheep, which was consistent with the study by Zhu et al. (37), showing that by reducing the CP by ~10% (from 14.8 to 13.4%), ADG and DMI were not affected. Meanwhile, thestudies of Lv et al. (38) on lambs (CP 15.7% vs. 11.8%) and Arias et al. (39) on Heifers (CP 15.1% vs. 12.7%) also got similar results. However, studies have reported that a low-protein diet could inhibit the growth performance of Hainan black goats (CP 17% vs. 15%) or lambs (CP 20.8% vs. 16.4%) (40, 41), which is mainly related to the species of animal, age, and environment (42). While changing the SP proportions in low-protein diets, ADG, DMI, and FCR did not differ among treatments, which was also consistent with the results of Majdoub et al. (17). However, the age choice of sheep (6-month-old) might be an important factor affecting the growth performance in this study, ADG has a weak response to the end of growth stage compared with the rapid growth period, which might lead to no difference in the growth performance.

A low-protein diet had a great influence on the nutrient digestibility of monogastric animals and ruminants (43, 44). The ATTD was increased in LPB, which might indicate that higher CP digestibility improved the activity of cellulose-degrading bacteria and starch-degrading bacteria, thereby increasing the OM and PDF digestibility. It has been shown that LPB also increased the bacterial richness (Supplementary Table 3), which has been proved to be a key factor affecting the nutrient digestibility in ruminants (45, 46), indicating the potential reason for the increase of digestion and absorption. A reasonable explanation for the increase in the bacterial richness might be that LPB contained both soybean meal and urea compared to LPA and LPC. A previous study (47) reported that when soybean meal and urea were supplied together, the digestibility was improved compared with the usage of only one, which indicated that SP content provided by the appropriate ratio of soybean meal and urea might promote the balance between energy and N, resulting in the proliferation of microorganisms and in the increase of ATTD. In addition, using urea to alter dietary SP fractions may lead to low CP utilization (48), but it did not seem to happen in our research, which is mainly related to the addition level.

Dietary proteins are degraded to NH3-N, amino acids and peptides in the rumen and the excess ammonia greatly increased the serum urea N and urine N (49, 50). It has been reported in most of the studies that by feeding ruminants with a low-protein diet, serum urea N, and ruminal NH3-N is reduced (51, 52). Our study was also consistent with these findings. Wilson et al. (16) showed that with the increase of dietary SP (%CP) from 34.4 to 44.9, the plasma urea N was also increased. In the present study, with the increase of SP (%CP), there was no obvious difference observed in serum urea N. It might be the reason that the previous studies had a higher SP ratio as compared to our study, where excessive SP led to the increase of serum urea N (53). Moreover, ruminal NH3-N increased numerically (~3.43–6.53 mg/100 mL), which is also similar to the results as reported by Wilson et al. (16). Du et al. (54) found that replacing the protein source with a high degradation rate in the concentrate with a protein source of low degradation rate in legumes can reduce the ruminal NH3-N and blood urea N. Although there is usually a strong positive correlation between rumen NH3-N and blood urea N (55), it appeared that NH3-N concentrations were not high enough to elevate the serum urea N in our study.

In this study, we found that when the SP proportion of low-protein diet was 25.9 and 29.4, the fecal N excretion (% of N intake) was significantly reduced as compared with CON, which was mainly related to higher CP digestibility and rumen microbial activity. Urinary N excretion was also decreased in these two treatments and showed the same changing trend as the output of urea N in urine, while Ding et al. (27) also reported that they had a strong positive correlation. Furthermore, Ahvenjarvi and Huhtanen (56) reported that with the increase of urea-N infusion level (0, 17, 33, 49, and 66 g/d) in the rumen of dairy cows, the N excretion of fecal and urine increased linearly. N retention (% of N intake) increased in three low-protein diets, which was inconsistent with the studies of Zhu et al. (37) and Hynes et al. (57), indicating that to some extent, reducing dietary protein levels can improve N efficiency. Aitchison et al. (58) found that N utilization in lactating dairy cows decreased with the increasing soluble N proportion of the diets (35.4, 40.6, 43.3, and 47.5% CP). Majdoub et al. (17) also got similar results, showing that regardless of feeding dairy cows with high or low protein diets (CP 15.3% vs. 12.2%), the retained N was all low in high SP proportion (22 vs. 44% CP). Interestingly, in the present study, N retention of low-protein diets ranked as follows: LPB > LPC > LPA, with SP proportion increased, it reached the peak at 25.9, which seemed to reveal that this proportion may be the optimum, as it indeed increased the rumen microbial activity to utilize ammonia. Moreover, the SP proportion in previous studies seemed to be relatively high, and majority of SP substrate was degraded too fast to be fully utilized by rumen microorganisms, resulting in a decrease in N efficiency (59).

Similar to several previous studies evaluating the rumen microbiome (38), bacteroidetes, firmicutes, and proteobacteria were the dominant phyla, which were key participants in the degradation and fermentation of most feed biopolymers. Notably, at the family and genus level, Prevotellaceae and Prevotella1 are both enriched in LPB. Prevotella genus utilizes starch and protein to produce succinate and acetate, which is one of the most abundant core genera in the rumen and plays an important role in the biosynthesis of VFAs (60, 61). In this study, Prevotella1 of LPB and LPC was higher than LPA and Kiritimatiellaeota is also enriched in LPB. Kiritimatiellaeota participates in arginine and fatty acid biosynthesis, which can efficiently use N to produce energy (62). In addition, Lachnoclostridium 10 was enriched in LPA, while it is reported that Lachnoclostridium can be used as biomarkers diagnosed with colorectal adenoma and colon cancer (63), which may lead to lower VFA production, but the mechanism of Lachnoclostridium regulating nutrient transport in ruminant is still unclear. Interestingly, Synergistetes was enriched in CON, while the genomic features of Synergistetes include amino acids, peptides, and protein transport and metabolism (64); however, Zhang et al. (65) found that feeding a high-protein diet reduced the abundance of Synergistete in the rumen of calves. Whereas, the relative abundance was very low in this study (0.001–0.02%), which needs to be further studied in the relationship of N utilization in the rumen.

Rumen metabolomics showed that low-protein diets reduced the levels of 15 amino acids (D-aspartate, D-alanine, L-phenylalanine, etc.), which were mainly derived from the dietary protein and microbial proteins degraded by rumen microbiota. Previous studies have demonstrated that rumen microorganisms can use acetate, propionate, or other substances as a carbon source, and ammonia and other N-containing compounds as a N source for de novo synthesis of amino acids (66, 67). Therefore, the high concentration of propionate and butyrate in CON may partially promote the biosynthesis of amino acids. The pathway enrichment observed in this study included aminoacyl-tRNA biosynthesis; phenylalanine, tyrosine, and tryptophan biosynthesis; arginine biosynthesis; valine, leucine, and isoleucine biosynthesis, which also confirmed the above conclusion. Therefore, higher dietary protein levels may cause excessive fermentation in the rumen, and excessive N will be excreted to the environment.

Importantly, with increased SP levels in the low-protein diets, both 4-Pyridoxate and Succinate were increased in LPB and LPC. The corresponding pathway enrichments include propanoate metabolism, butanoate metabolism, biosynthesis of unsaturated fatty acids, and citrate cycle (TCA cycle). It was previously reported that in the rumen of animals with high feed efficiency, VFA concentration, such as butyrate and propionate is higher and the methane emission is lower (68). The higher butyrate and propionate concentrations and enrichment pathways in LPB and LPC of this study seemed to imply higher feed efficiency. In future studies, we need to measure methane emissions to verify our speculations. Furthermore, it is worth noticing that vitamin B6 metabolism is strengthened with increased SP, whereas vitamin B6 (a coenzyme factor) is closely related to amino acid metabolism (69). Many recent studies have reported that supplementation of vitamin B compounds can increase dairy cows' production and milk protein (69, 70). Therefore, the appropriate dietary SP levels (LPB and LPC) in this study may regulate rumen microbes to produce more vitamin B, which may improve N efficiency.

Diet-microbiome interaction greatly affects feed efficiency (71). Here, adjusting SP levels in low-protein diets affect the rumen microbiome and metabolites, which in turn affects rumen fermentation and N utilization. Xue et al. (60) reported that Prevotella species may affect the host's amino acid metabolism. Meanwhile, comparative genomes have also confirmed their important role in N metabolism (72). In our study, Prevotella was negatively correlated with amino acids, which also indicated that Prevotella promotes the metabolism of amino acids. Moreover, the complex network connection among microorganisms, metabolites, and rumen fermentation directly affects the body's N utilization. However, diets with high SP may be unfavorable to N metabolism, such as urea (100% soluble), high dietary urea addition level would inhibit the growth of microorganisms in the rumen and might affect rumen fermentation and nutrient utilization (73).



CONCLUSIONS

Our study concluded that decreasing dietary CP by ~10% can reduce the serum urea N and ruminal NH3-N without affecting the growth performance of fattening Hu sheep (BW 40 kg, ADG 200–250 g/d). Meanwhile, when feeding sheep (ruminants) with decreasing dietary CP content, the consideration of dietary SP level (25–30%) seems to be an important variable to avoid excessive N emissions or optimize animal performance, because SP levels of 25.9 and 29.4% indeed improved N efficiency in this study. More specifically, these levels increased the ruminal microbiota richness and the abundance of the Prevotella_1 genus, which upregulated the biosynthesis of unsaturated fatty acids and vitamin B6 pathway, resulting in an increased VFA production as well as decreased urea-N in serum and urine (Figure 6). These findings could help us understand the role of different SP levels in the regulation of rumen microbial metabolism and N efficiency. Besides, the choice of CP source is also worth considering, appropriate dietary ratios of different CP sources (e.g., soybean meal) may improve digestibility. In future, we need to conduct more experiments on dietary with multiple CP sources to enrich our understanding of SP in ruminant production, and the mechanism of diet-microbiome-host interaction about SP level in low-protein diets feeding sheep requires deeper molecular research to reveal.


[image: Figure 6]
FIGURE 6. A holistic view of diet-microbiome co-interaction patterns in remodeling of rumen N metabolism during adaptation to a low-protein diet with SP (about 25~30% of CP) in a Hu sheep model. Red fonts and arrows represent up-regulated, green represent down-regulated. CP, crude protein; SP, soluble protein; RDP, rumen degradable protein; UDP, rumen undegradable protein; MCP, microbial crude protein.




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI SRA BioProject, accession no: PRJNA780247.



ETHICS STATEMENT

The animal study was reviewed and approved by Animal Welfare Committee of Yangzhou Veterinarians of the Agriculture Ministry of China (Yangzhou, China, license No. syxk (Su)2019-0029). Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

ZZ and MW: conceived and designed the study. ZZ, SS, RD, YL, ZL, CL, YC, RQ, and PG: conducted the experiment. ZZ, YL, ZL, and CL: analyzed the animal data. ZZ: performed the bioinformatics analysis and visualization and drafted the manuscript. ZZ, KS, QY, and MW: contributed to the writing of the manuscript. All the authors revised and approved the submitted version of the manuscript.



FUNDING

This research was funded by the National 13th Five-Year Plan Key Research and Development Program (2018YFD0502100, 2017YFD0800200), the key program of State Key Laboratory of Sheep Genetic Improvement and Healthy Production (2021ZD07; 2021ZD01), and the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD), P.R. China.



ACKNOWLEDGMENTS

The authors gratefully acknowledge the grants of the Siyang County Huifeng Goat Breeding Professional Cooperative (Suqian, Jiangsu) for providing Hu sheep and places for this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.815358/full#supplementary-material

Supplementary Figure 1. Effects of SP (%CP) in low-protein diets on urea-N in serum (A) and urine (B) of fattening Hu sheep (n = 8). a,bBox plot with different superscripts differ significantly at p ≤ 0.05. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9 and 29.4, respectively.

Supplementary Figure 2. OPLS-DA score plots and corresponding validation plots derived from the LC-MS metabolite profiles of rumen samples for sheep fed low protein diet with different SP. (A) CON vs. LPA, (B) CON vs. LPB, (C) CON vs. LPC, (D) LPA vs. LPB, (E) LPA vs. LPC, (F) LPB vs. LPC. Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.

Supplementary Table 1. Protein fractions of the feed samples.

Supplementary Table 2. Effect of low-protein diet with different SP on bacterial richness, diversity and coverage (n = 6).

Supplementary Table 3. Different metabolites content in the rumen of sheep fed low protein diet with different SP (LPA, LPB and LPC) (n=6).
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Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's disease (CD), is characterized by relapse and remission alternately. It remains a great challenge to diagnose and assess disease activity during IBD due to the lack of specific markers. While traditional biomarkers from plasma and stool, such as C-reactive protein (CRP), fecal calprotectin (FC), and S100A12, can be used to measure inflammation, they are not specific to IBD and difficult to determine an effective cut-off value. There is consensus that gut microbiota is crucial for intestinal dysbiosis is closely associated with IBD etiopathology and pathogenesis. Multiple studies have documented differences in the composition of gut microbiota between patients with IBD and healthy individuals, particularly regarding microbial diversity and relative abundance of specific bacteria. Patients with IBD have higher levels of Proteobacteria and lower amounts of Bacteroides, Eubacterium, and Faecalibacterium than healthy individuals. This review summarizes the pros and cons of using traditional and microbiota biomarkers to assess disease severity and treatment outcomes and addresses the possibility of using microbiota-focused interventions during IBD treatment. Understanding the role of microbial biomarkers in the assessment of disease activity and treatment outcomes has the potential to change clinical practice and lead to the development of more personalized therapies.
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INTRODUCTION

Inflammatory bowel disease (IBD) including ulcerative colitis (UC) and Crohn's disease (CD), is a chronic relapse-remitting disease characterized by intestinal inflammation. The conventional approach to treatment of IBD has mainly focused on symptom relief. However, treatment that only targets symptoms can be ineffective because symptoms do not consistently reflect the presence or severity of mucosal inflammation. Instead, a “treat-to-target” management approach aims to target mucosal healing in intestinal inflammation, especially histological healing, thereby improving patient prognosis (1). Thus, treatment would be improved through frequent, objective, and regular assessments of the inflammatory process (2). Biomarkers help to correctly categorize disease severity, distinguishing between patients who have exhibited improvement or resolution of their inflammation, and those who have had a recrudescence of inflammation after medically or surgically induced remission, even prior to recurrence of clinical symptoms. Previously, endoscopy was regarded as the gold standard for gastrointestinal diseases because this tool allows for visualization of the affected tissue and the opportunity for biopsy. However, endoscopy is limited in clinical application because of its invasiveness, high cost, reliance on anesthetics, and risk of intestinal perforation (3). In recent years, many serum and feces biomarkers have been proposed to help monitor disease and assess mucosal healing to effectively diagnose residual intestinal inflammation in patients with IBD.

Currently, the precise etiology of IBD is still not clear, but an inappropriate and persistent inflammatory response to commensal gut microbiomes in genetically susceptible individuals are currently thought to involve the pathogenesis of IBD. Moreover, epidemiological studies have showed that several environmental exposures such as diet, smoking, hygiene, antibiotics, mode of birth (vaginal vs. cesarean section), breast feeding, infections, and stress are known common risk factors for developing IBD. And all these aforementioned risk factors are well known to cause microbial perturbations, suggesting gut microbiota play a critical role in the pathogenesis of IBD (4–7). Indeed, studies show that the intestinal microbiota in patients with IBD is distinct from that found in healthy subjects (8–10). Microbial biomarkers, which are used to assess disease activity and treatment effectiveness, are promising method to be utilized in clinical practice and optimize personalized treatment strategies. There is also interest in the potential benefits of microbiome-modulating interventions, such as probiotics, prebiotics, antibiotics, fecal microbiota transplantation (FMT), and gene manipulation in IBD treatment. This review summarizes the characteristics of classical biomarkers commonly used in assessing IBD, describes research on gut microbiota (Figure 1), and discusses the advantages and disadvantages of bacteria as biomarkers for IBD.
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FIGURE 1. Summary of potential biomarkers in inflammatory bowel diseases. Microbial biomarkers are used for many purposes, including monitoring and evaluating disease activity, predicting recurrence or response to treatment, and treating diseases. IBD, Inflammatory bowel disease; CRP, C-reactive protein; F. prausnitzii, Faecalibacterium prausnitzii.




TRADITIONAL PLASMA AND STOOL BIOMARKERS USED TO ASSESS IBD ACTIVITY

Laboratory tests that are fast, convenient, non-invasive, inexpensive, standardized, and repeatable, are widely used to assess disease progression. Some blood and stool biomarkers, including serum C-reactive protein (CRP), fecal calprotectin (FC), Calgranulin C (S100A12), stool lactoferrin (SL), and neutrophil-lymphocyte ratio (NLR) have been used as inflammatory indicators of IBD (Table 1). Some of these are used to distinguish IBD from irritable bowel syndrome (IBS) (24). For example, CRP is widely used in IBD screening and assessment of disease activity, clinical relapse and treatment responsiveness, serving as a predictor of surgical outcomes for a subgroup of patients with UC or CD (25, 26). In addition, baseline CRP levels, which reflect the persistence of severe disease and control of intestinal inflammation (27), can predict the response of patients with CD to anti-TNF and anti-adhesion molecule therapy (28). The high CRP group had a more severe clinical course (29) and a better response to infliximab and elevated CRP (>45 mg/L) in patients with IBD and can reliably predict the need for colon resection (30, 31). However, elevated serum CRP is not unique for intestinal inflammation, occurring in response to most systemic inflammatory disorders (14). In addition, there is considerable heterogeneity in CRP generation based on the genetics of individual patients (14). Plasma CRP is not a target for therapy, but rather a tool to monitor inflammation and guide radiology or endoscopy assessments.


Table 1. Commonly used biomarkers in blood and stool.
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Fecal calprotectin (FC) accounts for 60% of the cytoplasmic protein concentration of neutrophils and macrophages (32) and is considered the most reliable predictor of short-term recurrence and inflammatory activity in IBD (33–35). However, the cut-off value for fecal calprotectin has always been controversial and is affected by numerous factors including time of defecation (36), patient age (37), diet and lifestyle (38, 39), disease, medication usage (40), and storage conditions (36, 41). In addition, many studies have reported different cut-off values for fecal calprotectin, ranging from 100 to 250 μg/g (42, 43), such that only a moderate prediction of disease can be made for individual patients.

Calgranulin C, or S100A12, belongs to the S100 family of calcium-binding proteins. S100A12 is expressed as a cytoplasmic protein in neutrophils and has a pro-inflammatory function that includes potent chemotactic activity (44, 45). Both expression and secretion of S100A12 are increased in the serum and colon tissues from patients with IBD, and S100A12 levels in feces can be used as an indicator of mucosal healing and disease severity (15, 46). For example, S100A12 has 96% specificity for IBS vs. IBD when the threshold was set as 10 mg/kg. The odds ratio of stool S100A12 in IBD has a more accurate sensitivity, specificity, likelihood ratio, negative predictive value, and positive predictive value than FC and CRP even though studies set different thresholds (20, 47). S100A12 level can also increase in response to other diseases (48), however, the degree of daily change remains to be investigated. The lack of standardized detection methods may lead to different results (17, 49), which make it difficult to determine an accurate and effective cut-off value. In addition, there is no correlation between Crohn's Disease Activity Index (CDAI) and fecal S100A12 in patients with CD (47). Even though S100A12 has obvious advantages over FC, researchers have not yet reached a consensus, and the role of S100A12 in IBD development remains to be elucidated.

Stool lactoferrin (SL) is a multifunctional iron-binding glycoprotein. Inflammation in the intestinal lumen triggers the infiltration of pleomorphic granulocytes and neutrophils to the mucosal surface, which in turn causes a proportional increase in lactoferrin within the feces (50). There is a strong correlation between SL migration and the degree of mucosal inflammation determined by endoscopy (51). SL and FC have similar accuracy, sensitivity, and specificity (52). However, as compared with CRP and FC, SL testing has been primarily limited to research studies, likely as a result of the lower stability of lactoferrin at room temperature (53).

Of these biomarkers, fecal calprotectin (FC) correlates best with the number of active inflammation sites reported from biopsy than serum CRP and white blood cell count (15). Erythrocyte sedimentation rate (ESR), platelet count, and serum albumin level are also used to help assess IBD inflammation (54, 55), though they are not particularly accurate measures of the disease.



THE ROLE OF GUT MICROBIOTA IN THE PREDICTION, DIAGNOSIS, AND TREATMENT OF IBD

The gut microbiota harbor 100 times more genes than the host genome (56). The majority of gut microbiota belong to four phyla: Firmicutes, Proteobacteria, Bacteroidetes, and Actinobacteria, with Firmicutes and Bacteroidetes predominating in healthy adults (57). Patients with UC and CD show a significant reduction in microbial diversity and alterations in some specific taxa (58) (Table 2). A prospective study of pediatric patients with CD (65) similarly concluded that gut dysbiosis is a marker for the presence and severity of inflammation. Multi-omics data supports the role of the microbiome in IBD by accurately describing the intestinal flora and its function, thus informing follow-up, diagnosis, prevention of recurrence or complications, and treatment (66). Understanding the role of microbial biomarkers in the assessment of disease activity and treatment outcomes is critical to the monitoring and treatment of IBD. A summary of recent findings relating to intestinal flora is described below.


Table 2. Changes in common intestinal bacteria in inflammatory bowel disease.
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Intestinal Flora Can Serve as a Marker for IBD Identification

Following the rapid advance of genomics, many studies found that patients with IBD can be distinguished from patients with IBS and healthy controls based on alterations in bacterial diversity and abundance of some particular bacterial communities (67–69). The main genera reduced in fecal samples of patients with CD are Bacteroides, Eubacterium, Faecalibacterium, and Ruminococcus (70, 71). Of these, extensive research has focused on Akkermansia muciniphila (71) and Faecalibacterium prausnitzii (72). Lopez-Siles et al. (73) assessed the presence of F. prausnitzii and E. coli in 28 healthy controls, 45 patients with CD, 28 patients with UC, and 10 patients with IBS. Findings confirmed that F prausnitzii was a specific indicator of IBD. The abundance of F. prausnitzii in patients with IBD was significantly lower than in IBS patients and healthy controls (P < 0.001). When F. prausnitzii is combined with E. coli, it can even distinguish colonic-CD from extensive colitis (73), suggesting that a combination of multiple bacteria may be more suitable biomarkers than individual bacteria for IBD. We previously found the gut microbiota is informative enough to distinguish HC from CD or UC samples with model accuracy of 89.5 and 93.2%, respectively (68). Similarly, the model built from RISK and PRISM biopsy samples (74) achieves high prediction accuracies as well, although Western fecal samples are less informative to classify IBD from HC (68).



Assessment of Disease Activity and Treatment Efficacy

The abundance of Actinobacteria and Proteobacteria was found to be relatively higher in patients with IBD than healthy subjects (68), while the abundance of Firmicutes was relatively lower. The degree of change to the flora was closely related to IBD severity. Recovery of Clostridiales is associated with disease remission and may be used to guide treatment. Fukuda and Fujita (72) obtained intestinal microflora from feces samples and used T-RFLP for OTU discriminant analysis, calculating standard discriminant function coefficients (Df) for each OTU. The sum of each OTU multiplied by the Df value is called the discriminant fraction (Ds). Patients in this experiment were divided into five groups, including patients with active UC (Group I), mild inflammation in the large intestine (Group IIa), no inflammation (Group IIb), consanguineous-healthy (Group III), and non-consanguineous-healthy (Group IV), The Ds values of each group decreased gradually from Group I to Group IV, suggesting that Ds may become a clinically relevant biomarker of disease activity in UC. He et al. (64) compared stool samples from patients with UC with different levels of inflammation and non-IBD controls and found lower diversity of microbiota in patients with UC, especially among those in the active stage. The abundance of Proteobacteria was significantly higher in patients with active UC and decreased significantly in patients in remission, while the reverse was true for Firmicutes. Klebsiella, Enterococcus, and Haemophilus were higher in patients with active UC, while Roseburia, Lachnospira, Blautia, and Faecalibacterium were higher in patients with UC who were in remission. A random-effects meta-analysis of 231 patients with CD and 392 patients with UC conducted by Prosberg et al. (75) showed that the abundance of F. prausnitzii was lower in patients with active CD and UC than those in remission, further suggesting that F. prausnitzii may be a reliable marker for assessing disease activity. Our previous study (68) also found that a relative increase in Actinobacteria and Proteobacteria (Enterobacteriaceae) and decrease in Firmicutes (Clostridiales) were strongly correlated with IBD severity by analyzing fecal microbiota in both UC and CD with mild, moderate or severe activity.

Anti-TNF treatment of IBD can trigger and maintain remission, improve quality of life, and alter the course of the disease (76, 77). However, nearly one-third of patients do not respond to anti-TNF treatment. Research indicates that changes in gut microbiota can reliably identify patients with CD responsiveness to TNF therapy, which can improve clinical management, reduce morbidity, and improve symptoms in these patients. Sanchis-Artero et al. (77) divided 27 CD patients initiating anti-TNF treatment into responders and non-responders to evaluate F. prausnitzii/Escherichia coli and F. prausnitzii/C. coccoides ratios before and after 6 months of treatment. Results suggest that the F. prausnitzii/Escherichia coli ratio can serve as a reliable early biomarker for identifying anti-TNF responsiveness in patients with CD. Kugathasan et al. (78) showed Veillonella was implicated in penetrating complications and Ruminococcus in stricturing CD in a prospective initial cohort study in children with CD. In our previous study, we also conclude that certain microbes, mainly Clostridiales, predicted the infliximab treatment effectiveness with 86.5% accuracy alone and 93.8% when combined with calprotectin levels and Crohn's disease activity index (CDAI) in a small CD cohort (68).



Prediction of Clinical Relapse

Approximately 50–75% of patients with CD need a bowel resection during the disease course (79), and 50% of patients have recurrent symptoms after surgery (80). To evaluate the risk of postoperative recurrence, ileal colonoscopy is currently recommended within 1 year after surgery to evaluate endoscopic recurrence using the Rutgeerts score. Currently, colonoscopy is still the gold standard for diagnosis and disease follow-up (81, 82), but a recent study suggests intestinal flora as a non-invasive marker. Pascal et al. (83) evaluated the predictive value of microbiota for postoperative recurrence using Kruskal-Wallis analysis of stool samples collected preoperatively from 54 patients and comparing them with the Rutgeerts score at 6 months after surgery. Streptococcus levels were higher in patients with postoperative recurrence, suggesting that the presence of these bacteria in preoperative stool samples may be a predictive marker of future recurrence. A reduction in F prausnitzii levels is related to a higher risk of recurrence in ileal CD. Soko et al. (84) analyzed the mucosal microflora of patients with CD at the time of surgical resection and 6 months post-surgery and found that a decrease in F. prausnitzii was related to endoscopic recurrence after 6 months. F. prausnitzii was positively correlated with the duration between flare-ups, with higher levels associated with longer remission times. Sokol et al. (85) compared the ileal microbiota of 201 patients in ileostomies at the time of resection and over the following year using 16S rRNA sequencing. Results showed that the abundance of ileal microbiota, including Gammaproteobacteria, Corynebacterium, and Ruminococcus gnavus, during resection, was significantly correlated with the risk of endoscopic recurrence. In addition, mounting evidence suggests that baseline gut microbiota may influence response to medication (86). Radhakrishnan et al. (87) conducted a systemic review by analyzing 19 articles that related to the association between anti-IBD drug treatment and gut microbiota. In this study, they concluded that compared to the IBD non-responders, those responders to enteral nutrition (EEN), infliximab, ustekinumab, and vedolizumab treatment have an increase in baseline microbial alpha diversity. Moreover, higher baseline Faecalibacterium levels can also predict responsiveness to ustekinumab and infliximab treatment.



Use of Intestinal Flora to Treat IBD

During the last years, the therapeutic targets for IBD are focusing on “target” to treat that target the stage of mucosal healing in intestinal inflammation especially histological healing (88, 89). A significant proportion of patients with IBD are resistant to treatment using standard drugs. Even using optimal doses of 5-aminosalicylic acids (5-ASA) and/or azathioprine, annual recurrence rates can be as high as 25–40% (90). Introducing probiotics and prebiotics into the diet can help to restore the natural flora, prevent pathogenic bacteria infection by producing antimicrobial peptides and promote intestinal health by stimulating the growth and activity of beneficial bacteria through prebiotic fermentation. Bifidobacteria, lactobacillus, VSL#3, and butyric acid-producing bacteria have been used in clinical treatment. Probiotics effectively regulate the imbalance of intestinal flora, improve the microecological environment, enhance the intestinal mucosal barrier function, modulate the local and systemic immune responses, and provide new options for the treatment of diseases like IBD (91, 92).

Furthermore, researchers were also trying to address the potential of probiotic cocktails for IBD. For example, VSL3#, a mixture of eight probiotic cocktails, could upregulate the antagonists of NF-κB inflammatory pathway (93). Oral administration of 17 strains of bacteria to adult mice could attenuate colitis (94). Toumi et al. (95) reported that administration for a week of Ultrabiotique (Lactobacillus acidophilus, Bifidobacterium lactis, L. plantarum, and Bifidobacterium breve) can augment the production of intestinal mucus and goblet cells per crypt in mice, suggesting that probiotics may be a promising therapeutic intervention in situations that require immediate mucosal healing. Moreover, a four probiotic mixture containing L. plantarum, L. acidophilus, Enterococcus faecium, and L. rhamnosus can also exert positive effects on wound healing by increasing the wound healing rate of epithelial cells in vitro and enhancing the integrity of their tight junctions' formation (96). Dharmani et al. (97) reported that a mix of eight different probiotic bacteria promoted ulcer healing in rats through the induction of vascular endothelial growth factor (VEGF). These studies suggest probiotics have key roles in tissue repair or mucosal healing.

Currently, Fecal Microbiota Transplantation (FMT) is a novel UC treatment for intestinal microbiome disorders (98). Transplantation of functional bacteria from the stools of healthy people into the gastrointestinal tract of patients, and the reconstruction of new gut microbiota is an effective treatment for both intestinal and extra-intestinal disorders. FMT reduces intestinal permeability and disease severity by enhancing the production of short-chain fatty acids (SCFAs), particularly butyric acid, which helps maintain intestinal epithelial barrier integrity (99). FMT can also restore immune dysregulation by inhibiting Th1 differentiation, T cell activity, leukocyte adhesion, and the production of inflammatory factors (100, 101). Several multicenter, randomized, double-blind, placebo-controlled trials indicate that FMT induces remission in patients with active UC (100–103). In these studies, patients with active UC were divided into FMT and placebo groups. Remission rates were significantly higher in the FMT group than in the placebo group, with no difference in the incidence of adverse events. Treatment was most successful for newly diagnosed patients with UC, possibly because the microbiome was not as severely impacted by the disease. Although studies show that the intestinal flora of the host and donor are very similar approximately 2–4 weeks after FMT (104), it remains uncertain whether there are potential sequelae. Several questions still need to be addressed to optimize FMT treatment, including whether or not glucocorticoids should be discontinued during treatment, how time and intensity of intervention impact therapeutic effect, what inclusion criteria should be considered for the donor, whether single or multiple donors should be used for FMT, and whether aerobic or anaerobic treatment should be used for fecal treatment. Larger, long-term, multicenter studies with sufficient sample sizes and detailed microbiome analyses of both patients and donors will be needed to help inform UC treatment.




DISCUSSION

Diagnosis and management of IBD have evolved substantially in recent decades. Observational studies evaluating IBD disease outcomes have shown a reduction in surgery incidence, likely resulting from the development of novel therapeutics (105). While fecal calprotectin and other non-invasive markers of disease activity have allowed physicians to define disease activity more objectively, individual differences in response to specific drugs can affect treatment efficacy and/or toxicity. For example, 60% of patients with UC were shown to respond to mesalazine or 5-ASA treatment, suggesting that 40% of patients may not experience any benefit or may even have adverse drug effects (106). Primary non-responders have also been observed in 20–30% of patients with anti-TNFα treatment, vedolizumab, and/or ustekinumab treatment. This high rate of non-responsiveness may in part be explained by incomplete patient assessment preceding biological therapy. Therefore, it would be of great value to accurately predict responsiveness before therapy, but clinical predictors have proven insufficient and targeted markers are still lacking. For example, Hyams et al. (107) recruited pediatric patients aged 4–17 years with newly diagnosed UC from 29 centers in the USA and Canada. Findings supported the utility of assessing initial clinical activity and 4-week treatment responsiveness to mesalazine, showing 52-week glucocorticoid-free remission in children newly diagnosed with UC. Understanding individual clinical and biological disease features informs treatment decisions for UC. However, because up to one-third of patients without evidence of mucosal inflammation still present with gastrointestinal symptoms (108), there is clearly a need for more accurate markers to help guide clinical diagnosis.

Microbial biomarkers may also be useful to evaluate disease severity in individuals (64), helping to predict and monitor response to intervention. Endoscopic recurrence is linked to alterations of mucosa-associated microbiota in the ileal (109). Gut microbiota may aid clinicians in defining patient risk of postoperative relapse. Early prophylactic therapy can be initiated based on intestinal microbiome stratification (91). Current insights may also help in the design of microbiota modulation strategies to improve IBD outcomes (100). Studies described here present promising evidence that the intestinal bacteria may aid disease monitoring and enhance treatment efficacy for IBD like chemotherapy and immune checkpoint blockade improve cancer treatment (58, 66). Universally, higher baseline richness (without significant differences in baseline disease activity) and microbial diversity are linked to better outcomes, and less diverse gut microbiome is associated with more severe disease status.

In IBD, gut microbiota dysbiosis is associated with disease phenotypes and may be a causative or synergistic factor in prolonged or chronic inflammation. Thus, microbial treatment by restoring intestinal flora in patients with IBD has been attempted by an increasing number of scholars (110). For example, over the past decades, the frequency of clinical probiotic use has gradually increased, however, its efficacy has remained controversial. Several randomized clinical trials have shown that E. coli Nissle 1917 (111), VSL#3 (112), Bifidobacterium (113, 114) and other probiotics are effective in inducing remission or maintaining remission in IBD. Several studies have suggested that a decrease in the abundance of butyrate-producing bacteria is one of the key hallmarks of gut dysbiosis seen in IBD (60, 115, 116). Ideally, future research will focus on developing microbial-target treatments that restore gut microbial community homeostasis currently decreasing in IBD. There are promising outcomes for FMT in IBD therapy, with most patients achieving medication-free symptomatic control, and/or clinical remission (117).

The gut microbiome includes many potential biomarkers associated with disease activity and treatment outcomes in patients with IBD. Current insights may also help to design microbiota modulation strategies needed to improve IBD outcomes. Despite great advances in the microbiome field over the last decade, however, there are still a great number of issues that will need to be addressed before these findings are translated into effective therapeutic applications. While fecal flow research may be limited in its ability to detect microorganisms associated with the mucosal layer and thus directly involved in the initiation and continuation of disease, the application of this marker is far less invasive and allows for multiple and reproducible material collection, improving the monitoring of disease progression. First, most previous data were from cross-sectional rather than prospective longitudinal cohorts. Studies also differed in the information collection from IBD patients as many relevant important confounding information including diet, body mass index (BMI), antibiotic use, inflammation severity, and treatment interventions, etc. are determined to influence the gut microbiota (118). Second, the established studies mainly focus on the composition, especially the comparison of relative microbial abundances rather than the function of gut microbiota, which may be affected by total microbial counts and changes in the abundance of other species. Further, one major challenge with existing data is represented by the wide variability in the outcome definition. For example, the follow-up length, the number of outcomes assessed, and criteria met on the risk of bias assessment differed among the studies. Finally, an important limitation of existing studies is the lack of reproducibility of the microbiome in IBD. Most prediction studies did not include independent external validation cohorts. In addition, microbiome studies only focused on bacteria and did not explore other microorganisms such ad fungi and viruses, as well as how they interact with each other (10). Furthermore, studies have also varied in the depth of microbial sequencing, from PCR–based methods to 16s rRNA profiling to metagenomics sequencing and strain-level analysis. In short, this is still an open field and active research area for the investigation of gut microbiota in patients with IBD.
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The objective of this experiment was to investigate the effects of substituting corn starch (CS) with barley starch (BS) on the growth performance, nutrient digestion, rumen fermentation, and bacterial community of fattening Hu sheep. Seventy-two Hu lambs with similar initial body weight (BW, 29.70 ± 1.70 kg) were randomly assigned to four treatments, with 18 lambs per group. The four experimental diets have identical starch contents but with different starch sources as 100% starch from corn (BS-0), 33% starch from barley and 67% starch from corn (BS-33), 67% starch form barley and 33% starch from corn (BS-67), and 100% starch from barley (BS-100). All lambs were reared in individual units and fed high-concentrate diets (85% concentrate in diets based on dry matter [DM]). The experimental period included 7 days for adaptation and 63 days for data collection. Sixteen ruminal cannulated Hu sheep were divided into 4 groups and received the four experimental diets to determine the dynamics of ruminal pH. The average daily gain (ADG), and BW gain of lambs linearly decreased (p < 0.05), whereas the feed to gain ratio linearly increased (p < 0.05) with increasing dietary proportions of BS. Digestibility of DM, organic matter, neutral detergent fiber, acid detergent fiber, starch, and gross energy (GE) decreased (p < 0.05) with increasing dietary BS contents. Ruminal mean pH decreased (p < 0.05) with increasing proportions of dietary BS, accompanied with linearly increased (p < 0.05) time and area of ruminal pH below 5.80 or 5.60. Increasing dietary proportions of BS linearly decreased (p < 0.05) the molar proportion of acetate, but linearly increased (p < 0.05) the molar proportion of propionate. Sheep of the BS-0 and BS-33 treatments had a less (p < 0.05) relative abundance of Selenomonas ruminantium than that of sheep of the BS-67 treatment, but a greater (p < 0.05) relative abundance of Ruminococcus albus than that of sheep of the BS-100 treatment (p < 0.05). In conclusion, feeding a high-concentrate corn-based diet for fattening Hu sheep improved the performance and rumen fermentation parameters when compared to the barley-based diet.

Keywords: corn starch, barley starch, nutrient digestibility, rumen health, sheep


INTRODUCTION

Using cereal grain to increase the dietary starch contents is a commonly used strategy to improve the performance and feed efficiency of sheep (1), dairy cow (2), and beef cattle (3) under the modern intensive ruminant production systems. Attention should be paid while choosing cereal grain during diet formulation, as the ruminal degradation rates of starch from different cereal grains can be quite variable. For instance, the degradation rate of starch in corn was lower than that in barley after dry-rolled (4, 5). The lower degradation rate of corn starch (CS) compare to the other sources of starch in diets could decrease the risk of subacute ruminal acidosis (SARA) in high production ruminates (6, 7). Corn grain is an important energy source and is widely used in the ruminant livestock industry in China. However, the price of corn grain raised nearly 50% in China from 2020 to 2021, resulting in a dramatic increase in feed costs for ruminant production. Therefore, it is important to study alternative cereals such as barley or wheat to replace corn, so that to decrease the feed costs without affecting the performance of ruminants.

The barley grain that has a high content of crude protein (CP) but lower metabolize energy (90% of corn grain) than corn is commonly used for the substitution of corn. Surber et al. (8) found that replacing corn by barley increased the microbial nitrogen synthesis rate. However, the ruminal degradation rate of barley starch (BS) was greater than that of CS, which potentially increased the risk of SARA for dairy cows and beef cattle. This was supported by Emmanuel et al. (9) that the ruminal pH of lactating dairy cows decreased from 6.8 to 6.3 when the dietary barley proportions increased from 0 to 45%. Yahaghi et al. (10) also reported that the ruminal pH of lamb decreased from 6.39 to 5.8 when the substitution rate of dietary barley for corn increased from 25 to 84%.

The combination of grain sources differing in the rates of ruminal fermentation may affect the growth performance of ruminants. Haddad and Nasr (11) found that 20% barley for the lambs had a higher final body weight (BW) (34.3 vs. 32.2 kg) and average daily gain (ADG, 186 vs. 164 g/day) compared with the 10% group. Yahaghi et al. (12) reported that substitution of corn with 30% barley improved ruminal pH (6.05 vs. 5.95) compared with the substitution of corn with 70% barley for lambs. Johnson et al. (5) reported higher digestibilities of dry matter (DM), organic matter (OM), CP, neutral detergent fiber (NDF), and starch for the barley grain treatment (85.94% of diet) compared to the corn grain treatment (84.96% of diet), or the combination of barley and corn group (42.72% corn and 42.72% barley of diet). These studies revealed that the varied proportions of the barley and corn may change the content of rumen degradable starch and finally affect the rumen fermentation, nutrient digestibility, and performance of ruminant.

In the present study, we hypothesized that the substitution of CS with BS could decrease the ruminal pH and change the bacterial community of rumen, which might affect the nutrients digestibility and performance of fattening Hu sheep. In addition, we also intended to find out a feasible combination of corn and barley for fattening sheep production based on the performance and economic consideration.



MATERIALS AND METHODS

All procedures were approved by the guidelines formulated by the Biological Studies Animal Care and Use Committee of Gansu Province, China (2005–12).


Animals, Diets, and Management

Seventy-two male Hu lambs of 3 months of age with similar initial BW (29.70 ± 1.70 kg) were randomly assigned into four treatments (18 lambs per treatment). The four experimental diets had identical starch content (25.5% of diet, DM basis) but varied in the percentage of CS replaced by BS, and were: 100% starch from corn (BS-0), 33% starch from barley and 67% starch from corn (BS-33), 67% starch from barley and 33% starch from corn (BS-67), and 100% starch from barley (BS-100). The experimental diets were offered as pelleted total mixed ration, the cereal grains of which were grounded through 4 mm sieve before pelleting the diet, and the formulation and chemical composition of the experimental diets were shown in Table 1. All lambs were raised in individual pens (0.65 × 1.50 × 1.10 m), fed ad libitum, and had free access to water. The experiment lasted 70 days, with 7 days for diet adaptation and 63 days for data collection.


Table 1. Ingredients and nutrient levels of experimental diets.
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Data and Sample Collection

The amount of feed offered (4% of body weight, as feed basis) and refused were recorded to calculate the dry matter intake (DMI) every 21 days. All lambs were weighed before morning feeding on day 1 and day 63 of the fattening period to calculate ADG, and feed to gain ratio (F/G). Feed and orts samples were collected every 21 days and mixed to determine the chemical composition. During days 51–57, 6 Hu sheep from each treatment were selected randomly to determine apparent nutrient digestibility, with 2 days for adaptation and 4 days for sample collection. Feces samples were collected from the rectum of sheep at 0700 and 1700 h every day and were dried at 65°C and grounded through 1 mm screen. Approximately 25 g of fresh fecal were placed in a brown bottle and added 10% HCl immediately to save the nitrogen.

On day 64, 10 sheep from each treatment were euthanized to collecting rumen contents after 3 h feeding in the morning. Rumen fluids were collected and filtered through 4 layers of cheesecloth and, with the filtrates divided into three portions in 10-ml sterile tubes and stored at −20°C for the determination of volatile fatty acids (VFA), NH3-N, and lactic acid. After filtration, 4 ml of rumen fluid was mixed with 1 ml 25% metaphosphoric acid to determine the VFA. Rumen contents were mixed thoroughly and stored at −80°C for the bacterial DNA extraction.



Analysis of Diet and Fecal Samples

The DM, OM, ether extract (EE, method 2003.05, AOAC International, 2000), and CP (Kjeldahl method 988.05; AOAC International, 2000) of feed, orts, and fecal samples were analyzed according to the procedures described by AOAC (14). The NDF and acid detergent fiber (ADF) were determined with α-amylase treatment and the addition of sodium sulfite (15). The starch of feed, orts, and fecal samples was analyzed using a commercial assay kit (Jiancheng Bioengineering Institute, Nanjing, China). The gross energy (GE) of feed and fecal samples was analyzed using a calorimeter (IKA-C3000, Isoperibol, Staufen, Germany). The method of acid-insoluble ash (16) was used for the nutrient digestibility measurement and calculation.



Measurement of Ruminal Fermentation Parameters

Collected rumen fluid samples were thawed on ice, centrifuged at 2,500 × g at 4°C for 5 min, and 5 ml supernatants were subsampled. Thereafter, the subsampled ruminal fluids were used for VFA determination by the gas chromatography (TRACE 1300, Thermo Scientific, Milan, Italy) with a 30 m × 0.32 mm × 0.25 μm silica capillary column (FFAP, Agilent Technologies Co, Santa Clara, CA, USA) as described by Zhang et al. (17), using crotonic acid (19.36 mg/g) as internal standard. The concentration of lactic acid in the ruminal fluid was analyzed following the instructions of the lactic acid determination kit (A019-2-1, Jiancheng Bioengineering Institute, Nanjing, China). The NH3-N in the rumen fluid was analyzed following the method of Zhang et al. (18).



Bacterial DNA Extraction and PCR Amplification

Rumen content samples were thawed, and 200 mg of each sample were used to extract the total microbial genomic DNA using an E.Z.N.A. Stool DNA kit (Omega Bio-Tek, Inc Norcross, GA, USA), following the instruction of manufacturer. The obtained bacterial DNA samples were used as templates for the quantitative real-time PCR. Primers used in the current study were based on published literatures (Table 2). Relative quantification analysis of the microorganisms in the rumen content was conducted following the method described by Li et al. (19) with using a Bio-Rad CFX96 Real-Time System (Hercules, Bio-Rad Laboratories, CA, USA).


Table 2. Primers used for quantitative real time-PCR amplification primer of ruminal bacteria.
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Measurement of Dynamic Ruminal pH

Sixteen ruminal cannulated Hu sheep were divided into four groups (BS-0, BS-33, BS-67, and BS-100) to measure the rumen dynamic changes of ruminal pH. The experiment included 27 days (7 days for diet transition, 14 days for diet adaptation, and 6 days for data collection). The ruminal pH of each sheep was continuously monitored for 96 h from day 22 (0700 h) to day 26 (0700 h), using an industrial electrode (IP-600-9PT, Jenco, CA, USA) with a pH transmitter (692, Jenco, CA, USA). Data were recorded by a paperless recorder (SIN-R5000C, Hangzhou, China), as described in detail by Li et al. (6). The ruminal pH data for each sheep were collected every 30 s and averaged every 1 min. Ruminal pH data were calculated for every 24 h period as the mean pH, area, and time spent under the pH of 5.8 or 5.6, respectively.



Statistical Analysis

Statistical analyses were performed using the SPSS 25.0 software (SPSS, Chicago, IL, USA) with diet as the main effect. The results of performance, nutrient digestibility, rumen fermentation parameters, rumen bacterial number, and ruminal pH data were presented as the means with their standard errors. The linear and quadratic effects of dietary BS among treatments were analyzed using polynomial regression. The comparison of different groups was performed by one-way ANOVA, followed by Duncan's post-hoc test for multiple comparisons. A significant difference between treatments was declared when p ≤ 0.05, and the trend was considered when 0.05 < p < 0.10.




RESULTS

The final BW of sheep had a tendency leading to a linear decrease (p = 0.09) with increasing dietary BS; while the BW gain (BWG) linearly decreased (p < 0.05), with lower BWG (p < 0.05) during the experimental period in BS-100 than that in BS-0 and BS-33 (Table 3) The DMI did not differ among treatments; however, the ADG linearly decreased (p < 0.05) with increasing dietary BS contents leading to a linearly increase (p < 0.05) for F/G. Therefore, lower (p < 0.05) ADG but greater (p < 0.05) F/G was observed in BS-100 than that in BS-0, which had similar BWG, ADG, and F/G with BS-33 and BS-67.


Table 3. Effects of dietary barley starch proportion on performance of fattening Hu sheep (n = 18/group).
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The apparent total tract digestibility of DM, OM, NDF, ADF, starch, and GE of feed linearly declined (p < 0.05) with increasing dietary BS proportions, whereas the digestibility of CP was not affected (p > 0.10) (Table 4). There were no differences (p > 0.10) in the digestibility of DM, OM, and starch among BS-0, BS-33, and BS-67, which were greater than that in BS-100. The digestibility of CP was not affected (p > 0.05) by dietary BS contents. The digestibility of NDF, ADF, and GE and the digestive energy of feed were the greatest (p < 0.05) in BS-0, intermediate in BS-33 and BS-67, and the lowest in BS-100.


Table 4. Effects of dietary barley starch proportions on nutrient apparent digestibility of fattening Hu sheep (n = 6/group, %).
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The concentration of VFA, NH3-N, and lactic acid, as well as the molar ratios of isobutyrate, isovalerate, and valerate were not affected (p > 0.10) by the dietary BS proportions (Table 5). The molar proportion of acetate linearly decreased (p < 0.05) while the molar proportion of propionate linearly increased (p < 0.05) with increasing dietary BS contents, so that a linearly decreased (p < 0.05) ratio of acetate to propionate (A:P). The molar proportion of acetate and A:P in BS-0 and BS-33 was greater (p < 0.05) than those in BS-67 and BS-100, whereas, opposite results were observed for propionate. The molar proportion of butyrate tended (0.05 < p < 0.10) to be lower in BS-67 and BS-100 than in BS-33.


Table 5. Effects of dietary barley starch proportions on rumen fermentation parameters of fattening Hu sheep (n = 10/group).
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The quantitative PCR analysis showed that the BS levels did not affect (p < 0.10) the amount of ruminal Prevotella brevis, Ruminococcus flavefaciens, Butyrivibrio fibrisolvens, and total bacteria (Table 6). The relative abundance of Selenomonas ruminantium and Ruminococcus albus increased (p < 0.05) and decreased (p < 0.05) linearly, respectively, with increasing dietary BS proportions. The relative abundance of Selenomonas ruminantium in BS-67 was greater (p < 0.05) than that in BS-0 and BS-67; while the amount of Ruminococcus albus in BS-100 was lower (p < 0.05) than that in BS-0 and BS-33. The relative abundance of Fibrobacter succinogenes quadratically (p < 0.05) changed with diet BS proportion, with the relative abundance of Fibrobacter succinogenes tends (0.05 < p < 0.10) to be lower in BS-67 than in BS-0 and BS-100.


Table 6. Effects of dietary barley starch proportions on the relative abundances of rumen bacteria (n = 10).
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The ruminal mean pH linearly decreased (p < 0.05) with increasing the diet BS content proportions, with lower value in BS-100 than that in BS-0 and BS-33; however, the maximum (Max) and minimum (Min) pH value were not affected by the dietary BS proportion (Table 7). The time and area of ruminal pH below 5.8 or 5.6 increased (p < 0.05) linearly as the dietary BS proportion increased. The time and area of ruminal pH below 5.8 in the BS-100 and BS-67 were higher than that in the BS-0 group and had no difference with the BS-33 group (p < 0.05). The time and area of ruminal pH below 5.6 in the BS-100 group were greater (p < 0.05) than that in the BS-0, BS-33, and BS-67 groups (p < 0.05).


Table 7. Effects of dietary barley starch proportions ruminal pH parameters.
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DISCUSSION


Growth Performance and Total Tract Nutrients Digestibility

In the present study, the experimental diets were formulated with identical starch content and had similar GE, and were pelleted under the same condition, which explained that the DMI of fattening Hu sheep was not affected by dietary BS contents. Similarly, Li et al. (6) also found that the DMI of the dairy goats was not affected by the dietary wheat proportions when the contents of starch and CP were similar among treatments. In addition, all lambs had similar initial BW, which intend to have similar rumen volume (20, 21). Therefore, it also resulted in similar DMI among treatments. The BWG and ADG were decreased, while F/G was increased in BS-100 group compared with BS-0 group with increasing dietary BS, which was inconsistent with previous studies. Petit (22) reported that changed diet grain from corn to barley decreased ADG from 362 to 332 g/day for Suffolk and Hampshire crossbred lambs. Haddad and Nasr (11) also found that increased dietary barley from 61 to 81.4% decreased the ADG from 186 to 148 g/day, and increased F/G from 4.6 to 5.2 for fattening lambs. In this study, the declined ADG and increased F/G were mainly attributed to the decreased total tract nutrients and GE digestibility when the lambs received high barley diet. These results indicated that total replacing corn grain with barley grain had negative effects on the growth performance (ADG and F/G) of fattening Hu lambs.

The total tract digestibility of DM, OM, and GE decreased linearly as the BS increased, which was mainly due to decreased digestibility of NDF, ADF, and starch in the present study. Haddad and Nasr (11) reported that the NDF digestibility was decreased with increasing dietary barley proportions. Leddin et al. (23) also found that increasing the amount of dietary wheat from 0 to 36% reduced the digestibility of NDF and ADF. The reduction of NDF and ADF digestibility in the total tract was usually associated with the decreased ruminal pH (24, 25) because the dramatically reduced rumen pH would inhibit the activity of cellulolytic bacteria in the rumen. In the present study, the ruminal mean pH decreased with increasing dietary BS proportions, and the time of ruminal pH under 5.6 in BS-33 BS-67 and BS-100 treatments exceed the threshold (3 h/day) of SARA suggested by Zhang et al. (26) and Castillo-Lopez et al. (27). The low ruminal pH decreased the number of cellulolytic bacteria Ruminococcus albus, and furtherly resulted in the declined digestibility of NDF and ADF in these treatments. The total tract starch digestibility was not affected when substituting corn with barley up to 67%; however, starch digestibility decreased when total CS in the diet was substituted with BS (92.28 vs. 90.50%). The reason for decreased starch digestibility in BS-100 could be the sharply reduced ruminal pH, resulting in subacute rumen acidosis in the lambs, which thereby limited starch degradation in rumen and intestine (28, 29). However, several studies indicated that increasing dietary barely grain improved the total tract starch digestibility because of its high rumen degradation rate (5, 30). The inconsistent results among studies were likely due to differences in diet treatments, dietary starch contents, and experimental animals. For example, Johnson et al. (5) reported a greater starch digestibility for barley-based diet than that for corn-based diet at a dietary starch content (ranged from 55.4 to 62.25%) was reported in beef cattle. The current results indicated that partially substitute CS with BS could decrease total tract fiber digestibility for fattening sheep, and total substitute CS with BS would decrease both fiber and starch digestibility for fattening sheep.



Rumen Fermentation

Although the digestibility of NDF and ADF was decreased in diets containing BS, the concentration of total TVFA (TVFA) was similar among treatments. However, the fermentation pattern was different greatly for diets mainly containing CS and BS, with fermentation switched from acetate to propionate as the dietary BS contents increased. These results agreed with Li et al. (6), who observed that replacing dietary corn with wheat (0, 17.5, and 35.0% of DM) did not affect the concentration of ruminal TVFA because of similar starch contents among treatments. Meanwhile, Johnson et al. (5) also reported that the proportion of ruminal propionate was increased from 42.17 to 46.51 mol/100 mol as the ratio of barely increased. The increased molar proportion of propionate was consistent with the enhanced relative abundance of Selenomonas ruminantium, which is reported as starch degradation bacteria that produces propionate (31) in BS-67 and BS-100 compared with that in BS-0. On the contrast, the decreased proportion of acetate in BS-67 and BS-100 groups was attributed to the reduced NDF digestibility (32). This was accomplished by ruminal cellulolytic bacteria that decompose the fiber part of the diet (33). In our study, the lower relative abundance of Ruminococcus albus in BS-100 than that in the BS-0 and BS-33, which was consistent with the result of acetate.



Rumen Bacterial Community

It is well accepted that ruminants intake high starch diet could reduce the abundances of cellulolytic bacteria due to the decrease of ruminal pH (34, 35). In the present study, the ruminal pH decreased with increasing dietary BS proportion, and the duration of ruminal pH below 5.6 exceeds 3 h/day in BS-67 and BS-100. The lower ruminal pH in the BS-67 and BS-100 indicated that sheep were experiencing SARA (36), which led to a decreasing amount of ruminal Ruminococcus albus. However, the dietary treatments did not affect the amount of ruminal Ruminococcus flavefaciens, Fibrobacter succinogenes, and Butyrivibrio fibrisolvens. These results are different from those results of Khafipour et al. (36) and Li et al. (6), who reported that these bacterial populations declined when the dairy cow and dairy goat received a high grain diet. The mainly cellulolytic bacteria, such as Ruminococcus flavefaciens, Fibrobacter succinogenes, and Butyrivibrio fibrisolvens, were believed to be sensitive to pH (37); however, the amount of these bacteria was not declined with increasing dietary BS.

In the present study, the amount of Selenomonas ruminantium was improved with the increasing of dietary BS proportions, while the amount of Prevotella brevis was unchanged. Tajima et al. (38) found the quantity of Selenomonas ruminantium was dramatically increased 3 days after the diet changed and was double numbered on the day 28, while the amount of Prevotella species was increased in 3 days and approached initial values in 28 days when the cattle switched from a diet containing 21% grain to a diet containing 82% grain. This study indicated the Selenomonas ruminantium could adapt to the high grain diet, but the Prevotella brevis showed a short-term adaptation to this type of diet.




CONCLUSIONS

In conclusion, feeding a high-concentrate corn-based diet for fattening Hu sheep improved the performance and rumen fermentation parameters when compared to a barley-based diet. Increasing dietary BS levels linearly decreased ruminal mean pH and increased time of pH below 5.80 and 5.60 that resulted in a higher SARA risk. The recommended substitution of CS with BS in the diet is 67%, which can save feed cost without compromising the performance of sheep as well as NDF and starch degradability.
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Instant dark tea (IDT) is a new product gaining increasing attention because it is convenient and can endow significant health benefit to consumers, which is partially attributed to its high concentration of functional ingredients. However, the molecular mechanism underlying its regulatory effect on hyperlipidaemia is rarely studied. In this study, we performed omics and molecular verification in high-fat diet (HFD)-fed rat, aiming to reveal the mechanism and provide molecular evidence. The results showed that the major bioactive components in IDT were 237.9 mg/g total polysaccharides, 336.6 mg/g total polyphenols, and 46.9 mg/g EGCG. Rats fed with IDT (0.27–0.54 g/kg for 12 weeks) significantly reduced the body weight and TC, TG, LDL-C, blood glucose, and MDA and induced the level of serum HDL-C and also the levels of liver SOD, CAT, GSH-Px, and Nrf2, compared to HFD group. For molecular mechanism study, HIDT feeding had significant impact on the gene expressions of biomarkers in lipogenesis (FABP, CD36, SCD1, Cyp4a1, and Kcnn2), lipid oxidation (PPARγ), and glucose glycolysis (Gck and ENO2) in liver tissue. Moreover, gut microbiome study found that rats fed with IDT dramatically modified the gut microbial species at the family level, such as suppressing the increase abundance of Proteobacteria and Firmicutes induced by HFD. HIDT significantly boosted the relative composition of beneficial bacterium Akkermansia and Rikenellaceae_RC9_gut_group and decreased the relative abundance of the harmful bacterium Ruminococcaceae_UCG-005 and Ruminiclostridium_9, compared to HFD (p < 0.01). Correlation analysis between microbiome and animal indicators found that seven genera including Akkermansia, Clostridiales, Lachnospiraceae, Lachnospiraceae_UCG-010, Ruminiclostridium_9, Ruminococaceae-UCG-005, and Ruminocuccus_1 were found as potential biomarkers that were strongly correlated with oxidative stress and metabolism genes. For instance, Ruminococcaceae_UCG-005 was significantly correlated with body weight, TG, HDL-C, Nfr2, FABP3, SCD1, Cyp4a1, and Kcnn2. Collectively, the above data obtained in this study had provided the primary molecular evidence for the molecular mechanism and brought in novel insights based on omics for the regulatory effect of IDT on hyperlipidaemia.

Keywords: dark tea, composition, oxidative homeostasis, lipid metabolism, gut microbiota, Akkermansia


INTRODUCTION

Hyperlipidaemia is a metabolic disorder characterized by elevated levels of total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) and a reduced concentration of high-density lipoprotein cholesterol (HDL-C) in the plasma (1). Abnormal lipid metabolism is the dominant causing of chronic diseases including obesity, diabetes, and cardiovascular and cerebrovascular diseases (2). The underlying mechanism of this action is strongly linked to the diet and alterations of gut microbiota (3). Diet with high-fat consumption causes imbalance of oxidative stress, change in lipid metabolism, and microbial dysbiosis, resulting hyperlipidaemia (4). ROS is the major oxidative factor, which could be dramatic increased in liver under high-fat diet (HFD) (5). The endogenous antioxidant molecules such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) play important roles in alleviating tissue damage caused by free radicals (6). However, the excessive formation of ROS induced by hyperlipidaemia can overcome the endogenous antioxidant defense system, which leads to oxidative stress reactions such as lipid peroxidation.

Hepatic lipid metabolism is crucial for the controlling of the lipid homeostasis in whole body. Lipid metabolism is a complex process involved in the regulation of some crucial nuclear factors, such as fatty acid-binding proteins (FABPs), peroxisome proliferator-activated receptor γ (PPARγ), CD36, and SCD1(7). FABPs modulate lipid fluxes, trafficking, signaling, and metabolism (8). The deficiency of FABP increased PPARγ activity in macrophages, which results in elevated expression of target genes. PPARγ, a nuclear receptor that acts as a ligand-inducible transcription factor that regulates fat storage and glucose homeostasis, exerting antioxidant and antiinflammatory effects, is downregulated by diet-induced obesity (9, 10). SCD1 is one of the downstream effectors of PPARγ, which was reported significantly induced after HFD, accompanied by lipid accumulation (11). CD36 not only acts as a free fatty acid (FFA) transporter, but also regulates FFA oxidation, lipid synthesis, VLDL secretion, inflammation, and autophagy in liver cells (12). Gut microbiota plays an important role in the host lipid metabolism and health. For example, Firmicutes or Bacteroidetes ratio was reported significantly enhanced in obesity in comparison with normal subjects (13). Thus, targeting on the hepatic lipid metabolic gene and gut microbiota was a key strategy for treating hyperlipidaemia. Although the hyperlipidaemic patients regularly take drugs, such as statins and fibrates, they may have significant adverse effects or contraindications (14). This leads to a critical public health goal for developing natural alternative in preventing hyperlipidaemia.

It is extensively accepted that dark tea has been consumed for hundreds of years in China, presenting plenty of beneficial effects especially for lipid-lowering, antiobesity, and cardiovascular protective (15, 16). The biological function of dark tea is attributed by the functional components such as polysaccharides and polyphenols, and also the newly formed functional components fermented by important microorganism such as Eurotium cristatum. Dark tea was found to possess the strongest in vivo antioxidant and hepatoprotective activities in mice among all six types of tea targeting on oxidative stress (17). Notably, fat accumulation was reduced and the genes related to FFA uptake and β-oxidation significantly changed after dark tea treatment (16). Besides, dark tea enhanced the growth of bacteria in obese mice associated with healthy metabolic markers including Clostridiaceae, Bacteroidales, Lachnospiraceae, Akkermansia, Faecalibacterium prausnitzii, Lactobacilli, Actinobacteria, Muribaculaceae, Bacteroidaceae, and Prevotellaceae and reduced in harmful bacteria comprising Coriobacteriaceae, Streptococcaceae, Erysipelotrichaceae, Peptococcaceae, Peptostreptococcaceae, and Ruminococcaceae, and also the ratio of Firmicutes to Bacteroidetes (F/B) (18–23).

Instant dark tea (IDT), a new soluble dry tea product made from dark tea, has been produced to meet the demand for modern society's convenience-oriented lifestyle, possessing lipid metabolism modulating effects (24). However, the essential role of IDT on gut microbiota has not been clarified, and there is a lack of investigation on the mechanism between lipid metabolism gene and gut microbiota. Therefore, this study examined the preventive effects of IDT against obesity and hyperlipidaemia in HFD-induced rats. Importantly, we attentively characterized the signaling pathways and gut microbiota involved in the prevention of lipid metabolism in rats fed with IDT. The results from this study may contribute to understand the role of IDT consumption in relieving obesity and lipid disorder-related syndromes of the interplay among gut microbiota in HFD-fed rat.



MATERIALS AND METHODS


Materials and Chemicals

Instant dark tea was provided by Hunan Tea Industry Group Co. Ltd. (Changsha, China) with the fermentation of Eurotium Cristatum. Carboxylic acid (Trolox) and 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonicacid) diammonium salt (ABTS) were purchased from Shanghai Maclin Biochemical Reagent Co., Ltd. (Shanghai, China). Rutin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and phosphate buffer were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Fluorescein and 2,2′-azobis (2-methylpropionamidine) dihydrochloride (AAPH) were purchased from Aladdin Reagent Co. Ltd. (Shanghai, China). Folin-Ciocalteu reagent was purchased from Beijing Solarbio Science and Technology Co. Ltd. (Beijing, China). (-)-Epigallocatechin gallate (EGCG), (-)-epigallocatechin (EGC), (-)-gallocatechin gallate (GCG), (-)-epicatechin gallate (ECG), (-)-epicatechin (EC), (-)-gallocatechin (GC), (-)-catechin gallate (CG), (+)-catechin (C), theobromine (TB), theacrine, and gallic acid were purchased from Aladdin Industrial Co. Ltd. (Shanghai, China) with the HPLC purity ≥98%. Simvastatin was purchased from Tianjin Huairen Pharmaceutical Co. Ltd. (Tianjin, China).



Composition and Antioxidant Activity of IDT

The total polyphenol content of IDT was determined by a modified Folin–Ciocalteu method with gallic acid as the standard (25). The content of total flavonoids in IDT was determined by colourimetric method of sodium nitrite-aluminum nitrate and strong sodium oxide using rutin as the standard (26). The content of amino acids was determined by amino acid assay kit following the manufacturer's instruction. The content of polysaccharides in IDT was determined by phenol–sulfuric acid method with anhydrous glucose as the standard (27), and the results were expressed as mg·g−1. DPPH, ABTS radical scavenging, and oxygen radical absorption capacity were assayed as described previously (28). Concentrations of catechins, gallic acid, caffeine, and theobromine were analyzed by the modified method described in the previous paper (29).



Animals and Experiment Design

A total of 50 male Sprague Dawley (SD) rats with the body weight of 174.7–214.9 g were purchased from Hunan Slyke Jingda Laboratory Animal Ltd. (Changsha, China) and housed in the Hunan Research Center for Safety Evaluation of Drugs (SYXK2015-0016) in a controlled environment with room temperature at 22°C ± 2°C and a 12-h light–dark cycle. Rats were further randomly assigned to five groups (n = 10 per group), including control, HFD, simvastatin (SIM), low instant dark tea (LIDT), and high instant dark tea (HIDT). Control supplied with a basal chow diet (SCXK < Jing>2019-0003, Beijing Ke Ao Xie Li Feed Co. Ltd, China) and other groups supplied with a HFD (TP23300, containing 19.4% crude protein, 60.0% crude fat, and 20.6% carbohydrate, TROPHIC Animal Feed High-Tech Co. Ltd, China) for 12 weeks. The other three groups were fed HFD and administrated 0.002 g/kg body weight SIM, 0.27 g/kg body weight IDT (LIDT), and 0.54 g/kg body weight IDT (HIDT), respectively. The volume of oral gavage for each rat was 0.1 ml/10 g. All rats had free access to clean water and food. During the experimental period, rat's food intake and body weight were monitored and recorded once a week. After 8 weeks of feeding, rats were euthanised after 12 h fasting and quickly stored at−80 °C. The blood was collected by monocular enucleation. The blood samples were left at room temperature for 30 min and then centrifuged at 4,000 g for 10 min at 4 °C to collect serum. Livers were collected and trimmed off any adherent tissues. Serum samples and liver tissue were stored at −80 °C for further use.



Histological Analysis and Morphometry

Part of the liver tissue was fixed with 4% paraformaldehyde. After 24 h, the livers were embedded in paraffin wax. Then, the liver samples were processed using cryostat (CM1950, Leica, Germany) and stained with haematoxylin–eosin (H&E). Finally, these slices were observed using the Olympus light microscope.



Serum Parameters and Liver Index Analysis

The samples of serum were used to assess TC, TG, HDL-C, and LDL-C. Blood glucose test strips (Sinocare Inc Co. Ltd., Changsha, China) were used to measure blood glucose levels. Hepatic tissue (0.1 g) was homogenized with 1 mL ice-cold extract and centrifuged at 8,000 g for 10 min. The supernatant was collected for the analysis of hepatic ROS, MDA, CAT, and GSH-Px. All the detailed steps of these biochemical assessments were performed according to the instructions of corresponding commercial kits (Wako Pure Chemical Industries. Ltd., Japan; Beijing Solarbio Science &Technology Co. Ltd., Beijing, China; Hefei Laier Biotechnology Co. Ltd, Hefei, China).



Liver Tissue Protein Extraction and Western Blot Analysis

Protein extraction from liver tissue was prepared according to the manufacturer's instruction of Total Protein Extraction Kit (Beijing Solarbio Science &Technology Co. Ltd, Beijing, China). Liver tissue was grinded with liquid nitrogen and lysed on ice. The supernatants containing protein extracts were stored at −80°C until use. Protein concentration was determined using BCA Protein Concentration Determination Kit (Beijing Solarbio Science &Technology Co. Ltd, Beijing, China). Protein extracts were separated by 10% SDS-PAGE and transferred to PVDF membranes (Amershan Pharmacia Biotech, Little Chalfont, UK). The membranes were blocked at room temperature for 1 h with 5% nonfat dry milk, then incubated with each primary antibody at 4°C overnight, and further incubated for 1 h with HRP-conjugated secondary antibody. Bound antibodies were detected by ECL system with a Lumi Vision PRO machine. Antibodies against Nrf2 were purchased from Abcam (Cambridge, MA, USA).



RNA Preparation and QRT-PCR Analysis

To measure the expression of FABP1, FABP3, FABP4, PPARγ, CD36, SCD1, Cyp4a1, Kcnn2, Gck, and ENO2 in livers, total RNA was extracted by Omega Total RNA Kit (Omega Bio. Inc., Changsha, China). RNA was reverse-transcribed using PrimeScript RT Master Mix (TaKaRa Bio. Inc., Takara, Japan). The primers for qPCR were designed by Shengong Biological Engineering Co., Ltd. (Shanghai, China) according to cDNA sequences (Supplementary Table S1). Quantitative real-time reverse transcription PCR (qRT-PCR) was performed using SYBR Green Master Mix and QuantStudio 3 Flex (Thermo Fisher Scientific Inc., Shanghai, Beijing) according to the manufacturer's guidelines. Experiments were performed in triplicate in a single plate, and the relative quantification was calculated using the 2−ΔΔCt method. Primer sequences for the targeted mouse genes were as follows: reactions were carried out with the Rotor-Gene Q6200 real-time PCR System (Qiagen) using three-step cycling conditions of 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. The reaction mixture (20 μL) contained 2 μL cDNA solution, 10 μL IQTMSYBRR Green Supermix (Bio-Rad, Hercules, CA, USA) and 6 μL each primer. The reactions were performed in triplicate, and the results were averaged. β-Actin was used as the reference gene. Relative gene expression was evaluated using the comparative cycle threshold method.



DNA Extraction and 16S Gene Sequencing

DNA from different samples was extracted using the E.Z.N.A.®Stool DNA Kit (D4015, Omega, Inc., USA) according to the manufacturer's instructions. The reagent that was designed to uncover DNA from trace amounts of the sample has been shown to be effective for the preparation of DNA of most bacteria. Nuclear-free water was used for blank. The total DNA was eluted in 50 μL of elution buffer and stored at −80°C until PCR measurement.

The V3–V4 region of the prokaryotic (bacterial and archaeal) small-subunit (16S) rRNA gene was amplified with slightly modified versions of primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The 5′ ends of the primers were tagged with specific barcodes per sample and sequencing universal primers. PCR amplification was performed in a total volume of 25 μL reaction mixture containing 25 ng of template DNA, 12.5 μL PCR premix, 2.5 μL of each primer, and PCR-grade water to adjust the volume. The PCR conditions to amplify the prokaryotic16S fragments consisted of an initial denaturation at 98°C for 30 s; 35 cycles of denaturation at 98°C for 10 s, annealing at 54°C/52°C for 30 s, extension at 72°C for 45 s, and then final extension at 72°C for 10 min. The PCR products were confirmed with 2% agarose gel electrophoresis. Throughout the DNA extraction process, ultrapure water, instead of a sample solution, was used to exclude the possibility of false-positive PCR results as a negative control. The PCR products were purified by AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and quantified by Qubit (Invitrogen, USA). The amplicon pools were prepared for sequencing, and the size and quantity of the amplicon library were assessed on Agilent 2100 Bioanalyzer (Agilent, USA) and with the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. PhiX control library (v3) (Illumina) was combined with the amplicon library (expected at 30%). The libraries were sequenced either on 300 PE MiSeq runs, and one library was sequenced with both protocols using the standard Illumina sequencing primers, eliminating the need for a third (or fourth) index read.

Samples were sequenced on an Illumina MiSeq platform according to the manufacturer's recommendations, provided by LC-Bio. Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using FLASH. Quality filtering on the raw tags was performed under specific filtering conditions to obtain the high-quality clean tags according to the fqtrim (V0.94). Chimeric sequences were filtered using Vsearch software (v2.3.4). Sequences with ≥ 97% similarity were assigned to the same operational taxonomic units (OTUs) by Vsearch software (v2.3.4). Representative sequences were chosen for each OTU, and taxonomic data were then assigned to each representative sequence using the Ribosomal Database Project (RDP) classifier. The differences in the dominant species in different groups were observed, and multiple sequence alignment was conducted using the MAFFT software (V7.310) to study the phylogenetic relationship of different OTUs. OTU abundance information was normalized using a standard sequence number corresponding to the sample with the least sequences. The data presented in the study are deposited in the NCBI BioProject PRJNA785429 repository, accession number from SAMN23561663 to SAMN23561687. Alpha diversity is applied in analyzing complexity of species diversity for a sample through 2 indices, including Chao1 and Shannon. All indices in our samples were calculated with QIIME (version 1.8.0). Beta diversity analysis was used to evaluate differences of samples in species complexity. Beta diversity was calculated by principle coordinate analysis (PCoA) and cluster analysis by QIIME software (version 1.8.0).



Statistical Analysis

All experiments were conducted in triplicates. Data from each treatment were presented as the means ± standard deviation. One-way ANOVA using SPSS20 (IBM) assessed the mean differences between groups, followed by least significant difference (LSD) test, and different statistical significance was accepted at p < 0.05, p < 0.005, and p < 0.001.




RESULTS AND DISCUSSION


Chemical Analysis of Instant Dark Tea

Instant dark tea contains 237.89 ± 3.13 mg·g−1 polysaccharide, 336.60 ± 5.67 mg·g−1 total polyphenol, 328.29 ± 0.51 mg·g−1 total flavonoids, 161.79 ± 6.08 mg·g−1 total catechins, 21.56 ± 0.57 mg·g−1 gallic acid, 5.86 ± 0.13 mg·g−1 free amino acid, 98.5 ± 3.29 mg·g−1 caffeine, and 4.22 ± 0.12 mg·g−1 theobromine. EGCG (46.89±1.81 mg·g−1), EGC (33.91±1.26 mg·g−1), ECG (21.31 ± 0.85 mg·g−1), EC (15.46±0.47 mg·g−1), GCG (14.65±0.55 mg·g−1), and GC (14.6±0.59 mg·g−1) were found to be the major catechins in IDT whereas C and CG were found in found at trace levels (<10.1 mg·g−1). Dark tea was rich in functional components, which contribute to its excellent antioxidant activity (30). The antioxidant activity of IDT using ORAC, DPPH, and ABTS was 94.3, 248.2, and 242.7 μM trolox·g−1, and this could lay the foundation on its lipid modulating effects.



Effects of IDT on Body Weight and Metabolic Alterations Including Serum Lipid Level and Blood Glucose in HFD-Fed Rat

Compared with control rat, HFD group gained more weight and developed hallmark features of disorder of lipid metabolism, including decreased HDL-C and elevated serum TG, TC, blood glucose, and LDL-C (p < 0.05) (Figure 1). As expected, supplementation with SIM and IDT significantly attenuated the HFD-induced effects. Attenuated weight gain was related to significantly reduced serum TG, TC, blood glucose, and LDL-C. An enhanced LDL-C level of SIM and IDT was also observed which contribute to lowing the weight gain. However, there is no obvious trend when different dosages with 0.27 and 0.54 g per kg bw were used, which might be because the low dose already achieved to positively modulate lipid metabolism. Taken together, these results demonstrated the ability of IDT to mitigate HFD-induced weight gain and hyperlipidaemia in rats.
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FIGURE 1. Effects of DTE on (A) body weight; (B) TG; (C) TC; (D) HDL-C; (E) LDL-C; (F) blood glucose. The different symbols represent significant differences between different groups. HFD, SIM, LIDT, HIDT vs. control, p < 0.05, #; p < 0.01,##; p < 0.005,###; SIM has no significant difference with HFD; LIDT vs. HFD, p < 0.05,*; p < 0.01,**; p < 0.005, ***; HIDT vs. HFD (* in red color), p < 0.05,*; p < 0.01,**; p < 0.005, ***.




Effects of IDT on the Morphology of Liver Tissue in HFD-Fed Rat

The pictures and the microphotographs of H&E staining for liver tissues from the experimental mice are displayed in Figure 2. The liver in HFD-fed mice showed fat accumulation with yellow color in comparison with control, whereas IDT groups were similar with control. The liver tissue obtained from the control group exhibited normal hepatocytes (Figure 2). In contrast, the liver tissue from HFD-fed mice showed ballooned lipid laden hepatocytes, severe cellular degeneration, and the loss of cellular boundaries (Figure 2). The treatment with SIM presented inhibition effects against the hepatic injuries caused by HFD, which had significantly fewer vacuoles (Figure 2). Administration with IDT shows similar liver tissue structure with control, which shows a well-preserved cytoplasm, prominent nucleus, and legible nucleoli. These results documented that the intake of LIDT and HIDT in rats exhibited the improvement in HFD-induced fat deposition in liver.


[image: Figure 2]
FIGURE 2. Effects of IDT on liver morphology in HFD-rat. The liver tissue was stained with H&E and observed at 200×.




Effects of IDT on Hepatic Oxidative Stress and Damage in HFD-Fed Rat

As shown in Figure 3, the HFD group had a more significant severe liver oxidative stress level compared to control with a higher level of MDA and ROS and also a lower level of SOD, CAT, and GSH-Px (p < 0.05). The intervention with SIM and IDT prevented the hepatic oxidative stress indicators induced by HFD, and the IDT treatment was superior than that of SIM (Figure 3). HIDT significantly inhibited the ROS and enhanced SOD than that of HFD. There is no significant difference between control and HIDT with the level of MDA and CAT. The level of GSH-Px in LIDT was similar to the control. The protein expression of Nrf2 was inhibited in HFD and enhanced by our treatment than that of control. The decrease of MDA and ROS in combined effects of elevated levels of SOD, CAT, GSH-Px, and Nrf2 in IDT group which indicates that IDT was able to relieve hepatic oxidative stress.
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FIGURE 3. Effects of IDT on hepatic (A) ROS; (B) MDA; (C) SOD; (D) CAT; (E) GSH-Px; (F) Nrf2 protein expression. HFD, SIM, LIDT, HIDT vs. control, p < 0.05,#; p < 0.01,###; SIM, LIDT, HIDT vs. HFD, p < 0.05,*; p < 0.01,**; p < 0.005, ***.




Effects of IDT on Hepatic Gene Relative Expression in HFD-Fed Rat

The effect of IDT on the relative expression of lipid and glucose metabolism-related genes is shown in Figure 4. Gene expressions that increase the fatty acid uptake (FABP1, FABP3, FABP4, SCD1, CD36, Cyp4a1, and Kcnn2) and glycolysis (Gck and ENO2) were significantly (p < 0.05) enhanced after HFD diet than that of control, whereas significant decreases were observed in all treatments except that there is no effect on FABP4 and Gck of SIM and LIDT group. PPARγ is key for lipid oxidation and was significantly (p < 0.001) inhibited by HFD and restored by HIDT.
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FIGURE 4. Effects of IDT on the hepatic relative expression of (A) FABP1; (B) FABP3; (C) FABP4; (D) PPARγ; (E) CD36; (F) SCD1; (G) Cyp4a1; (H) Kcnn2; (I) Gck; (J) ENO2. HFD, SIM, LIDT, HIDT vs. control, p < 0.05,#; p < 0.01,##; p < 0.005,###; SIM, LIDT, HIDT vs. HFD, p < 0.05,*; p < 0.01,**; p < 0.005, ***.




Effects of IDT on Composition of Gut Microbiota

To investigate how the gut microbiota is altered in rats, OTUs were compared among different groups (Figure 5). Although 166 OTUs were common among the groups, the control still had much more enriched sequences than other groups. The differences in OTUs were 87.92, 67.68, 59.18, and 70.32% for control, SIM, LIDT, and HIDT, respectively, in comparison with HFD, indicating that there was a different abundance of microorganisms among groups. Changes in alpha diversity of the gut microbiota community by administration of IDT are displayed in Figures 5B,C. The community evenness was presented with Shannon index whereas Chao 1 was used to evaluate the community microbiota richness. There is a decrease in Shannon index of all other four groups compared to control, but only significant for IDT groups (p < 0.05). The control also had the highest Chao 1 index than all other groups. These results showed that the microbiota community diversity and richness were reduced by the treatments when compared to control. PCoA could also display the microbial structure changes with clearly separated clusters (Figure 5D). Principal coordinate A1 (PCoA1) (percent variation explained 36.81%) could separate the control and other groups, whereas principal coordinate A2 (PCoA2) (percent variation explained 19.02%) could almost differentiate the HFD group from SIM and IDT groups.


[image: Figure 5]
FIGURE 5. Effects of IDT on the composition of colon microbiota in HFD rats. (A) Venn diagram of three groups based on OUT; (B) A plot of the Shannon–Wiener diversity index; (C) a plot of the Chao 1 index; (D) the principal coordinates analysis (PCoA) score plot of colon microbiota in five groups. HFD, SIM, LIDT, HIDT vs. control, p < 0.01,##; p < 0.005,###.


To assess specific changes in the gut microflora, we compared the relative abundances of the predominant taxa identified in five groups at different levels. At the phylum level, a relative abundance of the top 10 species in each test is presented in Table 1. As expected, Bacteroidetes and Firmicutes were the majority relative abundance (>90%) of fecal inocula composition for the control, HFD, and SIM. After the supplementation with HFD, an increase in the relative abundance of Firmicutes and Proteobacteria (68.15 and 11.1%, p < 0.05) and a decrease in the relative abundance of Bacteroidetes and Cyanobacteria (26.17 and 0.1%, p < 0.05) in HFD in comparison with control were observed. While further treated with IDT, Firmicutes and Proteobacteria were significantly decreased. Interestingly, Verrucomicrobia was significantly increased by HIDT treatment with the relative abundance of 41.46%. HFD feeding resulted in a significant increase in the Firmicutes or Bacteroidetes (F/B, p < 0.005) ratio of 3.05. Fortunately, the increase in the F/B ratio induced by HFD was restored by SIM, LIDT, and HIDT treatment with the value of 1.17, 2.68, and 1.12, respectively.


Table 1. The intestinal microbiota at the phylum level.
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At the genus level, 30 genera identified with the highest relative abundance are presented in Table 2. HFD group resulted in significant increases in the genera of Bacteroides, Clostridiales, Bilophila, and Ruminococcus_1 and was accompanied by significant decreases in the genera of Muribaculaceae, Rikenellaceae_RC9_gut_group, Prevotellaceae_UCG001, Bacteroidetes, and Ruminococcaceae_UCG-014. Relative to the control group, the percentage of Clostridiales, Ruminococcaceae_UCG-005, and Ruminococcus_1 significantly reduced whereas Rikenellaceae_RC9_gut_group significantly increased by the treatment of SIM, LIDT, and HIDT. Interestingly, the supplement with HIDT had a significant increase in Akkermansia, which also significantly decreased the relative abundance of Lachnospiraceae and Lachnospiraceae_UCG-010 (p < 0.005) which increased by HFD.


Table 2. The intestinal microbiota composition at genus level.
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Linear discriminant analysis (LDA) effect size (LEfSe) algorithm, as a metagenomic biomarker discovery approach, was performed to further identify the specific bacterial taxa at species level that differentially in response to the different diet interventions. Taxa with LDA score threshold >4 are shown in Figure 6. LEfSe detected 19, 8, 11,11, and 5 bacterial branches in the fecal flora of control, SIM, LIDT, HIDT, and HFD, respectively, and the differences were statistically significant. The control was dominated by genus Bacteroidetes, Muribaculaceae, and Prevotellaceae whereas the most abundant bacterial groups in the HFD group belong to the genus Ruminococcus, Prevotellaceae, and Bilophila. Different dosages of IDT had distinct marker bacteria. The LIDT group was characterized by the genus Clostridium and Blautia and also the family Peptostreptococcaceae and Erysipelotrichaceae, whereas order Verrucomicrobiales, genus Akkermansia, Eisenbergiella, and Clostridiales were the most dominant bacteria in HIDT group.
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FIGURE 6. Linear discriminative analysis (LDA) effect size (LEfSe) analyses of statistically significant taxonomies between groups. The vertical coordinate is the taxa with significant differences between groups, and the horizontal coordinate is the bar graph to show the LDA difference analysis of each species group. The scores of LDA) value which is >4 are sorted according to the scores, so as to describe their differences in different groups of samples. The longer the length is, the more significant the difference is.


Finally, a heatmap analysis of genera correlated with biochemical parameters including body weight, serum lipid level, oxidative level, and metabolism gene expression is shown in Figure 7. Lachnospiraceae_UCG-010 and Ruminiclostridium_9 were significantly correlated with SOD and CAT. Clostridiales highly correlated with blood glucose, LDL-C, and MDA, whereas positively correlated with GSH-Px and HDL-C. Ruminococaceae-UCG-005 significantly negatively correlated with HDL-C and Nrf2. Lachnospiraceae-UCG-010 and Ruminococaceae-UCG-005 had significant correlation with MDA and TG. All these indicate that gut microbiotas might be associated with oxidative stress and fatty liver (Figure 7). Akkermansia was significantly negatively correlated with FABP1. Firmicutes, Ruminociccaceae_UGG-005, and Ruminocuccus_1 were significantly positively related to FABP3. Blautia was significantly positively correlated with FABP4. Lachnospiraceae_UCG-010 and Ruminiclostridium_9 were significantly negatively correlated with PPARγ whereas it is significantly positively correlated with Desulfovibrionaceae. Ruminociccaceae_UGG-005 was also significantly correlated with SCD1, Cyp4a1, and Kcnn2. Gck was significantly positively correlated with Lachnospiraceae. All these findings suggest that IDT may alleviate the hepatic oxidation and gene expression by regulating the diversities of intestinal microbiota.
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FIGURE 7. Spearman's correlation between gut microbiota at genus level and biochemical parameters and lipid metabolism genes. Colors of squares represent R-value of Pearson's correlation. p < 0.05* and p < 0.01** indicate the significant level in the correlation, respectively.





DISCUSSION

Our present results showed that continuously 12-week ingestion of HFD feeds led to obesity and hyperlipidaemia in rat (Figure 1). Hyperlipidaemia characterizing with abnormal lipid metabolism is the dominant causing of chronic diseases, including obesity, diabetes, and cardiovascular and cerebrovascular diseases (2). Until now, it can be treated by a combination of medicine, foods, or physical exercise (31). Dark tea as a particular drink significantly affects the lipid metabolism, which shows antiobesity effects. IDT is a new tea product that conforms to the fast-paced life in modern society as easy to drink, exerting higher antioxidant activity compared to normal dark tea extract, which also approved to contain higher content of bioactive compounds such as polysaccharides, polyphenols, and caffeine (32). Tea polysaccharides are considered as the main bioactive ingredients in tea, modulating the metabolic disease including antioxidant and antiinflammatory effects, inhibition of digestive enzymes, prevention of macronutrient absorption, expression of gene and protein, and also interaction with gut microbiota (33). Polyphenols are the primary functional ingredient in tea and play a role in scavenging oxygen free radicals and changing gut flora (34). The content of polyphenol and catechins in our study was higher than that of reported content in various dark tea water extract with polyphenol content that ranged from 11.61 to 18.22% and catechin content from 4.81 to 6.83% (35). EGCG, as the most abundant catechin presented in tea, has been widely accepted for its lipid-lowering effects in animal model and clinical research (36, 37). The caffeine content was in consistent with the reported content in instant dark tea with around 8% (38). Polysaccharides, polyphenols, and caffeine have inhibitory effects on body weight increase and fat accumulation, of which polysaccharides and polyphenols were presenting synergistic effects (39). As the polyphenols have poor bioavailability, polysaccharides could act as a nature carrier (40). A study recent showed that the polyphenols could be the major contributor to the functionality of polysaccharides (41). Gallic acid (GA) is a primary polyphenol in dark tea, and it is known to have antihyperlipidemic effect (9). GA significantly suppressed the weight gain and serum lipid parameters including TG and TC through inhibiting the pancreatic lipase activity (42). Thus, IDT has higher functional ingredients, following higher antioxidant activity, which is likely responsible for its preventing effects on obesity and hyperlipidaemia.

Our study found that consumption of IDT merged in HFD feeds in rat could antagonize the abnormal lipid level through regulating the oxidative stress, metabolism genes, and gut microbiota, as displayed in Figure 8. Many studies have reported that HFD is able to induce abnormal lipid accumulation, leading to obesity and hyperlipidaemia. In our hand, IDT intake was significantly induced the increases in the serum TC, TG, and LDL-C and the decrease in the serum HDL-C levels in comparison with the untreated normal rat. Histological observations showed that an increased hepatic vacuolisation and lipid droplets in HFD and IDT treatment were similar to the control. Oxidative stress is a state of imbalance between the oxidative and antioxidative systems of the cells and tissues, which leads to elevated level of ROS that cause damage to lipids, proteins, and DNA (43). MDA is a typical lipid peroxidation marker (44). SOD, CAT, and GSH-Px play an important role on defending against oxidative stress. Hepatic oxidative stress is crucial in the pathogenesis of hyperlipidaemia. In our study, consumption of IDT decreased the hepatic MDA and enhanced the antioxidant enzyme (SOD, CAT, and GSH-Px) activities against the damage from HFD, which is similar to the reported studies treated by dark tea (20, 45). The observed high level of antioxidant enzyme is likely linked to the Nrf2 activation. EGCG prevents HFD damage through modulation of key regulating detoxifying enzymes via regulation of Nrf2 function (46). More importantly, this effect could partly via the regulation of specific significantly correlated gut microbiota including Clostridiales, Ruminococaceae-UCG-005, Lachnospiraceae_UCG-010, Ruminiclostridium_9, and Ruminocuccus_1. Clostridiales, Ruminiclostridium_9, and Ruminocuccus_1 were reported positively correlated with high-fat intake (47, 48). Ruminococcaceae_UCG-005 positively correlated with MDA level after HFD treatment, which also showed in our study (49). The Lachnospiraceae_UCG-010 was associated with an increase in blood glucose level (50), which was significantly decreased by HIDT compared to HFD.
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FIGURE 8. Attenuation mechanism of IDT on hyperlipidaemia.


Hepatic lipid metabolism plays a key role in controlling the whole-body lipid homeostasis. The strong modulation of IDT on host liver genes including lipogenesis (FABP1, FABP3, FABP4, SCD1, CD36, Cyp4a1, and Kcnn2), lipid oxidation (PPARγ), and glycolysis (Gck, ENO2) involved in lipid and glucose metabolism was also observed. To our knowledge, this is the first report to reveal the gene target of IDT on inhibiting lipid synthesis and accelerating lipid β-oxidation and glycolysis in the liver. Fatty acid-binding proteins (FABPs) are versatile proteins that can modulate lipid metabolism (8). FABP1 is a liver-specific fatty acid-binding protein that plays important roles in intracellular lipid metabolism in the liver, and the knockdown of FABP1 in liver decreased the liver weight and hepatic TG (51). FABP3 seems to be lipid metabolism-related biomarker in Alzheimer's disease (52). Markedly, increase in FABP3 mRNA expression in rats' livers and adipose tissue was reported with high-cholesterol diet (53). FABP3 has been shown to be markedly upregulated in high-fat-induced mice and zebrafish (54, 55). A citrus bioflavonoid named hesperidin ameliorated liver steatosis in high-cholesterol diet rats through downregulation of FABP3 (56). Elevated FABP4 levels are associated with obesity and metabolic disease (57). All measured FABP families were inhibited by the treatment of HIDT, compared to control. Consumption of tea polyphenol EGCG inhibited FABP to reduce fat deposit in mice and rats (58). PPARγ plays a significant role in protecting the liver from inflammation, oxidation, fibrosis, fatty liver, and tumors, and the activation of PPARγ could stimulate fatty acid oxidation in the liver (59). Administration of green tea polyphenols decreased mRNA and protein expressions of PPARγ and adiponectin in high-fat-fed rats (60). PPARγ was enhanced in HFD-induced mice by the treatment of polysaccharides from flaxseed (61). In this study, HIDT is a promising natural product for PPARγ-activating. SCD1 is a rate-limiting enzyme catalyzing to increase the formation of TG, and this significantly decreased by the polyphenol and polysaccharide, whereas PPARγ was reported to be inhibited (62, 63). Meanwhile, CD36 and CYP4A1 genes were also a common downstream target of PPARγ, which was significantly decreased by natural antioxidant (64). Kcnn2 was enhanced in high-fat diet rats (65). In addition, our result showed that IDT also modulated the glucose production. This effect was associated with the glycolysis genes including GCK and ENO2. Taken together, these results indicate that the ability of IDT to alleviate hyperlipemia may decrease lipid lipogenesis and enhance fat catabolism and oxidation, and this effect might associate with the modulation of intestinal flora.

Diet nutrition is known to be essential on the composition of intestinal microbiota, which have strong influence on human health (66). Proteobacteria is a marker for an unstable microbial community (dysbiosis) and a potential diagnostic criterion for disease (67), which was significantly decreased by out treatment. As expected, the HFD-induced increase in F/B ratio was visibly counteracted by IDT treatment (Table 2), which is similar to the results obtained from Fu instant tea and Fu brick tea (20, 32). What is more, IDT dramatically modified the gut microbial species at the genus level with the decrease of Clostridiales, Ruminococcaceae_UCG-005, Ruminococcus_1, Ruminococcaceae_UCG-014, Lachnospiraceae, and Lachnospiraceae_UCG-010 and a significant increase in beneficial bacteria Akkermansia and Rikenellaceae_RC9_gut_group. Ruminococcaceae_UCG-005, as a harmful biomarker in gut microbiota (20), was significantly negatively correlated with HDL-C and positively correlated with body weight, TG, FABP3, SCD1, Cyp4a1, and Kcnn2, which could serve as target to modulate the lipid metabolism. Lachnospiraceae contributes to the onset of metabolic dysfunction (68). The relative abundance of Rikenellaceae_RC9_gut_group was enhanced by SIM and HIDT, which was shown to be decreased in rats with hypertriglyceridemia-related acute necrotising pancreatitis (69). It was reported that Akkermansia metabolites affects various transcription factors and genes such as PPARγ involved in growth and cellular lipid metabolism (70). Akkermansia was negatively correlated with FABP1. The proliferation of Akkermansia by IDT supplementation may partially contribute to the regulation of lipid metabolism involved genes in liver and finally prevent liver tissue fat deposition in HFD rats. Thus, the level of lipid metabolic genes and composition of microbiota in IDT-treated rats were greatly different from the HFD group, which indicates that supplementation of IDT was potentially an effective way for regulating hyperlipidaemia-associated disorder.

Thus, IDT contains various phytochemicals, which could be utilized by the gut microbiota to produce the metabolic substrates and various bioactive metabolites. These components were absorbed through the portal vein into the liver, to regulate hepatic oxidative stress and lipid metabolism.



CONCLUSION

The results of this study demonstrated that IDT, as the convenience consuming form, obviously improved the obesity and lipid metabolism disorder in HFD-induced rats via mitigating oxidative stress (Nrf2 and antioxidant enzymes), lipid metabolism (PPARγ-CD36-SCD1), glucose metabolism (Gck and ENO2), and gut microbiota (enhancement of beneficial gut bacteria Akkermansia). In addition, seven important genera (Akkermansia, Clostridiales, Lachnospiraceae, Lachnospiraceae_UCG-010, Ruminiclostridium_9, Ruminococaceae-UCG-005, and Ruminocuccus_1) of intestinal flora was significantly correlated with oxidative stress and lipid metabolism and could be the potential biomarkers. In the future, understanding of the deeper mechanism of intestinal microbiota mediating the lipid disorder of IDT is an attractive challenge and yet requires further investigation on germ-free mice or in antibiotic-treated mice. Moreover, it would be of interest to determine the bioconversion of IDT by the superorganism of hosts and microbiota and subsequently ensure whether these metabolites contribute to its functionality.
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Metabolic syndrome (MS) is a metabolic disorder that arises from the increasing prevalence of obesity. The pathophysiology seems to be largely attributable to the imbalance of lipid and glucose metabolism, redox signaling pathways, and gut microbiota. The increased syndromes, such as type 2 diabetes and cardiovascular disease demands natural therapeutic attention for those at high risk. Vine tea, as a traditional medicinal and edible resource rich in flavonoids, especially for dihydromyricetin (DHM), exhibits promising health benefits on the intervention of MS, but the specific molecular mechanism has not been systematically elucidated. The present article aims to summarize the regulatory effects and biological targets of vine tea or DHM on MS, and analyze the underlying potential molecular mechanisms in cells, animals, and humans, mainly by regulating the redox associated signaling pathways, such as Nrf2, NF-κB, PI3K/IRS2/AKT, AMPK-PGC1α-SIRT1, SIRT3 pathways, and the crosstalk among them, and by targeting several key biomarkers. Moreover, vine tea extract or DHM has a positive impact on the modulation of intestinal microecology by upregulating the ratio of Firmicutes/Bacteroidetes (F/B) and increasing the relative abundance of Akkermansia muciniphila. Therefore, this review updated the latest important theoretical basis and molecular evidence for the development and application of vine tea in dietary functional products or drugs against MS and also imputed the future perspectives to clarify the deep mechanism among vine tea or DHM, redox associated signaling pathways, and gut microbiota.

Keywords: dihydromyricetin, metabolic syndrome, redox signaling pathway, gut microbiota, biotransformation


INTRODUCTION

Vine tea, also known as “Mei” tea, is the tender stem and leaves of Ampelopsis grossedentata, a plant of the Vitis family. Vine tea is commonly used as traditional medicine or functional tea by Tujia and Zhuang nationality in Hunan, Hubei, Guizhou, Jiangxi, and other provinces (1). Vine tea is containing abundant flavonoids, polysaccharides, alkaloids, other polyphenols, and active ingredients, thus presenting multiple biofunctions. The content of flavonoids in vine tea can reach about 45% (m/m), so it is called as “King of flavonoid-contained plant” (2). The flavonoids, separated and identified by Zhang et al. (3) from vine tea, are mainly dihydromyricetin (DHM), myricetin-3-O-beta-D-galactopyranoside, myricetin, and myricitrin, of which the most abundant is DHM, with the concentration of higher than 35% (m/m) (4).

In detail, this review aims to summarize the current state of vine tea research in metabolic syndrome (MS) and the recent studies in humans. The literature search took place in the PubMed, Web of Science, and CNKI databases by using the following queries: vine tea and metabolic syndrome, vine tea and diabetes, vine tea and obesity, vine tea and intestinal microorganism, Ampelopsis grossedentata and metabolic syndrome, Ampelopsis grossedentata and diabetes, Ampelopsis grossedentata and obesity, Ampelopsis grossedentata and intestinal microorganism, Dihydromyricetin and metabolic syndrome, Dihydromyricetin and diabetes, Dihydromyricetin and obesity, Dihydromyricetin and intestinal microorganism. The results were screened based on their titles, abstracts, and full-text availability, according to our inclusion criteria: MS, diabetes and obesity cell, animal or clinical studies evaluating vine tea or DHM. All non-English-related titles were excluded from the present review. Filter limits, such as text availability, article type, and publication date were not applied.


MS and Vine Tea

Metabolic syndrome refers to the pathological disorders of protein, fat, carbohydrate, and other substances in the human body, which can cause a complex metabolic disorder syndrome and result in cardiovascular diseases and diabetes (5). The clinical symptoms of MS are hyperlipidemia, hyperglycemia, and central-obesity, which may induce cardiac, cerebral infarction, and arteriosclerosis in severe cases (6). The pathophysiology is probably largely attributable to insulin resistance with the excessive flux of fatty acids implicated and the proinflammatory state (7). The development of MS may associate with the change of gut microbes (8). According to the WHO statistics, about 17.9 million people die of cardiovascular diseases worldwide every year, while about 422 million patients with diabetes worldwide and 1.6 million people die each year from diabetes and its complications. In 2019, there were more than 400 million patients with dyslipidemia and 116.4 million diabetics in China. However, the current treatment of MS is mainly through drug counseling, which cannot delay the process of arteriosclerosis and prevent the occurrence of cardio-cerebral infarction (9).

A large number of studies have shown that the Chinese traditional characteristic substances, such as hawthorn (10), Platycodon grandiflorum (11), chrysanthemum (12), and other common dual-purpose substances rich in flavonoids are of great significance in intervening metabolic disorders. In recent years, studies have found that flavonoids in vine tea not only have anti-inflammatory and bactericidal (13), anti-tumor (14), anti-oxidation (15), and other biofunctions, but also have significant effects in reducing blood lipid (16), blood glucose (17), protecting the cardiovascular system, reducing whole blood and plasma viscosity, expanding blood vessels, and increasing blood flow velocity (18). The modulation effects of flavonoids from vine tea on MS may indeed be influenced by gut microbiota. Downregulation of the ratio of Firmicutes and Bacteroidetes (F/B) in the human gastrointestinal tract was observed to alleviate metabolic disorders. Studies have shown that the F/B value is upregulated in obese patients (19). The level of glucagon-like peptide 1 (GLP-1) can be increased with the decrease of F/B values in insulin resistant mice (20). These results suggest that vine tea and its extracts can interfere with MS by regulating the abundance and composition of gut microbes.

Thus, this article documented the digestion, absorption, and metabolism of vine tea and its main functional component DHM in the human body, and their intervention effects on abnormal glucose and lipid metabolism and the potential molecular mechanism in animals and human studies were also summarized, aiming to provide a reliable theoretical basis for in-depth research and development of vine tea and DHM in functional food and clinical application of human body.



DHM From Vine Tea and Its Extraction

Dihydromyricetin, with a molecular weight of 320.25, is a white needle crystal, easily soluble in hot water, hot ethanol and acetone, slightly soluble in ethanol and methanol, very slightly soluble in ethyl acetate, insoluble in chloroform and petroleum ether. As a typical flavonoid compound, DHM has two chiral centers, so it is possible to obtain four potential enantiomers (21), which are vulnerable to environmental pH value and have poor stability. DHM is more stable under neutral and weakly acidic conditions (22). In addition, DHM produces an irreversible oxidation reaction when the ambient temperature exceeds 100°C (23). In fact, metal ions (such as Fe3+, Al3+, and Cu2+) affect the chemical stability of DHM (24).

Dihydromyricetin, as the highest content of flavonoids in vine tea, shows obvious differences from regions. Chang proposed that in Guangxi province, DHM content in young leaves of vine tea in Guilin and Cenxi was 3~15 times higher than that in Nanning (25). Zheng et al. had extracted DHM from vine tea from Hubei, Fujian, Yunnan, Guangxi, and Hunan in different ways, and the results showed that the extraction amount of DHM in vine tea from Yunnan province was the highest, which was 1.5 times that of Hubei province (26). In addition, different extraction methods were important factors. Studies showed that the DHM content in vine tea is about 21.86% under the conditions of 90°C, the solid-liquid ratio of 1:20 with the extraction time of 120 min (27). Under the conditions of 45–48°C, the solid-liquid ratio of 25 ml/g with the extraction time of 27–28 min, the content of DHM in ethanol extract is about 31.56% (28). Thus, it is very important to show the origin of vine tea while it was used to develop functional products and the extraction methods matter.



Digestion, Absorption, Metabolism, and Toxicity of DHM

When the administration of DHM, most of the prototype compounds and metabolites are excreted from the body through feces, while a small number of prototype compounds are absorbed through the small intestine, enter the blood circulation through the portal vein and reach to the liver, which further generates phase II metabolites through glucuronidation, sulfation, and methylation, absorbed by our body or excreted with urine. The oral bioavailability of DHM is quite low because of the occurrence of a large number of biotransformation reactions in the gastrointestinal tract and blood (29). The peak concentration (Cmax) of DHM was only reached 21.63 ± 3.62 ng/ml after 2.67 h treatment with an oral dose of 20 mg/kg. The half-life is 3.70 ± 0.99 h, and the resident time is 5.98 ± 0.58 h (30). In addition, DHM is easily eliminated and degraded by methylation, sulfide, and reduction reactions after entering the blood (31). In the rat model, the Cmax was 165.67 ± 16.35 ng/ml, the half-life was 2.05 ± 0.52 h, and the residence time was only 2.62 ± 0.36 h after intravenous injection of 2 mg/kg DHM. The bioavailability of DHM in the oral group and the intravenous group was only 4.02% (30). When the blood concentration is 100 ng/ml, the cell contact concentration is about 0.3 μM, which is much lower than the actual cell treatment concentration (0.01–300 μM) (Table 1). This also explained why oral DHM products were not effective. Meanwhile, DHM solution is easy to be oxidized and acylated, limiting its application in functional food and clinical medicine (38).


Table 1. The effect and molecular mechanism of DHM on MS in cell model.
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Structure modification of DHM was regarded as an effective way to improve its stability and functionality. DHM esterification, when formed by the reaction with acetic anhydride, increased its solubility in peanut oil by 4~6 times as well as its antioxidant activity (39). DHM reacts with perchloric acid and acetic anhydride to form DHM acetylated derivatives. Pharmacokinetic data showed that the half-life of DHM acetylated derivatives was two times that of DHM monomer, and the residence time in vivo was longer. The apparent volume of distribution (Vd) showed that the acetylated derivatives had a wider distribution area in vivo and higher stability (40). In addition, the water solubility of DHM glycosides increased 89 times and the Browning resistance increased 14.5 times (41). DHM can increase its solubility in water from 0.74 to 53.64 mg/ml by forming an inclusion complex with hydroxypropyl-β-cyclodextrin, and the thermal decomposition reaction of DHM can also be delayed by forming inclusion (42).

Vine tea had no obvious toxic side effects on rats, mice, rabbits, and domestic dogs, which could be used as a non-toxic food raw material. The administration dose at 250 mg/kg to mice (43), at 400 mg/kg to broilers (44), at 150 mg/kg to domestic dogs (45), and intragastric administration of 93 mg/kg DHM to rabbits have no obvious toxicological side effects on body weight, food intake, blood physiological and biochemical indicators, organ weight, histopathological indicators, and skin allergy indicators (46). Thus, vine tea/DHM was regarded as safe with multiple functionalities.



Application of Vine Tea and Its Functional Components in Medicine and Food

Vine tea and DHM related products have gathered the attention of the scientific and industrial community due to their various possible applications. The health food of vine tea approved by China's Food and Drug Administration, such as “Kubao Zhishukang Capsule (12.7 g total flavonoids/100 g)” and “Jinqi vine tea (3.5 g total flavonoids/100 g)” which have the effect on lowering blood lipid, and “Xihuang Bazhen tea” which was found to enhance the immune function and protect the function of chemical liver injury. According to the document of “announcement on three new food raw materials such as the leaves of vine tea” (No. 16, 2013) adopted by the national health and Family Planning Commission, vine tea is legal to use as raw material to develop common food (47). In addition, the current food production principles (SC) classification of vine tea support it to be used as common food or common food base material to develop into “tea and related products.” All these enable a steadily growing of bag brewed vine tea (48), compound vine-tuo tea (49), “Jinhua vine tea (50),” and vine tea related drinks (51). In addition, products, such as camellia noodles (52), camellia gummy candy, and camellia jelly have been put into the market (53, 54). Although several rattan tea products have been developed, research on their safety and function is still not clear.




THE POTENTIAL MOLECULAR MECHANISMS OF VINE TEA AND DHM UNDERLYING THE INTERVENTIONAL EFFECT ON MS IN CELL AND ANIMAL MODELS

Metabolic syndrome is a common metabolic disorder defined by a constellation of interconnected physiological, biochemical, clinical, and metabolic factors, which directly increases the risk of cardiovascular disease, type 2 diabetes mellitus (T2DM), and cause mortality, seriously threatening human health and quality of life (55). Due to modern patterns of life style, such as surplus energy intake and sedentary life habits, the incidence of MS is increasing and tends to be prevalent in young people. Vine tea and its main functional component DHM were used to treat obesity model rats (10–500 mg/kg/day for 6–24 weeks) and diabetes model rats (30–500 mg/kg/day for 2–16 weeks) and inflammatory model mice (57.5–500 mg/kg/day for 1–120 days), as shown in Table 2, mainly through the targeting redox signaling pathways, such as Nrf2 antioxidant pathway, NF-κB inflammatory pathway, PI3K/IRS2/AKT insulin resistance pathway, and AMPK-PGC1α-SIRT1, SIRT3 energy metabolism related pathway.


Table 2. The effect and molecular mechanism of dihydromyricetin (DHM) on metabolic syndrome (MS) in animals.
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Regulation on Blood Lipid

Vine tea and DHM play an important role in reducing blood lipid and blood glucose. DHM can significantly inhibit the biosynthesis of intracellular cholesterol in the high-fat model, decrease the levels of triglyceride (TG), total cholesterol (TC), and low-density lipoprotein (LDL-C), and increase the levels of high-density lipoprotein (HDL-C), superoxide dismutase (SOD), and catalase (CAT). Moreover, vine tea and DHM can lower the expression of alanine transaminase (ALT) and aspartate aminotransferase (AST) and reduce the level of malondialdehyde (MDA) (56, 57). In hepatocytes of obese mice treated with DHM, the lipid droplet status was significantly improved, the fat vacuole area was reduced, the expression of liver lipid anabolism-related genes (SREBP1, ACC1, and FAS) was decreased, and the expressions of liver lipid metabolism related genes (PPARα and CPT1) were upregulated (58). In high-fat ApoE (-/-) mice, DHM showed an effect on lowering the hepatic steatosis, regulating the expression of antioxidant enzymes, inhibiting the expression of adenylate phosphorylated protein kinase (p-AMPK) in liver tissue to inhibit hepatocyte apoptosis, protect liver tissue, alleviate liver injury, and improve the metabolic abnormalities in high-fat mice (59). In addition, DHM significantly reduced the lipid deposition and cholesterol content in mouse peritoneal macrophages, increase the expressions of ABCG5, ABCG8, and CYP7A1mRNA, promote the decomposition and excrement of cholesterol in the liver, and increases the protein expressions of ABCG5 and ABCG8 in the small intestine in mice (60). In atherosclerosis (AS) model, the mRNA expression of platelet phospholipase A2 of group IIA (sPLA2-IIA) was significantly decreased, the expressions of Beclin-1 and LC3-II were significantly increased, and the expression of p62 was significantly downregulated; while diffuse uplift in thoracic aorta wall, the proportion of AS plaque area and the degree of common carotid artery lesions were all reduced (61, 62). In high-fat obese mice, DHM reduced the size of shoulder adipose tissue cells and increased the expressions of UCP1 and Prdm16 in white adipose tissue (WAT) (63). The mRNA and protein expressions of adenylate activated protein kinase (AMPK), peroxisome proliferation-activated receptor γ (PGC1α), and silent message regulator (Sirt1) were increased in subscapular adipose tissue of mice. It is speculated that DHM can promote adipocyte brown-resistance to obesity through the AMPK-PGC1α-SIRT1 pathway (64). In addition, DHM-induced activation of SIRT3 can promote the expression of mitochondrial respiratory chain enzyme complex in hepatocytes, increase SOD-2-mediated mitochondrial antioxidant capacity, and inhibit oxidative stress in hepatocytes. These results suggested that DHM may inhibit the oxidative stress in hepatocytes by upregulating SIRT3 expression by activating the AMPK/PGC1α pathway and promoting mitochondrial translocation (65).



Regulation on Blood Glucose and Insulin Resistance

In diabetic models, DHM decrease the contents of TC, TG, and LDL-C while HDL-C and serum adiponectin were enhanced (66). Insulin resistance is commonly occurring in patients with diabetes and other metabolic disorders. Proinflammatory factor tumor necrosis factor-α (TNF-α) can inhibit serine phosphorylation of insulin receptor substrate-1 (IRS-1) by reducing the level of guanylate kinase related protein 42, thereby inhibiting the downstream glycogen synthesis and glucose transporter 4 (GLUT-4) activity to cause insulin resistance (78). At the same time, it can also induce hepatic steatosis by activating sterol regulatory element binding protein-1c (SREBP-1c), an important transcription factor of lipid synthesis gene expression, resulting in increased fatty acid synthesis and excessive accumulation of triglycerides (79). The treatment with DHM showed more intact islet tissue and increased β cells and insulin level, with the decrease of blood glucose. The expression levels of p-Akt, p-IRS-1, and p-AMPK in liver tissue were significantly increased, and insulin sensitivity was improved (67–69). In the cell model, it can also reduce the blood glucose level, upregulate the ratio of Bax/Bcl-2, the expression of GLUT4 and Akt2, and downregulate the phosphorylation of peroxisome proliferator- activated receptor γ (PPAR γ) and ERK to improve the insulin sensitivity (32–35).

Autophagy is a type of programmed apoptosis, which can regulate the renewal of new and old cells, and plays an important role in maintaining the intracellular homeostasis in response to intracellular stress (80). The expression of autophagy related genes (ATG14, RB1CC1/FIP200, GABARAPL1, and WIPI1) and protein LC3BII and ATG5 in skeletal muscle in patients with T2DM following in severe insulin resistance are downregulated (81). Impaired autophagy will further aggravate the metabolic disorder associated with diabetes in insulin target tissues (such as liver, skeletal muscle, and adipose tissue) and pancreatic β cells (82). In mouse skeletal muscle tissue, DHM can upregulate the expression of autophagy factor LC3-II and downregulate the expression of p62, and the number of autophagosomes after induction depends on SIRT3 regulation, suggesting that DHM may regulate SIRT3 induced autophagy in skeletal muscle through AMPK-PGC1α pathway to improve the insulin sensitivity (70).

Dihydromyricetin upregulated the expression of autophagy factor LC3-II and downregulated the expression of p62 in skeletal muscle, and the number of autophagosomes after induction was dependent on SIRT3 regulation, suggesting that DHM may improve the insulin sensitivity by regulating SIRT3-induced autophagy in skeletal muscle through AMPK-PGC1α pathway (70). It is well known that patients with diabetes are associated with many complications, among which neurodegenerative diseases, such as Alzheimer's disease (AD) have a great impact on the lives of patients and their families. In mice with T2DM, DHM inhibits oxidative stress in the hippocampus (66), increases the protein expression of phosphatidylinositol 3-kinase (PI3K), Akt, and brain-derived neurotrophic factor (BDNF) in the hippocampus, and stimulate improvement of cognitive dysfunction in T2DM mice (71). The expression of the P2X7 receptor, a family of ATP-gated ions, was downregulated in the hippocampus of mice, and diabetic neuropathic pain (DNP) and depression (DP) symptoms were both significantly improved (72).



Regulation on Redox and Inflammatory Associated Signaling Pathways

The development of obesity and type 2 diabetes is closely related to mitochondrial dysfunction and oxidative stress. Ectopic lipid deposition results from insulin resistance, causing mitochondrial function reduction and oxidative imbalance. Oxidative stress is able to destroy the liver antioxidant enzyme system, resulting in hepatocyte injury and abnormal liver function (83, 84). From the point of antioxidant enzyme, DHM can upregulate the levels of SOD and CAT (56, 57). In addition, Liang found that DHM could alleviate vascular wall thickening, endothelial roughness, and media smooth muscle fiber hyperplasia in rats (61). DHM significantly reduces serum C-reactive protein (CRP), serum TNF-α, and interleukin (IL-1) levels in mice with focal brain I/R injury (73). DHM can downregulate the expressions of apoptotic protease 3 (Caspase3), Bcl-2 family protein (Bax), and upregulate the expression of Bcl-2 protein in an inflammatory mice model. DHM decreased the level of TNF-α and interleukin-1 β (IL-1β), followed by the decreased translocation of nuclear transcription factor NF-κB and inhibition of MAPK family protein p38. It is suggested that DHM may alleviate oxidative stress and apoptosis through the MAPK pathway (36, 74, 75). DHM reduced the nuclear factor erythroid-2-related factor 2 (Nrf2) nuclear translocation, upregulated downstream heme oxygenase (HO-1) expression in diabetic rats (76). Downregulation of NF-κB expression, pro-inflammatory factor interleukin-6 (IL-6), and interleukin-8 (IL-8) levels, and upregulation of anti-inflammatory factor interleukin-10 (IL-10) by DHM treatment were also observed (37, 77).



Regulation on Intestinal Microbiota

Gut microbiota plays a crucial role in human health. The alteration of the composition of gut microbiotas is related to nutrient acquisition and energy regulation. Studies have shown that human intestinal flora can produce DHM metabolites in vitro and confirmed that DHM can be reduced and dehydroxylated to form metabolites under the action of intestinal microbes (24). Furthermore, DHM can regulate the composition of intestinal microflora by changing the richness and diversity of intestinal microflora (85). The ratio of F/B was significantly reduced by DHM in the gut microbes, and its decrease is positively correlated with the reduction of the obesity risk (86). Xie et al. confirmed that vine tea extract could reduce the proportion of F/B and increase the relative abundance of Akkermansia ruminoccoccus in high-fat diet mice (87). It inhibits the reproduction of Enterobacteriaceae, interferes with the relative abundance of intestinal microorganisms, prevents the imbalance of gut microbes, and improves non-alcoholic fatty liver disease (NAFLD). Multiple studies have shown that the relative abundance of Bacteroides, Ruminoccoccus, and Akkermansia were significantly changed in patients with NAFLD, and the serum endotoxin was increased, which induced the occurrence of insulin resistance and intestinal inflammation (88). Moreover, the decreased expression of ZO-1 in the inner wall of the small intestine leads to changes in intestinal permeability and a large number of enterogenic bacteria and metabolites enter the blood and the liver tissue, increasing the burden of the liver and leading to hepatotoxicity (89). DHM restores the ratio imbalance between Firmicutes and Bacteroidetes induced by HFD and upregulates the relative abundance of Akkermansia and Prevotella. Additionally, DHM significantly reduces the serum endotoxin level and increases the level of ZO-1 protein in intestinal tissue (87).

Despite the evidence indicating the interaction between DHM and gut microbes, the current studies focus on the effect of DHM on gut flora and the biotransformation of DHM under gut microbiota. The specific gut microbes responsible for the metabolism of DHM are still unknown. At present, 8 kinds of DHM metabolites in the urine and fecal of rats have been isolated and identified, but no follow-up investigations have been conducted (29), and the effects of DHM on the intestinal immunity, intestinal function, and inflammatory development after changing the composition of gut microbes have not been fully clarified (90).




INTERVENTIONAL EFFECTS OF VINE TEA AND DHM ON HUMAN MS

According to our literature search strategy, there are only two clinical studies published on vine tea or DHM against human MS up to date (Table 3). Ran divided the 80 patients with T2DM into vine tea group (970 mg/day, DHM) group and placebo group for a month in a double-blind clinical trial to monitor the blood glucose, insulin, blood lipids, and renal function indexes (91). Compared with the placebo, the levels of fasting blood glucose, glycated albumin, bladder C, and RBP-4 were significantly decreased in the vine tea group (91). The limitations of this first clinical research are the small popularity especially on elder people and the lack of experiment design on people who only received insulin or metformin. TNF-α, fibroblast growth factor 21 (FGF21), and insulin homeostasis assessment index were significantly reduced in patients treated with DHM (300 mg/day) in NAFLD (92). However, the parameters were only determined at the end of the intervention as it is of great importance to know the changes over time. The clinical research of DHM was very limited as one challenge is the low bioavailability of DHM. The other reason is the “dose-time-toxicity-functionality” of DHM, which is still unknown.


Table 3. Effects of DHM on MS in the human body.
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DISCUSSION AND CONCLUSIONS

Dihydromyricetin, as the main functional compound of vine tea, is a plant resource with homologous medicinal and food characteristics in China with multiple bio-functions. Vine tea and DHM showed effects on regulating MS and their molecular pathways, such as Nrf2/ARE, NF-κB/JNK, AMPK/PGC1α/Sirt1 in obesity and diabetes models in animal models (Figure 1). It would be interesting to discuss the intervention mechanism of MS by combining the oxidative stress and inflammatory pathway with insulin resistance and adipose cell browning in the future.


[image: Figure 1]
FIGURE 1. Molecular mechanism of DHM on abnormal glucose and lipid metabolism.


However, vine tea species should be clarified when used as raw material for functional food development due to the huge variation of DHM content among the species. Additionally, the poor water solubility of DHM leads to its low membrane permeability and bioavailability, which limited the wide application of vine tea. Therefore, improving the bioavailability of DHM by using molecular modification technology and encapsulation technology is the crucial step for the deep development of vine tea and its related products. Interestingly, the existing data of animal models showed that the cell contact concentration of DHM was much lower than the treatment concentration in the cell model, which might be one of the reasons for the poor results obtained from animal experiments. The effect of DHM with high purity of 98% on animal MS was not as good as that of vine tea extract with 60% of DHM, which may be related to the complex form of DHM in less pure extracts. Micro-nano systems, such as polysaccharides, modified starch, and Chinese medicine decocting may protect the biological activity and structural stability of flavonoids. Thus, forming a complex or using an encapsulation technique would be a promising way to improve the bioavailability of DHM.

In addition, considering the different doses ranging from 10 to 500 mg/kg/day were applied in different animal models, it could be very interesting in the future to narrow down these differences and establish a safe range of DHM intake for humans. Sufficient data regarding of “dose-time-toxicity-function” of DHM from the long-term investigation will bring light to its application. In regards to the published articles, there were a lot of studies that had no purity results, which should be mentioned for future study. Although the interaction mechanism of gut microbiota and DHM has growing attraction in recent times (Figure 2), there is still a lot of work remaining to reveal the effects of DHM on the species structure and richness of gut microbiota and the intervention mechanism of its metabolites on MS, especially on whether these metabolites were absorbed in the blood and enter to the body circulation.


[image: Figure 2]
FIGURE 2. Potential mechanism of interaction between DHM and gut microbiota.


In the future, we can focus on DHM's highly enriched vine tea species, and improve the bioavailability of DHM. The deeper molecular mechanism, analyzed by multiomics to find the potential targeted protein and gene, as well as the biomarker of DHM on blood and gut were worth studying. Furthermore, more human clinical trials should be conducted to verify its function. Considering the availability of vine tea resources and its excellent health promoting effects, it would be very beneficial to have more vine tea related products entering foods, medicines, and clinical use.
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Weaned piglets stayed in transitional stages of internal organ development and external environment change. The dual stresses commonly caused intestinal disorders followed by damaged growth performance and severe diarrhea. High dose of zinc oxide could improve production efficiency and alleviate disease status whereas caused serious environmental pollution. This research investigated if coated ZnO (C_ZnO) in low dose could replace the traditional dose of ZnO to improve the growth performance, intestinal function, and gut microbiota structures in the weaned piglets. A total of 126 cross-bred piglets (7.0 ± 0.5 kg body weight) were randomly allocated into three groups and fed a basal diet or a basal diet supplemented with ZnO (2,000 mg Zn/kg) or C_ZnO (500 mg Zn/kg), respectively. The test lasted for 6 weeks. C_ZnO improved average daily gain (ADG) and feed efficiency, alleviated diarrhea, decreased the lactulose/mannitol ratio (L/M) in the urine, increased the ileal villus height, and upregulated the expression of Occludin in the ileal tissue and the effect was even better than a high concentration of ZnO. Importantly, C_ZnO also regulated the intestinal flora, enriching Streptococcus and Lactobacillus and removing Bacillus and intestinal disease-associated pathogens, including Clostridium_sensu_stricto_1 and Cronobacter in the ileal lumen. Although, colonic microbiota remained relatively stable, the marked rise of Blautia, a potential probiotic related to body health, could still be found. In addition, C_ZnO also led to a significant increase of acetate and propionate in both foregut and hindgut. Collectively, a low concentration of C_ZnO could effectively promote growth performance and reduce diarrhea through improving small intestinal morphology and permeability, enhancing the barrier function, adjusting the structure of gut microbiota, and raising the concentration of short-chain fatty acids (SCFAs) in the weaned piglets.

Keywords: coated zinc oxide, post-weaned diarrhea, gut microbiota, intestinal health, intestinal barrier


INTRODUCTION

These years, early weaning techniques were commonly used in factories with the acceleration of the intensive breeding process, which directly caused severe diarrhea in piglets under multiple stresses, such as shifts in nutrition and environment (1, 2). ZnO had been recognized as a diarrhea inhibitor and growth promoter in a high dose, whereas ZnO was mostly consumed into zinc ion in the acidic environment of the gut and then eliminated from the body (3). Compared with inorganic zinc ions, ZnO reached better growth performance and was less toxic which meant the main form that worked was a molecular form (4).

The coating was a common means of drug delivery, which could improve chemical stability and bioavailability. Given that 75–90% of supplemental ZnO in the diet could not be absorbed resulting in severe environmental pollution (5), ZnO had been limited to 1,600 mg Zn/kg in the diet of weaned piglets these years. However, the traditional volume of ZnO was at least 2,000 mg Zn/kg in the previous researches to reach the effect of improved mucosal barrier function and reduced diarrhea incidence (6). Thus, encapsulation seemed like an effective method to solve the problem that a lower dose of ZnO could not function as before. With the protection of the covering layer, the ZnO in the inner core could be retained to reach the intestine, where ZnO performed its primary function. Some studies had indicated that ZnO (at least 380 mg Zn/kg) supported on carriers, such as smectite, or coated with enteric materials, such as lipid, reached the same effect of ZnO in high dose (3, 7), while lower content of ZnO (100 or 200 mg Zn/kg) did not make any difference on growth performance and stool consistency (8, 9). The observation concluded that coating treatment was an effective means to reduce the use of ZnO to some extent. Thus, based on the effective delivery of lipid-coated products (8), our research adopted a lipid-encapsulated method to protect ZnO from the acidic environment in the gut. After efficiently reaching the intestine, coated ZnO (C_ZnO) released the ZnO particles under the effect of lipase. However, the function of lipid C_ZnO composite on the diarrhea rate, intestinal barrier proteins, and inflammatory status remained controversial in the weaned piglets (8, 10).

Postweaned diarrhea was commonly companied with disturbed gut microbiota (11, 12). ZnO and C_ZnO could both act as microecological regulators. ZnO treatment could decrease the abundance of the opportunistic pathogen, Campylobacterales, accompanied by the increase of Enterobacteriales in the ileum, while Methanobrevibacter dramatically gathered in the colon (13). However, lipid C_ZnO-induced changes of gut microbiota were less known. Given that intestinal flora was crucial for host health and had been proved as a target for disease treatment (14–16), regulating intestinal microbial structure might be an important aspect to realize its function. However, the study of C_ZnO in the microbiological regulation of whole intestine seemed relatively deficient at present. Thus, we would focus on this aspect to investigate the effects of C_ZnO in this article.



MATERIALS AND METHODS


Animals and Treatments

A total of 126 crossbred piglets (Duroc × Landrace × Yorkshire, weaned at 21 days) with an initial body weight (IBW) of 7.0 ± 0.5 kg, were allocated into three groups, six replicates per group, and seven pigs per pen (2.0 m × 1.5 m) based on body weights. Piglets were fed with a basal diet (CON) or a basal diet supplemented with ZnO (2,000 mg Zn/kg) and C_ZnO (500 mg Zn/kg), respectively. The feeding experiment lasted for 42 days. The basal diet was formulated according to the National Research Council (NRC 2012) recommendations to meet or exceed the nutritional requirements (Table 1). All feed and water were available ad libitum. The ambient temperature was maintained at 26 ± 2°C and relative humidity was controlled at 60 ± 5%.


Table 1. The ingredient and nutrient content of the basal diets used in two growth phases of weaned piglets (dry matter basis, %).
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Growth Performance and Diarrhea Rate

All the piglets were individually weighed at the beginning (day 0) and end (day 42) of the experiment, and average daily gain (ADG) was calculated. The feed intake of each pen was recorded to calculate the average daily feed intake (ADFI) and feed to gain ratio (F/G). The incidence of diarrhea for each pen was observed and recorded at 08:00 and 14:00 h each day during the experimental period. Diarrhea rate was calculated according to the formula: diarrhea rate = Σ (the number of pigs with diarrhea per pen × days of diarrhea) / (total number of piglets × 21 days) × 100% (17).



Lactulose/Mannitol Test

The lactulose/mannitol (L/M) test was performed as described previously (1). The urine of six piglets that starved 6 h of each group was collected for baseline urinary sugar measurement. Then, the experimental piglets were orally administrated with 5 ml lactulose (0.4 g/ml; Sigma) and mannitol (0.2 g/l; Sigma). And urine was collected over a 6 h starving period from each pig. Concentrations of lactulose and mannitol in urine were determined by an enzymatic spectrophotometric method.



Sample Collection

In the morning of the 42nd day, six pigs from each group were sacrificed. Intestinal tissue segments of about 2 cm were immediately separated from the same sections of the ileum and colon with carefulness to avoid squeezing, and fixed in 4% paraformaldehyde solution for intestinal morphology analysis. The remaining intestinal segments and digesta samples recovered from the ileum and colon were transported to liquid nitrogen quickly.



Intestinal Morphology Analysis

All samples were fixed in 4% paraformaldehyde for 48 h and then embedded in paraffin. Sections of 3 μm were cut and stained in H&E. Each sample was set three duplications and the microstructures of the ileum and colon were analyzed by using a microscope (BX51 type, Olympus Corporation, Japan). The villus height and the crypt depth were measured, and the ratio of villus height to crypt depth of each sample was calculated.



Western Blotting Analysis

Ileal and colonic samples were collected to measure the relative expressions of Claudin-7 and Occludin. Briefly, total proteins were extracted, and then the concentration of protein was determined by a bicinchoninic acid (BCA) kit (Pierce, Rockford, Illinois, USA). Next, the proteins were denatured, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE), and transferred to the polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked with 5% skim milk powder, followed by overnight incubation at 4°C with primary anti-β-tubulin (DSHB, Beijing, China), anti-Claudin-7 (Abcam, Nanjing, Jiangsu, China), and anti-Occludin (Abcam, Nanjing, Jiangsu, China) antibodies and appropriate secondary antibodies (CST, Nanjing, Jiangsu, China) for 2 h at room temperature. Finally, the bounds were visualized by the LI-COR Infrared Imaging System (Odyssey, Lincoln, NE).



Extraction of Microbial DNA From Intestinal Digesta

Microbial genomic DNA was extracted from ileal and colonic digesta of piglets using a Stool DNA kit (Omega Bio-tek, Norcross, Georgia, USA). Samples were homogenized, purified, and diluted to a final concentration of about 30 ng μl−1. Then, the PCR amplification procedure was set as follows: 95°C for 5 min and then 25 cycles at 95°C for 30 s, 56°C for 30 s and 72°C for 40 s, finally 72°C for 10 min. PCR mixture of total 50 μl concluded 30 ng DNA sample, 2 μl of each Primer [338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)], 4 μl dNTPs (2.5 mM), 5 μl Fast Pfu Buffer and 3 μl Fast Pfu DNA Polymerase. The PCR products were examined on a 2% agarose gel. Then, the purified amplicons were sequenced on Illumina HiSeq 2000 platform according to protocols of Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) to detect the two hypervariable regions of 16S rRNA, V3 and V4 regions. The sequence analysis was performed on QIIME and UPARSE, which resulted in sequences over 50 bp retained for phynotype analysis and clustered with 97% similarity.



Ion Chromatography

The concentrations of ileal and colonic short-chain fatty acids (SCFAs) were analyzed by ion chromatography. About 0.6 g of sample was resuspended in 10 ml ultrapure water, then the mixture performed ultrasonic treatment for 30 min and centrifuged at 5,000 rpm for 10 min to obtain the supernatant. The supernatant was diluted 20 or 50 times for the foregut and hindgut, individually. After filtering with a 0.20 μm nylon membrane filter, the solution was poured into an ion chromatography system (Dionex ICS-3000).



Bacterial Isolation, Characterization, and Physiological Identification

The ileal digesta of C_ZnO-treated piglets was diluted and pelleted on the De Man, Rogosa, and Sharpe (MRS) medium for a period of 48 h at 37°C in an anaerobic workstation (Longyue, Shanghai, China) for the isolation of Streptococcus. Meanwhile, the Bacillus was isolated and cultured on the Luria-Bertani (LB) plate at 37°C in the incubator. Then the single colonies were sequenced using 16S primers: 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′), followed by comparing with the NCBI sequence database with basic local alignment search tool (BLAST) and constructing a phylogenetic tree by using MEGA version 11 (The Biodesign Institute, Tempe, AZ, USA).

For Gram staining, a drop of bacterial suspension was pelleted on the glass slide and fixed with flame. Then it was stained with crystal violet for 1 min and washed with running water. Iodine staining was applied and incubated for 1 min, followed by washing with running water to remove the dye. After decolorization with alcohol for 30 s and thorough rinse, the microbe was stained with safranine for 1 min and washed with running water. The slide was finally observed via microscope (BX51 type, Olympus Corporation, Japan).

The effect of interbacterial inhibition was detected by the oxford cup method. Bacillus in the logarithmic phase was diluted to 105 CFU/ml as an indicator. And the antibacterial ability of Streptococcus was detected, while the normal saline was used as a negative control.

For detecting the tolerance to C_ZnO and ZnO, bacteria were coincubated with C_ZnO and ZnO in graded concentrations ranging from 0 to 1 g Zn/L for 8 h to reach the stationary phase. The bacteria solution was pelleted on the culture after dilution, then the colonies were counted. The result was calculated according to the formula: tolerance = log10CFU (numbers of bacteria in different concentrations of C_ZnO or ZnO culture/numbers of bacteria in normal culture).



Statistical Analysis

Statistical analysis was carried out using SAS version 9.1 (SAS Institue Inc, Cary, NC, USA). ANOVA followed by Tukey's multiple range tests were performed to assess statistical significance. The results were shown as mean ± SEM. P < 0.05 was considered significant, and P < 0.01 was strongly significant.




RESULTS


C_ZnO Improved the Growth Performance, Diarrhea Rate, and Intestinal Permeability

Coated ZnO improved end bodyweight (EDW), ADG, and F/G compared to the CON group and even the ZnO group (P < 0.05). And the ADFI showed no difference among all groups (P > 0.05). ZnO and C_ZnO both effectively reduced the diarrhea incidence in the period of the experiment (P < 0.05). In addition, ZnO and C_ZnO also significantly decreased the intestinal permeability compared with the CON group (P < 0.05) as indicated by the L/M (Table 2).


Table 2. Effects of coated ZnO (C_ZnO) on the growth performance of piglets.
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C_ZnO Improved the Intestinal Mucosal Morphology

Coated ZnO significantly increased the villus height in the ileum (P < 0.01), while no difference was found in the ratio of villus height to crypt depth in the ileum and crypt depth both in foregut and hindgut (P > 0.05, Figure 1). And the improved effect of C_ZnO reached the same level of traditional ZnO in high dose.


[image: Figure 1]
FIGURE 1. The effects of ZnO and coated ZnO (C_ZnO) on the intestinal mucosal morphology. (A) H&E staining of ileal tissue in piglets and the analysis of intestinal morphology. (B) H&E staining of colonic tissue in piglets and the analysis of intestinal morphology. Data are expressed as mean ± SEM, n = 6. *P < 0.05, **P < 0.01. CON, basal diet; ZnO, a basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, a basal diet supplemented with C_ZnO (500 mg Zn/kg); V, villus height; C, crypt depth; V/C, the ratio of the villus height to crypt depth.




C_ZnO Strengthened the Intestinal Barrier Function

Coated ZnO significantly increased the expression of Occludin in the ileum, compared with the CON group (P < 0.01), and also led to an increased trend in the colon. However, the expression of Claudin-7 showed no difference among these groups (P > 0.05, Figure 2).
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FIGURE 2. The effect of ZnO and C_ZnO on the expression of intestinal barrier proteins. (A,B) Western blotting results and analysis of Occludin and Claudin-7 in ileal (A) and colonic (B) tissues. Data are expressed as mean ± SEM, n = 3. *P < 0.05, **P < 0.01. CON, basal diet; ZnO, a basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, a basal diet supplemented with C_ZnO (500 mg Zn/kg).




C_ZnO Regulated the Composition and Diversity of the Bacterial Community

Ileum harbored increased bacterial richness with the ZnO treatment compared to the other groups which were reflected by the higher Chao index (P < 0.05, Figure 3A). Notable differences were found among the three groups as indicated by the principal coordinate analysis (PCoA) within the ileal lumen (Figure 3B). At the phylum level, C_ZnO treatment led to significant growth in Actinobacteria (P < 0.05) and Cyanobacteria (P < 0.05) and decrease in Proteobacteria (P < 0.05) in the foregut (Figure 3C). Down to the family level, compared to the other groups, the abundance of Streptococcaceae, norank_o__Chloroplast, Micrococcaceae, and Corynebacteriaceae (P < 0.05) were increased, accompanied by decline of Clostridiaceae_1, Bacillaceae, Paenibacillaceae, Enterococcaceae, Enterobacteriaceae, and Clostridiaceae_2 (P < 0.05) in the ileal lumen. Moreover, C_ZnO and ZnO treatments both induced a remarkable increase of Lactobacillaceae (P < 0.05, Figure 3D). In the genus level, C_ZnO had more Streptococcus, Rothia, and Corynebacterium_1 (P < 0.05) and a lower abundance of Clostridium_sensu_stricto_1, Bacillus, Paenibacillus, Enterococcus, Alkaliphilus, and Cronobacter (P < 0.05) than CON and ZnO groups. The changes in genus level were consistent with the overall changes in the family level (Figure 3E). Linear discriminant analysis effect size (LEfSe) bar also showed specific enrichment of genus Rothia (linear discriminant analysis [LDA] score: 3.89) in C_ZnO group. And Lactobacillus and Blautia were significantly increased in ZnO group (LDA score: 4.89 and 4.01, respectively, Figure 3F; Supplementary Figure 1).
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FIGURE 3. Effects of ZnO and C_ZnO on ileal microbial community of piglets. (A) Chao analysis of intestinal flora. (B) Principal coordinate analysis (PcoA) of intestinal microbiota. (C–E) Microbial community in the phylum (C), family (D), and genus (E) level. (F) LEfSe analysis and LDA score distribution histogram. CON, basal diet; ZnO, basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, basal diet supplemented with C_ZnO (500 mg Zn/kg).


While in the colonic lumen, a relatively slight difference was found with an unchanged chao index though the PCoA plot showed separate clusters (Figures 4A,B). The microbial structures were kind of similar in the phylum level (Figure 4C), while the difference appeared in the lower level. The abundance of Streptococcaceae was dramatically increased in the CON group, which showed an opposite trend from the ileal lumen. Lachnospiraceae and Lactobacillaceae showed a slight increase in both ZnO and C_ZnO treatment, whereas the abundance of Clostridiaceae_1 was decreased. And the ZnO group gathered Prevotellaceae in the lumen compared to the C_ZnO group (Figure 4D). In the genus level, C_ZnO gathered more Agathobacter, Roseburia, and Blautia compared to ZnO. Furthermore, ZnO treatment raised Faecalibacterium, Prevotellaceae_NK3B31_group, Intestinibacter, and Coprococcus_1 (Figures 4E,F). LEfSe analysis between two groups also reflected the results (Supplementary Figure 2).
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FIGURE 4. Effects of ZnO and C_ZnO on colonic microbial community of piglets. (A) Chao analysis of intestinal flora. (B) Principal coordinate analysis (PCoA) of intestinal microbiota. (C,D) Microbial community in the phylum (C), family (D), and genus (E) level. (F) LEfSe analysis and LDA score distribution histogram. CON, basal diet; ZnO, a basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, a basal diet supplemented with C_ZnO (500 mg Zn/kg).




C_ZnO Increased the Concentration of Intestinal SCFAs

ZnO increased the concentration of acetate in the colon (P < 0.05) and propionate in both ileum (P < 0.05) and colon (P < 0.05), while C_ZnO significantly increased the concentration of acetate and propionate in ileum (P < 0.05) and colon (P < 0.05) compared with the other groups. Moreover, there was no difference in concentration of butyrate in ileum among the groups, whereas a decline of butyrate content was found in the colonic lumen of the ZnO and C_ZnO treatments (P < 0.05, Table 3).


Table 3. Effects of C_ZnO on intestinal SCFAs in the weaned piglets.
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Streptococcus thermophilus Possessed C_ZnO and ZnO Tolerance and Could Inhibit the Proliferation of Bacillus cereus

After isolation and identification, we obtained two strains from the ileal digesta of C_ZnO treated piglets. One shared the closest genetic relationship with S. thermophilus, gram-positive bacteria with smooth colony cultured on MRS (Figure 5A), while the other was detected as B. cereus, gram-positive bacteria with snowflake colony isolated from LB (Figure 5B). Except for the strong antibacterial capacity of S. thermophilus (Figure 5C), it was also promoted by not only C_ZnO but ZnO even in high concentrations of 1 g Zn/L, whereas the B. cereus was inhibited under the same condition (Figure 5D).


[image: Figure 5]
FIGURE 5. Bacterial isolation, characterization, and physiological identification. (A) Phylogenetic tree, colonial morphology, and Gram staining of S. thermophilus. (B) Phylogenetic tree, colonial morphology, and Gram staining of B. cereus. (C) Antibacterial activity of S. thermophilus. (D) Tolerance of C_ZnO and ZnO in S. thermophilus and B. cereus.





DISCUSSION

Coated ZnO reached a better effect than traditional ZnO on ADG and feed efficiency even in a lower dose, which coincided with the abundance of previous data (3, 18). And the statistical result of ADFI proved that neither ZnO nor C_ZnO affected palatability. What is more, the relieved diarrhea incidence resulting from ZnO and C_ZnO treatment was also in line with the notable effect of ZnO (19, 20).

Diarrhea was accompanied by ruined villi and a slow cell renewal rate, leading to disorders of nutrient absorption, eventually causing growth retardation in weaned piglets (21). In the present research, ZnO and C_ZnO both elevated the villus height in the foregut, which broadened the intestinal absorption surface area. However, there was no significant difference in crypt depth, which commonly reflected the rate of intestinal renewal and secretion function (22), and the index reflected absorption capacity, the ratio of villus height to crypt depth, was not affected either.

Changed intestinal permeability commonly contributed to the imbalanced fluid and electrolytes, which finally caused diarrhea (23). The lower L/M indicated that ZnO and C_ZnO decreased the small intestinal permeability. Intestinal permeability was partly affected by tight junctions (TJs), including claudins, Occludin, and junctional adhesion molecules, which formed at the apex of the basolateral membranes of epithelial cells to control the paracellular permeation (24). The paracellular pathway could divide into two different routes: one named “pore pathway” controlled by claudins, regulating the flux of small molecules and the other named “leak pathway” controlled by Occludin, regulating the transportation of large molecules (25, 26). TJs were also linked to intracellular located adaptor protein, such as zonula occludens, together which form the intestinal barrier (24). Our results found C_ZnO increased the expression of Occludin in the ileum, which led to low intestinal permeability and could enhance the resistance against the translocation of antigens (27).

Intestinal microbiota was crucial for host homeostasis (28). Our results found that C_ZnO mainly regulated the composition of ileal flora rather than colonic microbiota. Small intestinal communities were commonly overlooked because of the lower bacterial richness and diversity compared with the flora in the hindgut (29). However, many studies found that small intestinal microbiome was strongly associated with host diseases, such as inflammatory bowel disease and celiac disease, which broadened new sight to the exploration of disease pathogenesis based on the structure of small intestinal communities (29, 30). Compared to ZnO, C_ZnO increased more ileal Actinobacteria, one of the most frequent phyla in the gut, which was pivotal for health due to their function of immunity regulation and polysaccharide fermentation (31), which is related to the increased concentration of SCFAs in the lumen. Moreover, the reduced Proteobacteria in the C_ZnO group was mainly caused by decreased Enterobacteriaceae, commonly included enteropathogenic bacteria, such as Escherichia coli, Shigella, and Cronobacter (32, 33). Clostridiaceae was considered as commensal which comprised a series of metabolic capabilities, whereas, it also accommodated plenty of porcine enteric pathogens (34). The fluctuation of Clostridiaceae_1 in C_ZnO group was mainly due to Clostridium_sensu_stricto_1, which had been found to be related to neonatal necrotizing enterocolitis and colonic mucosal injuries (35, 36). Notably, C_ZnO and ZnO both significantly enriched lactate-producing microbes, Streptococcus and Lactobacillus in the ileal lumen. Lactobacillus, as a recognized probiotic, could promote intestinal health through different pathways, including pathogen inhibition, immunity regulation, and inflammation alleviation (37). The metabolite of lactic acid bacteria, lactate, also played a key role in the proliferation of intestinal stem cell, which protected the host from gut damage induced by stresses, such as chemotherapy and radiation (38). In accordance with the positive effect of C_ZnO on gut flora, the increased concentration of acetate and propionate also confirmed a more harmonious intestinal environment. Streptococcus had been found to be correlated with piglet body weight and commonly related to the healthy structure of microbiota (39, 40) in accordance with the improved growth performance in the group. Interestingly, our results also found Streptococcus was gathered in the colonic lumen in the CON group to some extent, rather than ileal lumen. Given that Streptococcus normally resided in the small intestine, the unusual microbiome transition indicated the disappearance of intestinal microbiome regionalization in the stress of weaning (41). Because of the drastic increase of Streptococcus in ileal lumen compared with other groups, we speculated that Streptococcus might be a mediator for the positive effect of C_ZnO. In addition, we also observed a remarkably opposite trend of Bacillus and Streptococcus via C_ZnO intervention. Thus, through isolation and identification, we obtained strains individually belonging to S. thermophilus and B. cereus from the ileal chyme of the C_ZnO treated piglets. In accordance with previous studies, S. thermophilus showed higher tolerance to C_ZnO and ZnO, which is partial due to their complex extracellular structure and mechanisms resisting toxicity of metal ions via biosorption and bioaccumulation (42). And this trait had drawn much attention to use as microbial nano-factory for metal particle production, which illustrated the booms of the genus in the foregut, whereas B. cereus was strongly inhibited in a similar environment. The intestine of livestock was a natural reservoir for foodborne bacteria, such as B. cereus, which not only caused widely contamination but triggered diarrhea and gastric ulcerations in the piglets, leading to the risk for growth retardation and even death (43, 44). Through the antibacterial experiment in vitro, we also found the strong inhibiting effect of S. thermophilus against B. cereus, which also verified the coexclusion effects. However, further research was needed to detect the function and interaction of the strains in vivo.

The fluctuation of colonic microorganisms seemed irregular, compared with the ileal microbiome. Meanwhile, combined with the result that the ileal microbiome was more similar between CON and ZnO groups, it reflected that C_ZnO mostly entered the small intestine as molecules through the protection of coating and its main cite for the function was the small intestine. Although, the colonic microbiome was relatively stable, some beneficial microbes still gathered in the treatment groups, such as the butyrate-producer, Faecalibacterium in the ZnO group and Roseburia and Blautia in the C_ZnO group, which was inconsistent with the decline of butyrate in the colon (45, 46). The result might be related to the cross-feeding effects of microbes. The increased abundance of these bacteria might be related to the booms of ileal Lactobacillus and Streptococcus, of which metabolite, lactate was their substate (47). Similar to the ileal environment, the content of acetate and propionate was also enriched in the colonic lumen. Studies had showed that acetate worked in the regulation of inflammation and in keeping from enteric infection (48). Except for building an acidic microenvironment which limited the growth of pathogens, acetate commonly served as a substrate for butyrate (47). Similar to acetate, propionate also showed the potential to resist inflammation and regulate colonic regulatory T cells (49). Considering postweaning diarrhea commonly had a relationship with inflammation and bacterial translocation, the enhanced SCFAs could partially illustrate the positive effect of C_ZnO in the piglets. Furthermore, unlike the ZnO treatment, C_ZnO could not gather Prevotellaceae, which functioned mostly on the fiber metabolism in the hindgut (50).



CONCLUSION

Coated ZnO could improve growth performance and alleviate diarrhea in the weaned piglets, which was characterized by the improved intestinal barrier and intestinal morphology. Significantly, C_ZnO mainly adjusted the composition and structure of ileal microbiota, accompanied by increased concentration of SCFAs to exhibit its positive function. Moreover, compared to the high dose of ZnO, a low dose of C_ZnO did better in our research.
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Supplementary Figure 1. LEfSe analysis of ileal microbiota between two groups. (A) LEfSe analysis between CON and ZnO group. (B) LEfSe analysis between CON and C_ZnO group. (C) LEfSe analysis between ZnO and C_ZnO group. CON, basal diet; ZnO, a basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, a basal diet supplemented with C_ZnO (500 mg Zn/kg).

Supplementary Figure 2. LEfSe analysis of colonic microbiota between two groups. (A) LEfSe analysis between CON and ZnO group. (B) LEfSe analysis between CON and C_ZnO group. (C) LEfSe analysis between ZnO and C_ZnO group. CON, basal diet; ZnO, a basal diet supplemented with ZnO (2,000 mg Zn/kg); C_ZnO, basal diet supplemented with C_ZnO (500 mg Zn/kg).
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Crohn’s disease (CD) is a chronic intestinal disorder characterized by refractory gastrointestinal ulcerations. Intestinal tuberculosis (ITB) is one common intestinal disease in east Asia. The two diseases share similar clinical manifestations and endoscopic characteristics. Thus, it is difficult to establish a definite diagnosis of CD, CD concomitant with ITB (CD-ITB), and ITB in practice. Some enterogeneous microbiotic markers have been applied to differentiate CD and ITB, but it remains unknown how they work for the three groups of patients. The aim of our study was to explore the diagnostic values of these enterogeneous microbiotic markers (ASCA IgG, ASCA IgA, ACCA, Anti-I2 and AMCA) among CD, CD-ITB, and ITB patients. A total of 124 individuals were retrospectively enrolled in this study, namely, 103 CD patients, 10 CD-ITB patients, 9 ITB patients, and 68 healthy controls. The demographic and clinical characteristics of these patients were collected and analyzed. The values of these individual or combined enterogeneous microbiotic markers in diagnosis and classification were assessed in CD, CD-ITB, and ITB patients. ASCA IgG, ASCA IgA, and AMCA could accurately differentiate CD patients from healthy controls with an area under curve (AUC) of 0.688, 0.601, and 0.638, respectively. ASCA IgG was significantly higher in CD patients than in CD-ITB patients (P = 0.0003). The Anti-I2 antibody was appropriate for distinguishing CD-ITB from ITB patients (P = 0.039). In CD patients, ASCA IgG was higher in severe patients than in mild (P <0.0001) and inactive patients (P <0.0001), respectively. AMCA was significantly elevated in severe and moderate patients compared to inactive patients (P = 0.001, P = 0.003, respectively). AMCA was associated with a higher risk of CD-related surgery with a significant P-value of 0.0038. In our cohort, ASCAs and AMCA could accurately distinguish CD from healthy controls with an acceptable AUC. A combination of elevated ASCA IgG and AMCA antibodies established a higher sensitivity in differentiating CD from healthy controls. Elevated ASCA IgG demonstrated a differential diagnostic value between CD and CD-ITB. Anti-I2 could also distinguish CD-ITB from ITB. The level of AMCA was associated with both disease severity and CD-related surgery. Likewise, the level of ASCA IgG was also related to disease severity.
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Introduction

Crohn’s disease (CD) is a chronic intestinal inflammatory disease with remittent and progressive inflammation (1). Intestinal tuberculosis (ITB) is a second type of chronic intestinal disorder. Both CD and ITB share similar clinical manifestations such as intermittent abdominal pain and diarrhea. In addition, both of them are characterized by gastrointestinal ulcerations. Therapeutic medications such as immunosuppressants, glucocorticoids, or even biologics are recommended for CD, but they are contraindicated in ITB, because these medications can definitely aggravate ITB. Therefore, it is of great importance to make a differential diagnosis between CD and ITB before embarking on treatment.

However, it is a substantial challenge to differentiate CD from ITB in practice. Firstly, CD does not have a golden diagnostic criterium. Its detailed pathogenesis still remains unknown. Recent studies have suggested that CD results from an interaction among genetic susceptibility, commensal microorganism dysbiosis, and dysregulated immune responses (2). Its diagnosis and classification is based on the combination of clinical manifestations, laboratory data, endoscopy characteristics, radiology and histopathology (3). Secondly, ITB is caused by a tuberculous infection. In theory, a definite diagnosis of ITB can be made if the presence of Mycobacterium tuberculosis (TB) is confirmed by Polymerase Chain Reaction (PCR) or fast acid staining. Unfortunately, it is still very difficult or very rare to find TB in biopsies from patients with ITB. Thus, the diagnosis of ITB is still based on a combined evaluation of clinical, endoscopic, histologic, and radiographic findings. Thirdly, more importantly, some patients can be simultaneously affected by both CD and ITB, or affected consecutively, which makes it more difficult to make a precise differential diagnosis between CD, CD-ITB, and ITB.

Endoscopy is a critical tool to detect intestinal lesions such as erosion, ulcerations, fistulous orifices, and stricture in CD and ITB patients. Although it plays a critical role in diagnosis and differential diagnosis, it is invasive, expensive and time-consumption, making patients refuse endoscopy.

Many studies have been undertaken to explore enterogeneous microbiotic markers which can contribute to a valid differential diagnosis. Enterogenous microbiotic markers in the blood are specific serum antibodies activated by luminal antigens such as gut microbiota and food antigens (4, 5). A growing body of evidence has demonstrated that serological surrogates are additional tools for diagnosis and classification. To date, the most promising biomarkers contain anti-Saccharomyces cerevisiae (ASCA, the antibody triggered by the mannan in the cell wall of S. cerevisiae), anti-outer membrane protein C (anti-OmpC, the antibody triggered by the outer membrane porin C transport protein of Escherichia coli), anti-mannobioside carbohydrate IgG antibodies (AMCA), anti-chitobioside carbohydrate IgA (ACCA), anti-laminaribioside carbohydrate IgG antibodies (ALCA), and Anti-I2 antibody (the antibody triggered by Pseudomonas fluorescens component I2) (6–8). Fecal biomarkers, such as calprotectin and lactoferrin have also been used in the diagnosis and classification of diseases (6, 9). These biomarkers have their own specific advantages in distinguishing CD from other types of colitis, predicting disease-related surgery and assessing the risk of disease relapse (10–13). Nevertheless, few studies have estimated the expression levels of these serologic biomarkers in CD-ITB patients. To date, however, a noninvasive gold standard test for the differential diagnosis between CD, CD-ITB, and ITB has not been developed yet.

Hence, it is critical to investigate whether these microbiotic markers could be used in the diagnosis of CD, CD-ITB, and ITB, and whether these biomarkers are associated with disease severity or phenotype. In this study, we aimed to explore the expression levels of ASCA IgG, ASCA IgA, ACCA, Anti-I2, and AMCA in CD, ITB, and CD-ITB patients, and to evaluate the value of these serologic biomarkers in diagnosis, differential diagnosis, prediction of phenotype and assessment of disease severity. Our study found that some specific or a combination of enterogeneous microbiotic markers can contribute to a better differential diagnostic value between CD-ITB and CD, CD-ITB and ITB.



Materials and Methods


Patients and Study Characteristics

A total of 124 patients were retrospectively enrolled in this study, namely, 103 patients with CD, 10 patients with both CD and ITB, 9 patients with ITB and 68 healthy controls from the Department of Gastroenterology of the West China Hospital between January 2015 and February 2019 The diagnosis of CD was based on clinical history and examination, endoscopy, small bowel imaging, radiological image (CT, MRI or ultrasound), blood tests and histological evidences which based on ECCO-ESGAR Guideline (13). The diagnosis for ITB should meet either one of the following criteria: 1) the presence of acid-fast bacilli or caseating granuloma in pathological specimens, 2) the presence of mycobacterial tuberculosis in tissue culture, 3) positive TB DNA-PCR in mucosal biopsies, 4) effective response to anti-tuberculosis treatment (13). The diagnosis of CD-ITB should be content with both CD and ITB criteria. Healthy controls were volunteer individuals with no IBD and no gastrointestinal disorder. Clinical manifestations, physical examinations, and laboratory data were recorded based on the Crohn’s Disease Activity Index (CDAI) criteria. Endoscopy characteristics, radiology image, histopathology and treatment strategies were also systematically recorded in this study. Disease activity was determined by Best CDAI score. CDAI <150 was defined “inactive”, CDAI between 150 and 220 was defined “mild”, CDAI between 220 and 450 was defined “moderate”, CDAI >450 was defined “severe” respectively. Clinical phenotypes of CD patients were determined based on the Montreal Classification (14). This study was reviewed and approved by the ethical committee of the West China Hospital.



Enterogenous Microbiotic Marker Analysis

All the serum samples from patients and healthy controls were stored at −80°C refrigerator in the laboratory until analysis. All serum samples were analyzed by enzyme-linked immunosorbent assay (ELISA).



Statistical Analysis

Statistical analysis was performed with SPSS 22.0 statistical software package and GraphpadPrism 9.0 statistical software package. The Student’s t-test, Mann–Whitney, Kruskal–Wallis, and Logistic regression tests were used as appropriate. Receiver operating characteristic (ROC) curve was analyzed for the definition of the cut-off values and the assessment of the diagnostic accuracy. A P-value <0.05 was considered significant.




Results


Demographic Data and Clinical Characteristics

Overall, 103 CD patients (72 men, median age 28.7 years), 9 ITB (7 men, median age 44.2 years) patients, 10 CD-ITB (5 men, median age 28.9 years) patients and 68 (40 men, median age 31.1 years) healthy controls were retrospectively enrolled in this study. A majority of CD and CD-ITB patients were diagnosed at ages 17–40. In this study, 94 (92.3%) CD patients and all the CD-ITB patients were contented with the criteria for active disease. Of the 103 CD patients, 35(34%) represented ileocolonic lesion, 28 (27.2%) represented colonic lesion, 27 (28.2%) represented small bowel lesions, 8 (7.8%) represented terminal ileal lesion, and 3 (2.9%) represented upper gastrointestinal lesion. Of the 10 CD-ITB patients, 7 (70%) represented ileocolic lesion, 2 (25%) represented colonic lesion, 1 (10%) represented upper gastrointestinal lesion, and 1 (10%) represented small bowel lesions. Of the 9 ITB patients, 7 (77.78%) represented colonic lesion, 1 (11.11%) represented ileocolonic lesion, and 1 (11.11%) represented upper gastrointestinal lesion. According to the Montreal classification, 48 (46.6%) CD patients had a complicated behavior of structuring or penetrating, 28 (27.2%) patients had perianal disease. Almost one third CD-ITB patients had structuring or penetrating disease behavior and half of the patients had perianal disease. Almost half of both CD and CD-ITB patients suffered from surgery in the course of disease. Demographic data and baseline disease characteristics of CD patients, CD-ITB patients, ITB patients, and healthy controls are listed in Tables 1 and 2.


Table 1 | Demographic and main baseline characteristics of CD patients, CD combined ITB and controls.




Table 2 | Demographic and main baseline characteristics of ITB patients.





Serologic Markers Reactivity in CD, ITB, and Control Groups

ROC analysis was utilized to evaluate the diagnostic values of ASCA IgG, ASCA IgA, AMCA, ACCA, and Anti-I2 in CD. For differentiating CD patients from healthy controls, the AUCs were 0.688, 0.601, and 0.638 for ASCA IgG, ASCA IgA, and AMCA respectively. The cut-off parameters of ASCA IgG and AMCA were 24.65 and 80. ASCA IgG performed better than the other 4 biomarkers in distinguishing CD patients from healthy controls (Figure 1A). The combination of ASCA IgG and AMCA improved the diagnostic value with an AUC of 0.72, a sensitivity of 65% and a specificity of 72.1% (Figure 1A). For differentiating CD from ITB, AMCA and Anti-I2 demonstrated the most valuable AUC of 0.712 and 0.691, with the sensitivity of 71.8%and 64.1%, specificity of 77.8 and 77.8%, respectively (Figure 1B). The cut-off parameters of these two antibodies were 45.5 and 0.419.




Figure 1 | (A) Receiver-operating characteristics (ROC) analysis of the discrimination power of ASCA (IgA and IgG), AMCA and ASCA IgG combined with AMCA in patients with CD (n = 103) and healthy control (n = 68); (B) ROC analysis of the discrimination power AMCA and Anti-12 in patients. (C) ROC analysis of the discrimination power of Anti-I2 in patients with CD-ITB (n=10) and ITB (n=9).





Association Between Biomarkers and Disease Severity in CD Patients

We investigated the association between biomarkers and disease severity in CD patients. Based on CDAI scores, 9 (8.7%) CD patients were defined “inactive”, 33 (32%) were defined “mild”, 41 (39.8%) were defined “moderate”, and 20 (19.4%) were defined “severe”. Kruskal–Wallis analysis was performed to assess whether the biomarkers were associated with disease severity. A significant higher proportion of patients with severe disease were ASCA IgG positive patients as compared to mild patients (P <0.0001) and inactive patients (P <0.0001). The same results were also established in moderate patients as compared to mild patients (P <0.0001) and inactive patients (P = 0.002; Figure 2A). However, the level of ASCA IgG showed no difference between severe patients and moderate patients. ASCA IgA antibody only have difference between mild patients and moderate patients (P = 0.031; Figure 2B). AMCA was significantly elevated in severe and moderate patients compared to inactive patients (P = 0.001, P = 0.003; Figure 2C). In contrast, ACCA and Anti-I2 showed no significant differences in disease severity.




Figure 2 | Association between serological markers and the severity during the disease course in CD patients. (A) The titers of ASCA IgG in disease severity *P = 0.002, **P < 0.0001); (B) The titers of ASCA IgG in disease severity (P = 0.031); (C) The titers of AMCA in disease severity (sever vs inactive, P = 0.003; moderate vs inactive, P = 0.001).





Association Between Biomarkers and Disease Phenotype in CD Patients

We further explored the relationship between biomarkers and disease locations. We found that only ASCA IgG was statistically related to an increased risk of terminal ileal and small bowel lesion compared to colonic lesion (P <0.0001; Figure 3A). Unfortunately, we failed to detect significant associations between any other biomarkers and disease locations. With regard to disease behaviors, we also failed to find significant differences in these biomarkers. Besides, we further evaluated the relationship between the biomarkers and the CD-related surgery. Among all the five biomarkers, only AMCA antibody was associated with a higher risk of CD-related surgery with a significant P-value of 0.0038 (Figure 3B).




Figure 3 | Association betweeen serological markers and the disease phenotype during the disease course in CD patients. (A) The titers of ASCA IgG in disease location (*P < 0.05, **P < 0.0001); (B) The titers of AMCA in disease related surgery (P = 0.0038).





Distinguishing CD-ITB From ITB Patients, CD-ITB From CD Patients, CD-ITB Patients From Healthy Controls

We finally investigated the expression levels of these markers in CD-ITB patients. The level of ASCA IgG was significantly higher in CD patients than in CD-ITB patients (P = 0.048, Figure 4A). However, ASCA IgG expressed no difference between CD-ITB and ITB patients, CD and ITB patients. On the contrary, AMCA was notably associated with CD patients compared to ITB patients (P = 0.0341, Figure 4B). The level of AMCA showed no difference between CD and CD-ITB patients, CD-ITB and ITB patients (P = 0.071). For CD-ITB, we found that ASCA IgG antibody was the best serological marker to distinguish CD from CD-ITB patients (AUC = 0.655). In addition, Anti-I2 was the most appropriate biomarkers for distinguishing CD-ITB from ITB patients (Anti-I2, AUC = 0.767; AMCA, AUC = 0.683, Figure 1C). AMCA were also suitable for distinguishing CD-ITB patients from healthy controls with an AUC 0.668. Compared to the ITB patients, Anti-I2 were significantly higher in the CD-ITB patients (P=0.044, Figure 4C).




Figure 4 | Distinguishing CD combined ITB patients from ITB patients, CD patients and healthy controls.(A) The titers of ASCA IgG (CD vs CD-ITB P = 0.0351; CD vs Control P < 0.0001; (B) The titers of AMCA (CD vs ITB, P = 0.0341; CD vs Control, P = 0.00222; CD-ITB vs ITB, P = 0.071;CD-ITB vs Control P = 0.0022); (C) The titers of Anti-I2 (CD-ITB vs ITB, P = 0.044; CD-ITB vs Control, P = 0.0553) *P < 0.05, **P < 0.0001.






Discussion

In this study, we included a unique cohort of 103 CD individuals, 10 CD-ITB individuals, 9 isolated ITB individuals and 68 healthy controls. All five biomarkers (ASCA IgG, ASCA IgA, AMCA, ACCA and Anti-I2) were analyzed. Their diagnostic values were assessed in this well-defined Chinese cohort. We specifically identified a diagnostic role of ASCA IgG, Anti-I2 and AMCA in distinguishing CD from CD-ITB, CD from healthy controls and CD-ITB from ITB patients. In addition, the associations between biomarkers and disease behavior and also disease severity were also investigated.

Based on our results, the levels of ASCA IgG, AMCA, and Anti-I2 had the highest diagnostic value. Our data suggested that ASCA IgG antibody titers were significantly higher in CD patients than in CD-ITB patients and healthy controls. AMCA antibody titers were significantly higher in CD patients than ITB patients and healthy controls. A previous study reported the similar results that both ASCA IgA and IgG antibodies have a high specificity for patients with CD. ASCA was also confirmed to have the highest value of differentiating CD patients from healthy controls according to a meta-analysis including fourteen studies (15). Both ASCA IgA and IgG antibodies were positive in 39–70% of CD patients and 20–25% of healthy relatives (16, 17). Moreover, our study demonstrated that the levels of ASCA IgG and AMCA showed significant differences in the subgroups based on disease severity in the CD patients. According to our search, ASCA IgG and AMCA were significantly higher in both severe and moderate subgroups of patients. Regarding the disease locations, patients with small bowel lesion and terminal ileal lesion had the highest levels of ASCA IgG. AMCA and ACCA exhibited no differences in any of the subgroups based on disease locations. However, a study from Malickova et al. demonstrated that AMCA was related to small intestinal lesion in CD patients (18). Another study suggested that anti-glycan ALCA was significantly associated with an increased risk of colonic or ileocolonic lesion (19). Furthermore, a study of 1,225 IBD patients indicated that in CD patients, both ASCA and AMCA were related to a poor prognosis such as complicated behaviors (strictures or fistulas), ileal involvement, and the necessary for abdominal surgery (20). One study from Kaul et al. indicated that ACCA is the most valuable serological biomarker to be associated with complications. Not only ASCA but also ACCA was related to the need of surgery (19). However, another study has illustrated that a combination of pANCA (perinuclear antineutrophil cytoplasmic antibody, the antibody triggered by granules of neutrophil cytoplasm) and ASCA demonstrated encouraging diagnostic values that estimated a specificity of approximately 90% for CD (21). In addition, Vasiliauskas et al. revealed that CD patients with elevated ASCA and descended pANCA were associated with 100% advanced fibrostenosis, 79% internal penetrating complications and 86% bowel surgery (22). In contrast to those studies, our data indicated that ASCA IgG and ACCA showed no differences in CD-related surgery nor penetrating nor structuring complications. AMCA had the highest association with CD-related surgery. No correlation was found between the level of AMCA and small intestinal lesion in CD. Our study also illustrated that the combination of ASCA IgG and AMCA demonstrated encouraging diagnostic values with a sensitivity of 65% and specificity of 72.1%, which may provide a selectable method to differentiate CD patients from healthy controls. Therefore, ASCA IgG and AMCA could be recommended as a biomarker for some clinical features of CD. After all, our results confirmed the values of ASCA and AMCA in diagnosis, differential diagnosis, prediction of phenotype and assessment of disease severity of CD.

In most cases, the definite diagnosis of CD and its differential diagnosis from ITB could be made based on a combinational analysis of the clinical manifestations, endoscopy characteristics, medical histology, radiology and histopathology results. However, the diagnosis of CD, particularly CD-ITB, can be misled or delayed due to the similar characteristics. It is difficult to make an accurate diagnosis of tuberculosis infection in the intestine through histology or PCR technique due to their high false negative rates. It is even more challengeable to define CD-ITB diagnosis through histopathological features. Almost all of the existing studies have demonstrated that clinical variables, such as clinical symptoms, radiologic parameters and endoscopic characteristics were helpful to differentiate CD from ITB (15, 23–27). Given these challenges, it is crucial to develop some accurate noninvasive diagnostic biomarkers to pinpoint CD-ITB and to differentiate this disorder from other intestinal diseases. The ideal noninvasive diagnostic test must exhibit a high sensitivity and specificity. Unfortunately, although great advances have been made in experimental methods, no biomarker-associated methods have been reported yet to achieve this aim. A large number of studies have assessed ASCA, ACCAs, AMCA, Anti-I2 and pANCA as diagnostic markers in UC, CD and non-IBD patients. Due to the low specificity, these biomarkers showed a limited value in differential diagnosis. A prospective study which enrolled 40 CD patients and 40 ITB patients indicated that positive ASCA IgG and ASCA IgA antibodies were independent markers for differentiating CD from ITB (28). The diagnostic values of these biomarkers have not been studied in CD-ITB patients yet. It should be noted that both ASCA IgG and ASCA IgA were lower in CD-ITB than in CD in our study. More interestingly, the levels of ASCA IgG and ASCA IgA showed no difference between CD-ITB and healthy controls.

Altogether, our study suggests that Anti-I2 antibody could be a sensitive and specific tool to distinguish CD-ITB from CD patients. Compared to the ITB patients, Anti-I2 was significantly higher in the CD-ITB patients. Anti-I2 also displayed a better discriminatory capability over ASCA IgG in differentiating CD-ITB from ITB patients. Furthermore, AMCA showed no difference between CD-ITB and CD patients. AMCA was higher in CD-ITB patients than in ITB patients. Overall, our study suggests that CD-ITB patients might have normal ASCA IgG and ASCA IgA levels and higher AMCA and Anti-I2 levels. AMCA and Anti-I2 in ITB patients showed a trend for being negative.

The present retrospective study clearly highlighted the value of biomarkers in the setting of disease diagnosis between CD, CD-ITB, ITB patients and healthy controls. Nevertheless, our research has some limitations: Firstly, this was a retrospective study. Secondly, some cohorts have a small group of patients, the number of CD-ITB and ITB patients in this study limited the conclusions of the utility of these biomarkers. Finally, a longitudinal prospective study within a large number of patients must be performed to assess those findings.

In conclusion, ASCAs and AMCA could all be used to distinguish CD from healthy controls. A combination of elevated ASCA IgG and AMCA antibodies established a higher sensitivity in differentiating CD from healthy controls. Elevated ASCA IgG demonstrated a differential diagnostic value between CD and CD-ITB. Anti-I2 could also distinguish CD-ITB from ITB. The level of AMCA was associated with both disease severity and CD-related surgery. Likewise, the level of ASCA IgG was also related to disease severity
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Based on the characteristic of low diarrhea in native Chinese breeds, we introduce the enterotype model for piglets, which is a new perspective to decipher the colonization and the transition of the gut microbiota among various pig breeds. After eliminating environmental influences represented by diet, the microbiota, mainly shaped by host genetics, is focused. Three representative enterotype clusters were identified, which were represented by Bacteroides, Streptococcus, and Lactobacillus. Chinese native breeds were distributed in enterotype 1 (E1) and E3, which collectively drove the diversification and functionality of the microbial community of various Chinese pig breeds. Next, the Lactobacillus reuteri (L. reuteri), which is the representative strain of E3, was specifically isolated in all three enterotypes. The excellent stress-resistance of L. reuteri-E3 not only highlighted the stronger disease resistance of Chinese breeds but also had a great potential to intervene in weaned piglet diseases. Enterotype classification based on host genetics is much more deterministic and predictable, clarifying the driver of the host-microbiome dynamics and constructing the picture of the micro-coevolution of human host genetics with the gut microbiome.
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INTRODUCTION

The diarrhea of weaned piglets is the biggest challenge to the development of intensive pig farming. Fortunately, some native Chinese breeds show a stronger disease resistance in practical production (1, 2), accompanying the development of gastrointestinal mucosal structure and discrepant gut microbiota. Gut microbial communities are involved in a series of regulations, from nutrition to disease defense (3, 4). Understanding the essential drivers of host-microbiome dynamics, and ultimately clarifying biomarkers that efficiently regulate intestinal health, could provide excellent opportunities to construct associations between stable microbiota and diseases, and improve the weaker anti-stress capacity of commercial hybrid pigs to reduce the use of antibiotics (5, 6).

An especially diverse bacteria ecosystem plays an important role in the gut, impacting a series of pathologies in diverse ways (7). Taxonomic and functional differentiation also occurs in both population and individual levels of microbiota (8, 9), and ultimately shapes some core species that are generally shared among different individuals and contribute most to gut microenvironment homeostasis. Nonetheless, questions related to the nature and origin of the intestinal flora community remain to be clarified. In order to find core clusters with stable, deterministic and predictable characteristics, enterotype was identified. Enterotype is distinct clusters characterized by the abundance of signature bacterial genera, which are characterized as “densely populated areas in a multidimensional space of community composition” (10). The occurrence of enterotype (E1, Bacteroides; E2, Prevotella; and E3, Ruminococcus) was first proposed in diverse human populations (10, 11), then, mirrored in chimpanzees (12), and have been introduced to bumblebees (3), wild mice (13), and african buffaloes (14). However, the classification of enterotypes of diverse pig breeds is still lacking.

Although the gut microbiota of commercial hybrid pigs have been extensively explored, the connection between native pig breeds and their flora are less understood. Abundant Chinese native pig breeds, along with differences in disease resistance, will be an important resource for mapping pig functional enterotypes. Characterizing the gut microbiota diversity in various Chinese pig breeds, not only contributes to the exploration of microbiota variation on a larger geographic scale, but also has the potential to identify drivers of host-microbiota dynamics to maximize agricultural productivity.

However, the enterotype paradigm has not been thoroughly explored. Its fragile plasticity is disturbed by environmental factors such as geographical location and dietary factors (14). To relatively maximize the control of environmental effects, four types of native Chinese breeds, which include Tibet pigs (Tibet), Beijing Black pigs (BeiJH), Bama pigs (BaM), and Ningxiang pigs (NingX), are removed to the same place with commercial hybrid Duroc-landrace-Yorkshire piglets (Con), while feeding the same diet. Therefore, in this cohort, a non-genetic heterogeneity is relatively well-controlled, while the genetic distinction is dominant, to achieve a deterministic and predictable enterotype division.



MATERIALS AND METHODS

The detailed experimental procedures were described in the method section in Supplementary Material.


Sample Collection

Fecal samples were collected following a standardized procedure (Supplementary Method). To relatively maximize the control of environmental effects, four types of native Chinese breeds, which include Tibet, BeiJH, BaM, and NingX, were removed from the same place with a commercial hybrid Con, while feeding with the same diet. At the same time, to ensure the stability of the microbial structure, piglets after weaning were selected in this experiment, and the age of the experimental subjects remained the same.



Bacteria

An appropriate amount of fresh pig feces was added to the modified Man Rogosa Sharpe Medium (MRS) liquid medium, and after 24 h of enrichment culture, the medium was streaked on the modified MRS agar plate with an inoculation loop, and the anaerobic culture was carried out at 37°C for 24–48 h. Colonies of different colors were streaked and inoculated, followed by pure culture. Microscopic observation and sequencing were carried out for identification. The strains Lactobacillus reuteri-E1 (L. reuteri-E1), L. reuteri-E2, and L. reuteri-E3 were directly isolated from the feces of pigs that belonged to enterotype 1, 2, and 3, specifically. The L. reuteri was cultured using the MRS in the micro-anaerobic incubation system (LongYue, Shanghai).



Microbiota Profiling

The 16S rDNA sequencing procedure was illustrated in detail in the Supplementary Method portion. And we briefly described the workflow here. The bacterial DNA was extracted by using a Stool DNA Kit (D4015-01, Omega Bio-tek, GA, America), then amplified with the V3–V4 region primers. The amplicons were purified, and then, sequenced via the Illumina MiSeq platform. The α diversity (Chao and Shannon index), β diversity (PCoA), microbial composition, differences between groups, and enterotype were analyzed after the assembly of the sequence. All raw sequencing data have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive under the BioProject PRJNA793337.




RESULTS


Native Chinese Breeds Show Stronger Diarrhea Resistance Than Commercial Hybrid Duroc-Landrace-Yorkshire Piglets

In pigs, various breeds have significantly variant anti-stress capacities, accompanied by discrepant gut microbiota. However, exploring the essential elements that shaped the differentiated microbe structure of some Chinese breeds is still challenging as are have widely different environmental factors from each other. To concentrate on the impact of genetic discrepancy in pig breeds and gut microbiota, exclusion of factors such as age, geographical location, and diet should be considered. So, in this study, some Chinese breeds, such as Tibet, BeiJH, BaM, and NingX, and the commercial hybrid Con, have been controlled to feed with the same diet (Supplementary Table 1), and in the same geographic location from their mother's generation (Figure 1A). In addition, the selected piglets among five breeds were of similar age after the weaning. Considering that the flora of piglets after weaning tends to be stable, this specific period can best reflect the true gut microbial composition among the variant pig breeds.


[image: Figure 1]
FIGURE 1. Native Chinese breeds showed stronger diarrhea resistance than commercial hybrid piglets. (A) The geographic location of the original population of four Chinese native pig breeds on the map, and the schematic diagram of the project process. (B) Chinese native pig breeds exhibited a significantly reduced diarrhea rate than commercial hybrid piglets. (C) Chinese native pig breeds showed reduced water content in feces. ****P < 0.05.


Fecal samples were collected on-site following a standardized procedure (see Supplementary Method). It can be found that the piglets of commercial hybrid are prone to diarrhea with a generally high diarrhea rate at about 27% (Figure 1B), which is accompanied by increased water content in feces (Figure 1C). In contrast, Chinese breeds all showed a visibly mild to even no diarrhea symptoms, which is consistent with a lower water content (Figures 1B,C).

This suggests that the intestinal microbiota co-evaluated with host genome. Genome is still the main mediator that affects the diarrhea rate and the intestinal health of the weaned piglets, even if external environmental factors are controlled.



Various Breeds Have Significantly Variant Intestinal Micro-Environment

To profile the micro-coevolution of the intestinal microbiota among the Con and various Chinese breeds, we collected the bacteria of 40 piglets from 5 breeds using Illumina MiSeq sequencing of the V3–V4 region of bacterial 16S rRNA. After the size-filtering, quality control, and chimera removal, the total number of 3,905,171 sequences was obtained. Sequences were clustered into operational taxonomic units (OTUs) with 97% minimum identity. Additionally, the estimated sample coverage was more than 99.8% without exception, suggesting the reliable accuracy and the reproducibility of sequencing.

The β-diversity was calculated at genus level. Results in principal coordinates analysis (PCoA), presented in the histogram, confirmed a significantly separate clustering between Con and Chinese breeds, with main principal component (PC) scores: PC1 = 30.3%, PC2 = 13%, demonstrating a different clustering (Figure 2A), which is consistent with Principal Component Analysis (PCA) analysis (Figure 2B) and with weighted unifrac-based PCoA (Supplementary Figure 1A). Meanwhile, the Tibet microbiota was similar to BeiJH microbiota, while the microbiota in BaM was similar to NingX. However, these two groups revealed a distinct clustering pattern, and between them, the Con group was more distributed (Figure 2A).


[image: Figure 2]
FIGURE 2. Species diversity analysis of microbial community. (A) Scatterplot from principal coordinates analysis (PCoA) in bacterial communities of fecal microbiota on genus level based on the bray_curtis distance. (B) 3D scatterplot from PCA in bacterial communities of fecal microbiota on genus level. The bacterial α diversity of fecal microbiota of piglets based on (C) Chao1 and (D) Shannon indexes. Data were shown as mean ± SD (n ≤ 8). Student's T-test was conducted. *P < 0.05; **P < 0.01.


Chao1 and Shannon, two indicators describing the α diversity, were observed at the genus level. Tibet and BeiJH groups showed an obviously risen Chao1 and Shannon index compared to Con, while the α diversity of BaM and NingX significantly decreased compared with BeiJH, respectively (Figures 2C,D).

To evaluate the similarity in groups and to examine differences between treatments, a similarity analysis (ANOSIM/Adonis) was performed. Notably, differences between groups were greater than intragroup differences with the P-value of 0.001 (Supplementary Figure 1B). In addition, results of Partial Least Squares Discriminant Analysis (PLS-DA) also highlighted the similar microbiome composition in ethnically similar individuals (Supplementary Figure 1C), which collectively indicated the differential microbiota between various breeds.



Characterizing the Gut Microbiota Between Various Pig Breeds

Sequences were clustered into 3275 OTUs, which were then binned into 393 genera, based on BLAST searches against the SILVA SSU database. Each breed had its own unique OTU category and has 814 OTUs in common (Figure 3A). A community bar-plot analysis at the phylum level exhibited a relative alteration of the microbial community. Firmicutes and Bacteroidetes were dominant phyla of feces. The Tibet and BeiJH possessed similar phylum structures with a decreased ratio of Firmicutes to Bacteroidetes; meanwhile, they also had a considerable proportion of Verrucomicrobia. Conversely, the consistent structure presented in BaM and NingX, in which, the Firmicutes proportion increased significantly, while the Bacteroidetes decreased significantly compared to the other three groups (Figure 3B). Relative abundances of microbes on family (Figure 3C) and genus (Figure 3D) levels were also presented in each breed. The internal microbiome taxonomic compositions between Tibet and BeiJH were relatively uniform, while the microbiome composition between BaM and NingX was also similar. However, their respective proportion and relative priority were all varied with Con, indicating that the differentiation between the microbiota and the host genetic admixture is consistent.


[image: Figure 3]
FIGURE 3. Differential composition of microbial community among various pig breeds. (A) Venn diagram analysis of five pig breeds. (B) Histogram of species abundance at the phylum level. (C) The heat map of bacteria composition at the family level. (D) Histogram of the microbial community at the genus level.




Comparison of Unique Microbiota Profile Between Pig Breeds

In the comparison of the fecal microbiome by 16S rRNA gene amplicon sequencing analysis at genus level, we found that the fecal microbiota of Con was dominated by Streptococcus, unspecified_Muribaculaceae, Prevotellaceae_NK3B31_group, and Terrisporobacter (Figure 3D). Besides, Lachnospiraceae_AC2044_group, Prevotella_9, and Clostridium_sensu_stricto_1 were also identified as the unique microbiota in Con (Figures 4A,B). The proportion of these bacteria was all significantly increased in the Con group (P < 0.05; Figure 4C).


[image: Figure 4]
FIGURE 4. Various breeds had significantly variant intestinal micro-environment. Histogram (A) and cladogram (B) of Linear Discriminant Analysis (LDA) value distribution by setting score 4 at genus level in LEfSe analysis. (C) Kruskal–Wallis H-test bar plot of bacteria that were abundant in Con group. (D) Kruskal–Wallis H-test bar plot of bacteria that significantly increased in both Tibet and BeiJH groups. (E) Bacteria that gained increased proportion in BaM and NingX groups. *P < 0.05; **P < 0.01; ***P < 0.001.


Tibet and BeiJH were characterized by a similar microbiota profile, in which Bacteroides_p_251_o5 possessed a considerable proportion (Figure 3D). According to LefSe analysis, BeiJH was also dominated by Prevotellaceae_UCG_003, while Tibet was also more abundant in Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG_005, Alloprevotella, and Akkermansia (Figures 4A,B). The Kruskal–Wallis H-test consistently showed higher levels of these mentioned bacteria (P < 0.05) in contrast with the other three pig breeds (Con, BaM, and NingX) (Figure 4D).

Relative to Con, indigenous pig breeds no matter in the south (represented by BaM and NingX) or living in the north (such as Tibet and BeiJH), both had a considerable proportion of Lactobacillus (Figure 3D). Lactobacillus, considered as a traditional prebiotic, was not only identified as the shared unique bacteria between BaM and NingX (Figures 4A,B) but has also displayed a significant increase compared to other three groups (Figure 4E). Other bacteria, associated with the generation of short-chain fatty acids (SCFAs), also had a higher ratio, including Ruminococcus, Blautia, Faecalibacterium, Agathobacter, and Roseburia (Figure 4E).



Compositional Analysis of Enterotype-Like Clusters

Microbial community structure seemed to reveal more subtle changes that were shaped by the host genetics (Figure 5A). BaM and NingX were hosts to the related Lactobacillus, while Tibet and BeiJH possessed specific clusters of Bacteroides_p_251_o5, and Con was dominated by Streptococcus. Accordingly, the enterotype clusters were subsequently classified based on broader-scale patterns across the host genetics and the geographical regions.


[image: Figure 5]
FIGURE 5. Compositional analysis of enterotype-like clusters. (A) Hierarchical clustering tree on OTU level. (B) The classification of enterotype among five pig breeds. (C) Ternary analysis for determinants in three enterotypes. Dominant bacteria in (D) Enterotype 1, (E) Enterotype 2, and (F) Enterotype 3. The abundance of Bacteroidales-p-251-o5 (G), Streptococcus (H), and Lactobacillus (I), in three enterotypes, specifically. (J–L) Enterotype characteristic bacteria were located in the center of each enterotype network interaction map. **P < 0.01; ***P < 0.001.


Microbiota communities were stratified into three robust enterotypes according to the previously described clustering method by Arumugam et al. (10) (Figure 5B, Supplementary Figure 2A). The driving genera were identified, which obtained the Bacteroides enterotype (E1), Streptococcus enterotype (E2), and Lactobacillus enterotype (E3) (Figures 5B,C). Among microbiome belonging to E2, Prevotellaceae still dominates in second place (Figure 5E). Meanwhie, in E3, Ruminococcus was also dominated (Figure 5F). Notably, Prevotellaceae and Ruminococcus are both enterobacteriaceae that identified in human enterotype previously (11). Consistent with the classification of human enterotypes, the enterotype of piglets had also obtained three significant clusters based on their common and their characteristic bacteria (Supplementary Figure 2B). Moreover, the enterotype-associated host genetics was also reflected in the differentiation of microbiome genetics (Supplementary Figure 2C), collectively illustrating the micro-coevolution of host and microbes.

It can be found that the gradient distribution of the genera Bacteroides-p251-o5 (Figures 5D,G,J), Streptococcus (Figures 5E,H), and Lactobacillus (Figures 5F,I) was highly correlated with enterotype clustering. Additionally, the best driver of each enterotype was identified by the network of the co-occurring genera, which centered around its specific driving genus. It can be consistently found that since E1 was driven by Bacteroides (Figure 5J), Streptococcus was the most dominant contributor causing differences between groups and the similarity within E2 (Figure 5K), while the best driver for E3 was Lactobacillus (Figure 5L).



Screening and Function Exploration of the E3 Representative Strain Lactobacillus reuteri Among the Three Other Enterotypes

Distinct enterotypes corresponded to different functional annotations of gut microbiota. Among them, the SCFA and lactic acid-production-related enterotype (E3) was expected to be healthier. L. reuteri was the characteristic bacteria of E3, which was significantly different from the other two enterotypes (Figure 6A). Based on enrichment culture and screening of acids production, we have successfully isolated and identified three desired strains of L. reuteri, which were isolated from E1, E2, and E3, and, were named was L. reuteri-E1, E2, and E3, accordingly (Figure 6C, Supplementary Figure 3). The isolated strain is white, opaque, with neat edges, and smooth and round convex surfaces. It can be found that the colony of L. reuteri-E3 is thicker, while the L. reuteri-E2's is the smallest and thinnest (Figure 6B). Scanning electron microscopy (SEM) results also show that filamentous protrusions are formed on the surface of L. reuteri-E3, which is related to the secretion of polysaccharides (Figure 6D). The L. reuteri-E3 has a superior growth rate than the L. reuteri-E1 and E2, in which it started the logarithmic growth phase at 4 h and the plateau stage at 8 h (Figure 6E). The L. reuteri-E3 has also a desirable capacity of producing acid, which pH value dropped to 4.39 after 12 h of cultivation (Figure 6F), concurrent with the inhibition against Escherichia coli (Figure 6G), Salmonella (Figure 6H), and Staphylococcus aureus (Figure 6I). In addition, the L. Reuteri-E3 has the strongest ability to withstand low pH values, which is prominently manifested in the integrity of the bacterial membrane (Figure 6M) and the maintenance of a higher survival rate (Figure 6J, Supplementary Figure 4). However, although L. reuteri-E2 shows better performance than L. reuteri-E1 (Figure 6J), there are still pores in the bacterial membrane under an extremely acidic condition (Figures 6K,L).


[image: Figure 6]
FIGURE 6. Screening and function exploration of E3 representative strain Lactobacillus reuteri (L. reuteri) among three enterotypes. (A) The abundance of L. reuteri in three Enterotypes. (B) Photograph of the plate, (C) Gram stain, and (D) SEM pictures of L. reuteri isolated from the three enterotypes. The magnification is 10.0k. (E) Growth curve analysis of three strains of L. reuteri. (F) Comparison of the acid production capacity of three strains of L. reuteri. The inhibition against (G) Escherichia coli, (H) Salmonella, and (I) Staphylococcus aureus. (J) Comparison of the survival rates of the three types of L. reuteri under the condition of pH = 2. Scanning electron microscope (SEM) picture of the destruction of the outer membrane of (K) L. reuteri-E1, (L) L. reuteri-E1, and (M) L. reuteri-E3. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





DISCUSSION

Based on the characteristic of low diarrhea in the native Chinese breeds, we introduced an enterotype model for piglets, which is a new perspective to decipher the colonization and the transition of the gut microbiota among various pig breeds (15). After removing environmental effects on the gut microbiome, including geographical location and diet, the function of different genetic backgrounds of pig breeds on enterotype clusters was mainly focused, since the microbiota shaped by host genetics is much more deterministic and predictable. Three representative enterotype clusters were identified, which were represented by Bacteroides, Streptococcus, and Lactobacillus. Native Chinese breeds were distributed in E1 and E3, which collectively drove the diversification and functionality of the microbial community of various Chinese pig breeds. Furthermore, the L. reuteri, which is the representative strain of E3, was specifically isolated among three enterotypes. The excellent stress-resistance of L. reuteri-E3 not only highlights the stronger disease resistance of Chinese breeds but also constructs the picture of the micro-coevolution of the human host genetics with the gut microbiome.

China possesses abundant native pig resources, some of which always show stronger disease resistance in practical production, such as the Tibet pigs, Bama pigs, and so on. Various breeds have significantly variant anti-stress capacities and accompany a discrepant gut microbiota (1, 2). Gut microbiota contributes to the disease resistance, which is partially regulated by their genetic background.

As one of the Chinese native breeds, Tibet pigs are strong in anti-stress capacity, characterized by a lower diarrhea rate (16). The BeiJH pigs are derived from the local North China pigs in Beijing, with a characteristic tolerance to rough-feeding and anti-stress. Bama pigs serve as ideal models for biomedical research, which are exhibited by a high intramuscular fat content (17). In addition, NingX pigs, a well-known Chinese indigenous fatty-type breed, have gained more diverse bacterial communities (18). Although the performance, appearance, and original geographic location of these breeds are variant, the microbiota does contribute to shaping their anti-stress ability compared to commercial hybrid piglets.

It is well-acknowledged that diet and geography can alter gut microbial composition and metabolism (19). To eliminate the impact of environmental factors (geographical location and diet) that are likely to cause microorganism turbulence as much as possible, four types of native Chinese breeds are removed from the same place with commercial hybrid Duroc-landrace-Yorkshire piglets, while feeding with the same diet. Here, the composition of the microbiome differed in the feces among the five breeds. Tibet and BeiJH pigs possess a similar microbial structure; the microbial evolution of BaM and NingX is closer. However, they are all very different from commercial hybrid pigs.

Following the designation of enterotypes in humans (10) and chimps (20), the driver bacteria of E1 in our study is Bacteroides, which is coincident in humans and chimps. Contributors to “E2 and E3” in piglets follow a similar pattern with humans, however, their arrangement within the enterotype has changed. Specifically, the order of Prevotella (a significant contributor to human E2) drops after the Streptococcus in E2 in pigs, resulting from an overall reduction of Prevotella abundance in pigs than in humans (13). In addition, the Ruminococcus-dominated enterotype in humans is replaced by Lactobacillus, which is the major contributing genus to E3 in pigs. Interestingly, major contributors in human enterotypes are all present in the enterotype core clusters in pigs, suggesting the homologic similarity between pigs and humans. However, Streptococcus and Lactobacillus in pigs are both absent in the human enterotype (21), suggesting that pig communities may lack some vital biological functions.

The Bacteroides enterotype is dominant in Tibet and BeiJH groups, suggesting a stronger degradation ability for carbohydrates than for E2 and E3 (22). The close relation between Bacteroides/Prevotella indicates that the preferred utilization of fiber or protein has been widely shown (11). Other remarkable genus in E1 also include Rikenellaceae_RC9_gut_groups, Lachnospiraceae, Ruminococcaceae UCG-005, and Anaerovorax (17), which are known for the ability to ferment dietary polysaccharides or plant fibers. Akkermansia also showed a remarkable predominance in E1. Akkermansia is an intestinal symbiont colonizing in the mucosal layer, which is considered to be a promising candidate as a probiotic. Akkermansia is known to have an important value in improving the host's metabolic functions and immune responses, also improving host defense in mild inflammatory conditions, and increasing mucus production by promoting the differentiation of secretory intestinal epithelial cells lineages (23). Moreover, members of Lachnospiraceae, Rikenellaceae, and Bacteroidaceae families are also identified to compete with pathogens for mucin-derived sugars and, therefore, serve as ecological gatekeepers in healthy guts (24). The structure of E1 is consistent with the original harsh natural conditions for Tibet and BeiJH to survive, and their instinct to digest a high-fiber diet. The main representative strain of E2 is Streptococcus, while the bacteria, such as Succinivibrio, Terrisporobacter, and Muribaculaceae, were also significantly increased in E2. The Streptococcus includes groups A and B: group A Streptococcus (GAS) species are responsible for a wide variety of human diseases that range from noninvasive, mild infections, to life-threatening, and invasive conditions (25); and Group B Streptococcus (GBS) remains a leading cause of serious neonatal infection (26). Moreover, the functional coverage of Terrisporobacter is controversial. Sometimes, it is considered as pathogenic bacteria (27) that is linked to a polymicrobial infection in clinical cases (28). However, the genus Terrisporobacter is also closely related to SCFA contents and oxidative indicators (29) and plays a key role in degrading organic matter (28). The Succinivibrio was also enriched in E2, which is regarded as a double-edged sword, not only involved in the accumulation of anti-inflammatory cytokines and viral inhibitors but also induced the inflammatory responses in the gut (30). Besides being converted into propionate by the cross-feeding effect among the microbiota, Succinivibrio is also metabolized to directly succinate, which could activate immune cells and aggravate inflammation (31). Muribaculaceae was also obviously increased in E2, which is functionally distinct from the neighboring families and is versatile concerning the complex carbohydrate degradation (32), especially for mucin degradation (33). Thus, it is considered a major mucin monosaccharide forager (24). Additionally, the abundant microbes that generate postbiotics are gathered in the E3, including lactic acid-producing bacteria, Lactobacillus, butyric acid-generating bacteria, Blautia (34), Roseburia (35), and Holdemanella (36).

We further isolated the dominant strain L. reuteri from E3 and separated its equivalents, L. reuteri-E1 and L. reuteri-E2, to explore their different structure and function associated with host genetics. We found that L. reuteri from E3 has stronger resistance to stress, and the growth rate, acid production capacity, and antibacterial properties of L. reuteri-E3 are also more advantageous. Thus, unitizing the micro-coevolution of intestinal microbiome and native Chinese breeds is warranted to improve anti-diarrhea treatment strategies.

Our study provides several points of enterotype-like community clusters in pigs. However, larger populations, more breeds, and comprehensive physiological indices are still required to divide a more deterministic and predictable enterotype in pigs. In addition, the effect of covariates and a wider survey of nutritional sources on the gut microbiota is warranted to accurately assess the composition of enterotypes and possible transformation factors.

In conclusion, we put forward three functionally enterotype-like clusters present in Chinese native breeds and commercial hybrid pigs. Remarkably, enterotypes in pigs display some common characteristics with humans and chimpanzees as reported, indicating the existence of ancient shared traits in mammalian hosts. However, some unique contributors in pig enterotype emphasize the micro-coevolution of intestinal microbiota and pig genetics. Although controlling environmental effects relatively well, the host genetic still essentially contributes to enterotype status, which is essential for the deterministic and predictable regulation of microbiota. Moreover, some remarkable genus, as well as their generating post-biotics within specific enterotypes, may also have great potential as biomarkers for intervening the weaned piglet diseases, thus, relying on diversified Chinese native pig resources with strong stress resistance.
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The interaction between exogenous microorganisms and the host has received great attention, and finding new probiotics is always the way to improve the health of humans and animals. Lactobacillus amylovorus (L. amylovorus) is a kind of Lactobacillus that can efficiently utilize starch, as a food and feed additive, it has been widely used for mildew prevention and antibacterial, bacteriostasis, and enzyme production. Herein, a strain of L. amylovorus was isolated from the feces of Tibetan weaned piglets, named L. amylovorus SLZX20-1. Physiological and biochemical experiments in vitro confirmed that it had a fast growth rate and could produce a variety of enzymes, including α-galactosidase, β-galactosidase, α-glucosidase, β-glucosidase, and ferulic acid esterase. In addition, L. amylovorus SLZX20-1 exerted antibiotic effects on the growth of Salmonella typhimurium (S. typhimurium) SL1344, Citrobacter rodentium (C. rodentium) DBS100, Salmonella pullorum (S. pullorum) CVCC1791, Staphylococcus aureus (S. aureus) CVCC1882, Escherichia coli (E. coli) O157, E. coli K88, E. coli K99, and E. coli 987P, which are closely related to acid productivity, such as lactic acid and acetic acid. In vitro co-culture, L. amylovorus SLZX20-1 has shown the strong adhesion ability to intestinal porcine epithelial cells (IPEC-J2 cells) and activated IPEC-J2 cells with high expression of host defense peptides (HDPs), such as NK-Lysin, PEP2C, and PBD-1. In vivo experiment, via intragastric administration, L. amylovorus SLZX20-1 significantly improved the feed intake of mice, declined the crypt depth of jejunum and ileum, L. amylovorus SLZX20-1 changed the composition of intestinal microbes, especially at the level of colonic genus, the dominant genus was changed from Lactobacillus to S24-7, which indicated the change of intestinal carbohydrate nutrition. In conclusion, L. amylovorus SLZX20-1 showed strong probiotic characteristics, which met with the standard of probiotics and is worth further exploring its impacts on host health and its potential as a candidate strain of probiotics.

Keywords: Lactobacillus amylovorus, antibacterial activity, acid productivity, adherence ability, gut microbiota composition


INTRODUCTION

The use of probiotics is a promising approach as defencing measures for pathogenic bacteria infections account for their safe characteristics (1). As a potential antibiotic substitute, probiotics are beneficial for host immune function improvement and reduce the occurrence of intestinal diseases in animal husbandry (2). Probiotics can help to prevent or mitigate gastrointestinal infections by stimulating beneficial microorganisms or inhibiting the growth of pathogenic microorganisms, enhancing the barrier function of the intestinal and the local immune system (3, 4). In addition, probiotics play an important role in maintaining the balance of the intestinal environment, affecting the colonization of bacteria in different mucosal parts of the gastrointestinal tract, and the secretion of organic acid, digestive enzymes, and bioactive peptides (5). At present, screening probiotics mainly focus on whether strains have an antibacterial function, and excellent antibiotic alternatives also need to have a certain growth effect, therefore, looking for a variety of biological activities of lactic acid bacteria is very important, such as produce amylase, cellulase, lipase, and protease (6). However, in practice, probiotics often cannot have the above advantages at the same time and the drug resistance and source of probiotics are also important factors that need to be considered in the screening process (7, 8).

Lactobacillus amylovorus (L. amylovorus) is a probiotic candidate. As a food additive, it has been studied on the antibacterial property (9, 10) and antimildew of bread (11). In addition, it has also been used as an additive in the production of carbonated drinks to reduce obesity (12). In livestock husbandry, L. amylovorus is one of the most common silage fermentation additives. It can degrade cellulose and lignin enhanced in silage, increase soluble carbohydrates, sample nutrient storage and utilization, and improve the fermentation quality of silage (13). In addition, in livestock production, L. amylovorus has gradually shown excellent probiotic effects, such as increasing daily weight gain (14) and resistance (15). At present, there are a few reports on the safety of L. amylovorus in vivo and intestinal microecology.

Tibetan pigs are a herbivorous local pig species with a low incidence during growth. Compared with Landrace pigs, the intestinal flora of Tibetan pigs is more abundant, and fiber degrading bacteria are rich in the large intestine, which can decompose cellulose and other substances in crude feed to facilitate host digestion and absorption of nutrients (16). Moreover, Tibetan pigs are hardly fed or injected with antibiotics during the feeding process, and the probability of drug-resistant strains is very low, so it has great potential to isolate potential probiotics from Tibetan pigs. L. amylovorus are characteristic bacteria in piglets, from day 1 to day 11 after weaning, these bacteria are the dominant species in the small intestine (17), which are easy to isolate and culture. The current research focuses on the main physiological and biochemical characteristics, antibacterial activity, and adhesion ability of L. amylovorus SLZX20-1 isolated from Tibetan pigs. The effects of intestinal tissue morphology and intestinal microbial composition are determined through in vivo experiments to verify the probiotic function and safety of the isolated L. amylovorus SLZX20-1.



MATERIALS AND METHODS


Isolation, Purification, and Identification of L. amylovorus SLZX20-1 Strains

Feces were collected from a pig farm located in south Tibetan and were moved back to the lab as soon as possible. Then mixed with 70% glycerol as a 1:1 ratio to be fecal samples and stored at −80°C. When it is needed, 1 g of fecal samples was mixed with normal saline via vortex oscillations to get suspensions. Suspensions were diluted in a 10-fold gradient and the serial dilutions were streaked onto selective medium, anaerobic incubated (Anaerobic Incubator LAI-D2, Longyue, Shanghai, China) at 37°C till a single colony of appropriate size was grown. Picked single colony was inoculated on de Man, Rogosa, and Sharpe (MRS) solid medium plates in anaerobic conditions at 37°C to purify them and repeated this process three times for further purification. Purified strains were anaerobically incubated in MRS broth for 18 h. Then mixed bacterial suspension with 50% glycerol as 1:1 ratio and cryopreserved at −80°C for further identification.

The colonies were observed by size, shape, color, margins, and pellucidity. The isolates were done the Gram staining and were observed under an oil microscope (1,000 ×) to identify morphology for further classifying the strains. The utilization of starch by strains was detected by culturing in starch medium, and the starch in the medium was detected by iodine solution. Total DNA of purified strains was extracted using bacteria genomic DNA kit (CWBIO, Beijing, China). Molecular identification was done by PCR amplification using 27F and 1492R universal primers (Weisburg WG, 1991) with 1,500-bp product size. The forward primer is 5′-AGAGTTTGATCCTGGCTCAG-3′ and the reverse primer is 5′-GGTTACCTTGTTACGACTT-3′. PCR reactions were conducted in 50 μl reactions that include 1 μl of template DNA, 25 μl of 2.5 mM deoxynucleotide triphosphates (dNTPs), 22 μl of deionized water, 1 μl of 10 μM primer for three replications. For initial denaturation at 94°C for 4 min, then at 94°C for 45 s by 30 cycles, 55°C for 45 s, and 72°C for 1 min and an extension at 72°C for 10 min. The product of PCR was sequenced and blasted with the National Center for Biotechnology Information (NCBI) database. High homological Lactobacillus sequences of different species and different strains were selected to contrast with the sequences of the isolates to the construction of phylogenetic tree via Mega 7.0 software. The identified isolates were named L. amylovorus SLZX20-1 and kept in China General Microbiological Culture Collection Center (strain No. 20122).



Growth Characteristics, pH and Bile Salts Tolerance

Streaked and inoculated L. amylovorus SLZX20-1 onto a plate to activate the strain. In total, 1% of activated strains was anaerobically incubated in MRS broth at 37°C and tested OD600 nm value, pH, and counted viable bacteria numbers every 2 h. The L. amylovorus suspensions were diluted in a 10-fold gradient and streaked onto MRS medium, anaerobic incubated at 37°C to count viable bacteria numbers in plates, which colony numbers were between 30 and 300.

Tolerance to low pH and bile salts were assessed that 1% of activated strains was incubated with different pH (0, 2.5, 3.0, and 4.0) of sterile phosphate buffered saline (PBS) or with sterile PBS (Gibco, Brooklyn, NY, USA) containing different bile salts (Solarbio, Beijing, China) levels (0, 0.1, 0.2, and 0.3%). The mixture was incubated at 37°C for 0, 1, 2, 3, and 4 h to count viable bacteria numbers via the flat colony counting method. Taking the viable bacteria number of 0 h as the control, the survival rate of L. amylovorus SLZX20-1 in different pH conditions or different bile salt levels was calculated.



Antibiotic Sensitivity Assay

Antibiotic sensitivity was determined by drug-sensitive paper tablets (Hangzhou microbial reagent Co. LTD, China). Selected 1–2 common antibiotics from each class as a representative to comprehensively reflect the drug sensitivity of L. amylovorus SLZX20-1, such as amikacin, gentamicin, cefradine, carbenicillin, penicillin, norfloxacin, tetracycline, chloramphenicol, vancomycin, and erythromycin. In total, 1% of L. amylovorus SLZX20-1 was mixed in melted MRS solid medium till it solidified and dried for 3–5 min. The tablets were homogenized, spread in the plate, and gently compacted, with a spacing between each other not less than 24 mm. The distance from tablet center to the edge of plate was not less than 15 mm which prevents the crossing between each transparent circle. Plates were incubated in a 37°C anaerobic incubator for 36 h to observe the size of antibacterial circles. Every tablet was repeated in triplicate. The circle diameter <15 mm was resistant and 16–20 mm for medium sensitivity, the circle diameter of >20 mm was sensitive.



Enzymatic-Production Capacity

The determination of enzymatic spectrometry was done by using API-ZYM kit (Biomérieux, France). After 14 h cultures, L. amylovorus SLZX20-1 was centrifuged at 5,000 rpm for 10 min, removed the supernatant, resuspended the strains via normal saline, and adjusted their concentrations at 1 × 109 colony forming unit (CFU)/ml. In total, 65 μl of bacteria suspension was added into strip wells and co-cultured in the anaerobic incubator at 37°C for 4 h. Then added a color developer into wells and recorded the color reaction results.

The supernatant of L. amylovorus SLZX20-1 was filtered and added into solid mediums containing ethyl4-hydroxy-3-methoxycinnamate to incubate at 37°C for 24 h for qualitative analysis of the feruloyl esterase production via the Oxford Cup method. Quantitative determination of feruloyl esterase activity was done by hyphenated to liquid chromatography (HPLC) (Agilent Technologies 1200 Series, Santa Clara, CA, USA) separation systems. The enzyme activity was defined that the required enzyme amount for degradation of ethyl4-hydroxy-3-methoxycinnamate per minute to generate 1 μmol ferulic acid is 1 U as the condition of 39°C, pH 7.0. After 36 h cultures, L. amylovorus SLZX20-1 was centrifuged at 5,000 rpm for 10 min, discarded the supernatant, washed strains, resuspended it with PBS, and then was broken by ultrasonic to obtain a crude solution of feruloyl esterase. In total, 400 μl crude solution of feruloyl esterase, 100 μl 10 mmol/l ethyl4-hydroxy-3-methoxycinnamate (solute with dimethyl sulfoxide), 500 μl sodium phosphate buffer of contained 2.5% (V/V) Triton-100 (pH 7.0) were co-incubator at 39°C for 45 min, then heated in 100°C for 10 min to terminate the reaction. Detected the production amount of ferulic acid via HPLC separation systems.



Antimicrobial Activity and Antimicrobial Substances Assay

Antimicrobial activity was assessed against eight pathogens associated with Escherichia coli (E. coli) O157, K88, K99, 987P, Salmonella typhimurium (S. typhimurium) SL1344, Citrobacter rodentium (C. rodentium) DBS100, Salmonella pullorum (S. pullorum) CVCC1791, and Staphylococcus aureus (S. aureus) CVCC1882 (all strains were obtained from China Veterinary Culture Collection Center). Oxford Cup test was done for the detection of antimicrobial activity. Antibiotics (200 μl 0.1 mg/ml doxycycline hydrochloride) were used as a positive control, normal saline was used as a negative control. Briefly, L. amylovorus SLZX20-1 36 h cultures were centrifuged (5,000× g for 10 min, 4°C), the supernatant and the strains were collected separately. The supernatant (filter by 0.22 μm filters), strains (wash three times and resuspend with sterile normal saline), and suspensions (L. amylovorus SLZX20-1 36 h cultures without centrifuging) were set to be three treatment groups. A drop of 200 μl antibiotics, normal saline, supernatant, strains, or suspensions was independently added into each hole of medium and co-cultured with different pathogens in the incubator for 12 h. Then the diameter of the inhibition zone was measured. Every group was repeated in triplicate.

Collected supernatant of L. amylovorus SLZX20-1 36 h cultures via centrifugation (5,000 × g for 10 min, 4°C) and filtered it. In the exploration of antimicrobial substances, supernatant without any modification (pH is 4) was set as a control, adjusted pH of supernatant to 7, added protease k (1 mg/ml, adjusted pH to 8), trypsin (1 mg/ml, adjust pH to 3), or pepsin (1 mg/ml, adjust pH to 8.2) in the supernatant, which these treatments were constituted to be trial groups. Stood protease k, trypsin, and pepsin groups at 37°C for 2 h and then adjusted their pH to 7. A drop of 200 μl supernatant from every group was independently added into each hole of medium and co-cultured with different pathogens in the incubator at 37°C for 24 h. Then measured the diameter of the inhibition zone. Furthermore, the short-chain fatty acid (SCFA) production of the supernatant was analyzed by ion chromatography after a 400-fold dilution. SCFA was measured according to our previous studies (18, 19).



Adherence to Intestinal Porcine Epithelial Cells (IPEC-J2 cells)

Recovery and passage of IPEC-J2 cells were referred to using the same method previous study (20). Before IPEC-J2 cells were fused to 90, 1% L. amylovorus SLZX20-1 was inoculated to MRS broth medium and grown for 12–14 h. Then, the mixture was centrifuged at 4°C 5,000 rpm for 10 min. The supernatant was discarded, and the strains were washed three times with PBS and resuspended by Dulbecco's Modified Eagle-F12 Ham Medium (DMEM/F12, Gibco, NY, USA) without serum and antibiotics and adjusted concentrations at 1 × 107, 1 × 108, or 1 × 109 CFU/ml. Adhesion rate was determined by co-culture of L. amylovorus SLZX20-1 and IPEC-J2 cells. Different concentrations of L. amylovorus SLZX20-1 were added to six-well plates with grown and without non-adherent cells. They were incubated in an atmosphere of 5% CO2 incubator at 37°C for 2 h. Then, discarded the supernatant and washed three times with PBS to fully remove the unadhered bacteria. In total, 1 ml of 0.1% Triton-100 (Sigma, Saint Louis, MO, USA) was added to each well, standing for 15 min to fully lyse the cells, free the bacteria, and then the bacterial fluid was moved into a centrifuge tube. The adhesion rate of the L. amylovorus SLZX20-1 was calculated via counting the numbers of live bacteria before and after adhesion by the flat colony counting method. Moreover, gram staining was used to observe the adhesion ability. Specifically, the process was similar to methods mentioned above except for the following points. Firstly, the IPEC-J2 cells were climbed on the glass slide. Secondly, after washing the unadhered bacteria, the cells and adhesive bacteria were fixed via formaldehyde for 30 min. Following, gram staining was done and the cell slides were put on the glass slides. Finally, adhesion condition of the co-culture of L. amylovorus SLZX20-1 and IPEC-J2 cells were examined under a microscope.



Suppress Pathogen Adhesion to IPEC-J2 Cells

Separately cultured L. amylovorus SLZX20-1 and Enterotoxigenic Escherichia coli (ETEC) K88, collected strains and washed three times with PBS, resuspended by DMEM/F12, and adjusted concentrations of ETEC K88 at 1 × 107 and 1 × 108 CFU/ml. Competition, exclusion, and replacement trials were performed to test the antibacterial activity of L. amylovorus SLZX20-1. Co-culture of L. amylovorus SLZX20-1 and ETEC K88 onto IPEC-J2 cell plate for 2 h to test their competition. L. amylovorus SLZX20-1 was added onto the IPEC-J2 cell plate and incubated in an atmosphere of 5% CO2 incubator at 37°C for 1 h. Then the supernatant was discarded and plates were washed three times with sterile PBS, subsequently, ETEC K88 was added to co-culture for 1 h again to test their repellency. The processes of the replacement trial were the same as the exclusion trial, but the difference between them lies in a different order of L. amylovorus SLZX20-1 addition. To be specific, ETEC K88 and IPEC-J2 cells were cocultured for 1 h, and L. amylovorus SLZX20-1 were add to the mixture for another 1 h. In three trials, all the controls were using DMEM/F12 to replace L. amylovorus addition. Finally, the inhibition rate of the L. amylovorus SLZX20-1 on ETEC was calculated via the count of the numbers of live ETEC K88 by the flat colony counting method. The formula of inhibition rate equal to the difference between the controls minus the experimental group was divided by the control group.



Expression of Host Defense Peptide (HDPs) on IPEC-J2 Cells

Intestinal porcine epithelial cells were added to six-well plates and grew till 80% of cells were confluent. After 14 h cultures, L. amylovorus SLZX20-1 were centrifuged, discarded the supernatant, washed strains with normal saline, resuspended by DMEM/F12 without serum, and set low, medium, and high-dose groups, in which bacteria suspension concentrations are 1 × 107, 1 × 108, and 1 × 109 CFU/ml. In total, 2 ml different concentrations of L. amylovorus SLZX20-1 were added to six-well plates of IPEC-J2 cells, co-incubated in an atmosphere of 5% CO2 incubator at 37°C for 6 h. RNA extraction was performed according to the instruction of cell RNA extraction kit (CWBIO, Beijing, China) and RNA reverse transcription-PCR (RT-PCR) was performed according to the instruction of RNA reverse transcription kit (Mei5 Biotechnology, Beijing, China) and done by qRT-PCR instrument (LightCycler 96, Roche, Shanghai, China). The primer sequence design of six HDPs is shown in Supplementary Table 1. The reaction system of real-time fluorescent quantitative PCR reactions was conducted in 10 μl reactions that include 2 μl of template DNA, 2 μl of real-time PCR super mix, 2 μl of deionized water, 0.5 μl of 10 μM forward primer, and 0.5 μl of 10 μM reverse primer. For initial denaturation at 95°C for 45 s, 95°C for 15 s then at 60°C for 15 s by 35 cycles, an extension at 72°C for 45 s.



Animal Experimental Protocol

All the procedures of this experiment were approved by the animal protection and utilization organization committee of China Agricultural University (CAU20171015-3). Sixty weaning C57BL/6 male mice were randomly divided into four groups, which are control group (CON, 150 μl normal saline), low dose group (LOW, 1 × 107 CFU/ml), medium dose group (MID, 1 × 108 CFU/ml), and high dose group (HIGH, 1 × 109 CFU/ml) for intragastric administration of L. amylovorus SLZX20-1. Each group has three replicates, every replicate has five mice. Intragastric administration was performed every 2 days and the trial period is 14 d. Daily survival and abnormal status of mice were observed and recorded. Daily weight and feed intake were recorded too. Six mice were randomly selected from each group for sampling on day 14. Based on the daily weight changes and feed intake to calculate the average daily weight gain (ADG), average daily intake (ADFI), and feed to gain ratio (ratio of ADFI to ADG, F:G). Separated jejunum, ileum, cecum, colon, and collected chyme inside in 1.5 ml sterile centrifuge tube, put in liquid nitrogen immediately, and stored at −80°C for subsequent 16S rDNA sequencing.



Illumina MiSeq Sequencing

After purification with AxyPrep DNA Purification kit (Axygen Biosciences, Union City, CA, USA), the PCR products were detected by agarose gel (2%) electrophoresis and were quantified using PicoGreen dsDNA Quantitation Reagent (Invitrogen, Waltham, MA, USA) on QuantiFluor-ST Fluorometer (Promega, Madison, WI, USA). After that, according to standard protocols, collected amplicons for paired-end sequencing (2 × 300 bp). This process did on the Illumina MiSeq platform (Allwegene, China). The raw data of this manuscript have been uploaded to NCBI SRA database, and the accession No. is PRJNA792839.



Bioinformatics Analysis of Sequencing Data

For raw FASTQ files analysis, the first step was demultiplexed and quality-filtered via QIIME (version 1.17). It follows with some basic principles: (i) sequencing reads were trimmed at the sites with an average quality score <20 over a 50 bp's sliding window and deleted trimmed reads <50 bp; (ii) the reads that contained mismatching barcode were deleted; and (iii) removed the paired reads with <10 bp overlapping.

UPARSE (version 7.1, http://drive5.com/uparse/) was used to gather OTUs with a 97% similarity. For chimeric sequences, using UCHIME identified and deleted. RDP Classifier (http://rdp.cme.msu.edu/) based on Silva (SSU115) 16S rRNA database was used to do the taxonomic analysis for each 16S rRNA gene sequence, and the confidence threshold is 70%. The diversity indexes, including Chao index, Shannon index, coverage indexes, and Metastats analysis, all were dependent on procedure Mothur v.1.21.1 to conduct. Primer 6 software (Primer-E Ltd., UK) was used for hierarchical clustering analysis. Software Venn diagrams for Venn figures and R tools for bacterial community figures. Using R tools to analyze the PCoA analysis. The significant differences between the two groups of microbial types were analyzed by linear discriminant analysis Effect Size (LEfSe) analysis.



Statistical Analysis

The data and graphic analysis were performed by GraphPad prism 8.0. The results were shown on mean ± SEM. p < 0.05 was considered that differences are significant.




RESULTS


Identification of L. amylovorus SLZX20-1

The morphology of colonies is shown in Figure 1A that diameter was about 1–2 mm with milky white color, opaque, smooth surface, and neat edges. Strains of L. amylovorus SLZX20-1 were proven to be the Gram-positive bacteria with rod-shaped, about 2–5 μm (Figure 1B). The amplified products size of 16S rDNA was about 1,500 bp and the sequencing length was 1,464 bp (Supplementary Figure 1). Sequencing results of 16S rDNA sequence were submitted to NCBI database for Basic Local Alignment Search Tool (BLAST) detection and were analyzed consanguinity via phylogenetic tree, which showed that the strains had 99.66% homology with L. amylovorus and genetically related with to L. amylovorus (Figure 1C). Further, L. amylovorus are major starch utilizers, we observed the utilization of starch by the isolated strain in starch medium (Supplementary Figure 2). Therefore, the strain was named as L. amylovorus SLZX20-1.
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FIGURE 1. Identification of L. amylovorus SLZX20-1. (A) Colony morphology of L. amylovorus SLZX20-1. (B) Gram staining of L. amylovorus SLZX20-1, bar = 10 μm. (C) The phylogenetic tree of L. amylovorus SLZX20-1.




Probiotic Properties of L. amylovorus SLZX20-1 in vitro

The growth stability period of L. amylovorus SLZX20-1 indicated that the strains grew rapidly (Figure 2A) and multiplied in nutrient-rich environments in a short time (Figure 2B). The number of live bacteria reached 1 × 108 CFU/ml in 6 h and maintained this number till 24 h. When the strains entered the log growth period, the fluid pH of strains decreased quickly and slowed the decline rate bounded after 12 h with pH 3.93 at 24 h (Figure 2C), indicating the strong acid production capacity of L. amylovorus SLZX20-1. Meanwhile, L. amylovorus SLZX20-1 has shown strong acid tolerance ability at pH 4 and pH 3 with 70.55 and 57.13% survival rate for 2 h (Figure 2D). In addition it can tolerate lower concentration (0.1%) of bile salt environment instead of higher concentration (0.2%) of bile salt environment (Figure 2E). L. amylovorus SLZX20-1 was sensitive for cefradine, carboxypenicillins, tetracycline, chloramphenicol, vancomycin, erythromycin, and penicillin but insensitive to butamkana, norfloxacin, and gentamicin (Figure 2F). It can utilize fibrodilose, maltose, salicin, sucrose, raffinose, lactose, and synanthrin (shown in Supplementary Table 2). L. amylovorus SLZX20-1 has the stronger ability for enzyme production on leucine aromaminase, cystine amminoaraminase, acid phosphatase, Naphthol-AS-BI-phosphohydrolase, α-galactosidase, β-galactosidase, α-glucosidase, and β-glucosidase, while weaker on alkaline phosphatase, esterase, valine aromaminase and trypsin (Figure 2G; Supplementary Table 3). Meanwhile, L. amylovorus SLZX20-1 proved that the strains can secrete feruloyl esterase to degrade ethyl ferulate. In addition, the viability unit of feruloyl esterase was 105.7447 mU/mgprot via 72 h culture and liquid chromatography quantification analysis (Figure 2H).
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FIGURE 2. Probiotic properties of L. amylovorus SLZX20-1. (A–C) The growth curve, viable count curve, and pH curve of L. amylovorus SLZX20-1. (D) The ability of acid tolerance of L. amylovorus SLZX20-1. (E) The ability of bile salt tolerance of L. amylovorus SLZX20-1. (F) The antibiotic sensitivity of L. amylovorus SLZX20-1. (G) API-ZYM enzyme activities assay of L. amylovorus SLZX20-1, enzyme marked in red represents positive reaction. (H) The ability of feruloyl esterase production of L. amylovorus SLZX20-1.




Drug Resistance and Antibacterial Activity L. amylovorus SLZX20-1

The results of antimicrobial activity detection have shown that L. amylovorus SLZX20-1 can inhibit the growth of S. typhimurium SL1344, C. rodentium DBS100, S. pullorum CVCC1791, S. aureus CVCC1882, E. coli O157, E. coli K88, E. coli K99, and E. coli 987P, for which the inhibition ability for C. rodentium DBS100 was stronger than others (Figure 3A, Supplementary Figure 3, Table 1). C. rodentium DBS100 was further used to explore the antibacterial reagent in L. amylovorus SLZX20-1, the result showed that adjusted pH to neutral dismissing the antimicrobial activity of L. amylovorus SLZX20-1, which indicated that the inhibition effect was mainly exerted by the low pH of supernatant, due to its strong acid-producing capacity rather than proteins or peptides production from L. amylovorus SLZX20-1 (Figures 3B,C). The SCFAs in their supernatant were analyzed by ion chromatography. It was found that lactic acid and acetic acid were mainly produced. The yields of lactic acid and acetic acid were 14.62 and 3.51 g/l, respectively (Figure 3D).
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FIGURE 3. Antibacterial activity and acid production capacity of L. amylovorus SLZX20-1. (A) The inhibitory effect of L. amylovorus SLZX20-1 against C. rodentium DBS100, Hole 1 is the positive control group (doxycycline), hole 2 is the group of sediment of L. amylovorus SLZX20-1, hole 3 is the negative control group, hole 4 is a group of the fermentation broth of L. amylovorus SLZX20-1, hole 5 is a group of bacterial suspension of L. amylovorus SLZX20-1. (B,C) The exploration of antibacterial substances of L. amylovorus SLZX20-1, K-Protease K, T-Trypsin, P-Pepsin. (D) The concentration of main short-chain fatty acids produced by L. amylovorus SLZX20-1.



Table 1. The diameter of the inhibition zone of L. amylovorus SLZX20-1 against pathogenic bacteria.
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Adhesion of L. amylovorus SLZX20-1 to IPEC-J2 cells

L. amylovorus SLZX20-1 had certain adhesion for IPEC-J2 cells and this process was not easily affected by physical stimulation, such as washing and tinting (Figures 4A,B). Adhesion rates were 26.69, 20.21, and 4.38% by co-culturing with IPEC-J2 cells at low, medium, and high dose of L. amylovorus SLZX20-1. These results have shown that the adhesive rate of L. amylovorus SLZX20-1 was decreased following the increasing concentration of L. amylovorus SLZX20-1 per unit area of IPEC-J2 cells (Table 2). However, L. amylovorus SLZX20-1 proved that it did not inhibit E. coli K88 adhering to IPEC-J2 cells in every competition, exclusion, and replacement test (Supplementary Table 4). L. amylovorus SLZX20-1 was co-cultured with IPEC-J2 cells that significantly improved the expression level of antimicrobial peptides mRNA for NK-lysin, PEP2C, PG1-5, and PBD-1. Among that, high dose significantly improved NK-lysin, PEP2C expression (p < 0.05), medium dose significantly improved NK-lysin, PG1-5, PBD-1 expression (p < 0.05), but low dose significantly decreased PG1-5 expression (p < 0.05; Figure 4C).
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FIGURE 4. Adhesion of L. amylovorus SLZX20-1 to IPEC-J2 cells. (A) The co-culture of L. amylovorus SLZX20-1 and IPEC-J2 cells after being washed with PBS was observed under an inverted microscope, 200×. (B) The gram staining of L. amylovorus SLZX20-1 co-cultured with IPEC-J2 cells, bar = 20 μm. (C) The effect of different doses of L. amylovorus SLZX20-1 on host defense peptides expression of IPEC-J2 cells. **p < 0.01, ***p < 0.001, compared to the con.



Table 2. The adhesive capacity of different doses of L. amylovorus SLZX20-1 to IPEC-J2.
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The Influence of Feed-supplementation With L. amylovorus SLZX20-1 on the Intestinal Microenvironment of Mice in vivo

Intragastric administration of different doses of L. amylovorus SLZX20-1 had no significant effect on the weight change of mice but showed a certain effect on promoting weight gain. There was no significant difference in the final body weight, ADG, and F:G ratio among the treatment groups (p > 0.05), but the ADF intake of the high group increased significantly (p < 0.05; Table 3).


Table 3. Effects of different doses of L. amylovorus SLZX20-1 on growth performance in mice.
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The tissue morphology figures of the jejunum, ileum, and colon of mice are shown in Supplementary Figure 4. The results show that the tissue structure of each intestinal segment L. amylovorus SLZX20-1 mice with different doses by gavage was clear, and the intestinal villus of the small intestine were closely arranged. By measuring the villus height and recess depth of jejunum and ileum, it was found that different doses of L. amylovorus SLZX20-1 by gavage significantly reduced the recess depth of jejunum and ileum (p < 0.05). In addition, the villus height of mice in the low group was significantly reduced (p < 0.05), and the villus ratio of jejunum and ileum was significantly increased in the high dose group (p < 0.05; Table 4).


Table 4. Effect of L. amylovorus SLZX20-1 on intestine development in mice.
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Effects of L. amylovorus SLZX20-1 Microbial Composition of the Ileum

In order to evaluate the effect of the strain on the intestinal microbial composition of mice, the ileum samples were analyzed by 16S rDNA sequencing, it can be seen that there is no significant difference between the L. amylovorus SLZX20-1 group (1 × 109 CFU/ml SLZX20-1) and the control group in terms of α-diversity (Figure 5A) and β-diversity (Figure 5B) (p > 0.05), but the samples in the SLZX20-1 group are more dispersed in terms of β-diversity. According to the common strains analyzed by the Venn diagram, there were 120 common strains between the SLZX20-1 group and the control group, and 356 differential strains in the SLZX20-1 group (Figure 5C).
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FIGURE 5. Effects of L. amylovorus SLZX20-1 microbial composition of the ileum. (A) The α-diversity comparisons were analyzed by Chao1, Shannon's diversity, and Simpson index, data were shown as mean ± SEM. (B) The β-diversity comparisons were analyzed by weighted UniFrac PCoA. (C) Common species analysis was shown by the Venn diagram. (D) Community composition of the gut microbiota at the phylum and genus levels. (E) Bacterial taxa differentially were identified by LEFSe using an LDA score threshold of >2.0 and p < 0.05. (F) LEfSe cladogram of microbial composition in ileum of control and L. amylovorus SLZX20-1-treated mice (LDA score >2, p < 0.05), red and gray nodes/shades indicate taxa that are significantly higher in relative abundance. The diameter of each node is proportional to the taxon's abundance, CON, and SLZX20-1 mean control and L. amylovorus SLZX20-1 (1 × 109 CFU/ml) -treated mice, respectively.


The taxonomic distributions were further assessed to find the most abundant bacterial OTUs in each sample region. Based on the bacterial relative impairment of the top 11 phyla, whether in the control group or the SLZX20-1 group, Firmicutes were the most abundant flora in the ileum (99.43 and 97.60%, respectively), followed by Proteobacteria (0.44 and 1.31%, respectively). In addition, the abundance of Actinobacteria (0.66%), Bacteroidetes (0.36%), Verrucomicrobia (0.04%), and TM7 (0.02%) in SLZX20-1 group was higher than that in the control group (0.05, 0.07, 0.02, 0.03%, respectively; Figure 5D, Supplementary Table 5).

At the genus level, a total of 20 genera were identified, Lactobacillus was the most prevalent, and the relative abundance was 87.98 and 87.31% in the control group and the SLZX20-1 group, respectively. A decreased proportion of Candida_arthritis was observed in SLZX20-1 group compared with the control group (from 5.73 to 1.61%), and an increased abundance of Clostridium was observed in the SLZX20-1 group compared with the control group (from 0.62 to 2.15%). The abundance of Unspecified_Caulobacteraceae in the SLZX20-1 group (0.60%) was higher than the control group (0.18%) (Figure 5D, Supplementary Table 6). Furthermore, it was found that the average distribution index of 11 genera among the top 20 genera in the SLZX20-1 group was higher than the control group, except two genera in the ileum (the Unspecified_Coriobacteriaceae 0.05% and Prevotella 0.02%).

To identify the bacterial species' most characteristics of the SLZX20-1 group, LEfSe analysis of the taxa was conducted with linear discriminant analysis (LDA) scores >2 and p < 0.05. This approach revealed that 12 OTUs were differentially present between the SLZX20-1 group and the control group (Figure 5E, Supplementary Table 7) and further visualized the result of the Kruskal-Wallis rank-sum test with a LEfSe cladogram (Figure 5F).



Effects of L. amylovorus SLZX20-1 Microbial Composition of Colon

The colon microbial composition analysis is further explored in Figure 6, the result showed that the treatment of L. amylovorus SLZX20-1 resulted in a slight increase in Chao1, Shannon, and Simpson index, but they did not reach the significant level (Figure 6A) (p > 0.05). In β-diversity analysis, the samples in the SLZX20-1 group were more dispersed, which was similar to the ileum (Figure 5B). Venn diagram showed that there are 787 common strains between the SLZX20-1 group and the control group in the colon, and 998 differential strains in the SLZX20-1 group (Figure 6C).
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FIGURE 6. Effects of L. amylovorus SLZX20-1 microbial composition of colon. (A) The α-diversity comparisons were analyzed by Chao1, Shannon's diversity, and Simpson index, data were shown as mean ± SEM. (B) The β-diversity comparisons were analyzed by weighted UniFrac PCoA. (C) Common species analysis was shown by the Venn diagram. (D) Community composition of the gut microbiota at the phylum and genus levels. (E) Bacterial taxa differentially were identified by LEFSe using an LDA score threshold of >2.0 and p < 0.05. (F) LEfSe cladogram of microbial composition in colon of control and L. amylovorus SLZX20-1-treated mice (LDA score >2, p < 0.05), red and gray nodes/shades indicate taxa that are significantly higher in relative abundance. The diameter of each node is proportional to the taxon's abundance, CON, and SLZX20-1 mean control and L. amylovorus SLZX20-1 (1 × 109 CFU/ml) -treated mice, respectively.


At the phylum level, a total of 10 phyla were identified, the most abundant phyla in the colon of the control group and SLZX20-1 group is Firmicutes (62.72 and 45.22%, respectively), followed by Bacteroidetes (29.50 and 36.05%). In addition, the abundance of Actinobacteria (9.21%), Verrucomicrobia (5.15%), Tenericutes (0.73%), and Deferribacteres (0.55%) in the SLZX20-1 group was higher than the control group (3.55, 0.01, 0.47, and 0.15% in the control group, respectively) (Figure 6D, Supplementary Table 8).

The genus level was further analyzed, and the results showed that a total of 20 genera were identified. The dominant genus in the control group was Lactobacillus (52.04%), but in SLZX20-1 group, the dominant genus was changed to Unspecified_S24_7 (27.03%) but not Lactobacillus (19.16%). In addition, the treatment of SLZX20-1 group increased the abundant of Unspecified_Clostridiales (6.13%), Akkermansia (5.15%), Unspecified_Lachnospiraceae (4.10%), Oscillospira (3.92%), Allobaculum (3.42%), and [Prevotella] (3.09%) than control group (3.04, 0.01, 1.74, 1.22, 0.02, and 0.36% in control group respectively). The abundance of Prevotella (0.51%) and Helicobacter (0.23%) was decreased in the SLZX20-1 group as compared with the control group (0.92 and 1.19% in the control respectively) (Figure 6D, Supplementary Table 9).

LEfSe analysis of the taxa showed that 12 OTUs were differentially present between the SLZX20-1 group and control group in the colon (Figure 6E, Supplementary Table 10), and the result of the Kruskal-Wallis rank-sum test was further visualized with a LEfSe cladogram (Figure 6F).




DISCUSSION

Probiotics have been shown to be beneficial to maintain healthy piglets, promote their growth, and improve feed conversion rate. Many microbes have been used as probiotics, but lactic acid bacteria appear to be the most potential probiotic candidate in pig nutrition (21). Early studies have isolated and screened lactic acid bacteria for probiotics for the preparation of pigs, indicating the existence of species specificity of probiotics (22). Compared with microorganisms from other species, the natural flora from the gut is easy to reproduce rapidly and reach a stable state in the gut, which indicate that it may play a more effective role in maintaining the balance between beneficial and harmful bacteria and promoting the health of the host (21). In our previous findings, we found that L. amylovorus is the dominant species in feces of weaned piglets, after further selection through an optional medium, we successfully isolated this L. amylovorus strain from Tibetan piglets, after the identification by 16S rDNA, we further named this strain as L. amylovorus SLZX20-1.

Lactobacillus amylovorus is a kind of lactic acid bacteria that can hydrolyze starch. It was first found and isolated from the mixed fermentation of cattle waste and corn by Nakamura (23). The colony is white, convex, smooth, round, with neat and opaque edges. It belongs to Gram-positive bacteria. The optimum pH is 5.5–6.0, but the pH 3.0–4.5 can still survive (24). Padmavathi et al. isolated a Lactobacillus strain with acid resistance, bile salt resistance, and degradable starch from soil and verified it with modified MRS medium and starch (25). These characteristics were also similar to the strains we isolated. Combined with the sequencing results, the isolated strain L. amylovorus SLZX20-1 was confirmed belonging to L. amylovorus.

The enzyme profile of L. amylovorus SLZX20-1 was detected by API-ZYM, and it was found that it could produce many enzymes. Aminopeptidase plays an important role in the hydrolysis of bitter peptides and the release of amino acids, which may be involved in flavor formation (26). The active α-galactosidase can hydrolyze α-galactosidase, which is a common anti-nutritional factor in legumes and affects nutrient Substances. α-glucosidase can catalyze the hydrolysis of α-1, 4-glucosidase, and decompose oligosaccharides, such as maltose and sucrose in the small intestine. β-glucosidase is a major component of cellulase, which hydrolyzes the cellulose disaccharide produced by cellulose degradation of endocellulase and exocellulase. It is noteworthy that β-glucosidase plays an important role in the bioconversion of olivin to hydroxytyrosol, which is an ideal food antioxidant (27). In addition, studies have found that L. amylovorus has the function of producing ferulate esterase (28). Ferulate esterase can improve the hydrolysis efficiency of lignin, cellulose, and hemicellulose in plant cell walls and release the antioxidant ferulic acid with antioxidant, bacteriostatic, and anti-inflammatory functions. In addition, α-chymotrypsin β-glucuronidase and N-acetyl-β-glucosaminase are related to intestinal diseases (29). However, L. amylovorus SLZX20-1 does not produce these enzymes, which can better explain its safety.

Studies have shown that L. amylovorus carrying S-layer protein isolated from the small intestine of piglets shows potential health-promoting effects both in vitro trial and in weaned piglets (30, 31). Therefore, this symbiotic strain may have potential as a probiotic feed additive during weaning. The primary condition for lactic acid bacteria to function as probiotics is to survive in the upper digestive tract and function in the intestinal environment. Therefore, acid and bile tolerance are the primary characteristics of probiotics in the intestinal environment. L. amylovorus SLZX20-1 has good tolerance to the acidic environment and a certain tolerance to low bile salt concentration. The pH value of L. amylovorus SLZX20-1 fermentation broth cultured for 24 h can be lower than 4 h, showing a strong acid production ability. By ion chromatography analysis, the supernatant mainly consisted of lactic acid and acetic acid, of which lactic acid content was the highest.

Growth inhibition of pathogens is one of the most direct and important ways for probiotics to antagonize pathogens. Considered the most fundamental property of probiotic strains, many bacteria are credited with probiotic properties in vitro showed on the common inhibitory activity for pathogenic bacteria, such as E. coli, Listeria, and Salmonella (31). In fact, many probiotics can produce antibacterial material, lactic acid, acetic acid, and aromatic compounds, such as hydrogen peroxide secondary metabolites, these substances also can inhibit the growth of pathogens, such as Sramana, E. coli, Clostridium, and other harmful organisms (32). In the present study, L. amylovorus SLZX20-1 showed strong ability in inhibiting the growth of pathogenic bacteria, and the supernatant of L. amylovorus SLZX20-1 had an inhibitory effect on E. coli and Salmonella while not the heavy suspension liquid, explain the antibacterial substances were associated with bacterial metabolites, rather than the bacteria itself in this study, and may be associated with lactic acid, low pH value and antibacterial compounds. It is important to note that although the chosen indicator bacteria showed inhibitory function, however, its inhibition zone disappeared when the upper clearance was adjusted to neutral and reappeared when the pH value was 4. This result was consistent with previous research results, and the acidic environment caused by lactic acid is a factor that may affect the survival of pathogens (33). In addition to the antibacterial effect due to the pH reduction, lactic acid also acts as an outer membrane penetrant of Gram-negative bacteria and may act as an enhancer of other antibacterial substances, inducing bacteria to exert antibacterial capacity (34), and chelating essential nutrients, such as iron ions (35).

In the present study, L. amylovorus SLZX20-1 has certain adhesion abilities to porcine intestinal epithelial cells, IPEC-J2, but it has not been identified whether S layer protein is involved in its adhesion to host cells. Some studies have found that S layer protein on the surface of L. amylovorus is not directly involved in its adhesion to intestinal epithelial cells (33). The adhesion ability of L. amylophilus isolated from silage was significantly worse than that isolated from porcine intestinal epithelial cells (33). Anti-adhesion strategies can effectively inhibit mucosal surface pathogen-mediated disease, especially in combination with selective pressure of competitive exclusion by members of the normal intestinal flora (36). In present study, co-culture was used to investigate whether L. amylovorus SLZX20-1 could inhibit the adhesion ability of pathogenic bacteria to intestinal epithelial cells by competitive exclusion replacement in three ways. Studies have confirmed that L. amylovorus can inhibit the adhesion ability of pathogenic bacteria to intestinal epithelial cells by competitive exclusion replacement. L. amylovorus DSM 16698 was adhesion to IPEC-1 cells and its competitive inhibition of ETEC binding to IPEC-1 cells (37). However, in addition to competitive inhibition, there may also be other mechanisms, such as secretion of inhibitory factors, because strains with poor adhesion can also inhibit ETEC adhesion (31). Contrary to the above results, L. amylovorus SLZX20-1 isolated in this study could not inhibit ETEC pairs by means of competitive exclusion replacement the adhesion effect of IPEC-J2, this may be due to the insufficient dose of L. amylovorus SLZX20-1, which produces less acid not enough to affect the growth of pathogenic bacteria, and this speculation needs further exploration.

Host defense peptides are mainly produced by intestinal epithelial cells and gastrointestinal phagocytes. They are an important part of the innate immune system and play an important role in pathogen clearance (38). HDPs are usually studied because of their antibacterial properties and have been proven to kill bacteria, viruses, fungi, protozoa, and even cancer cells (31). Different probiotic strains show different abilities to induce HDP production (39). Recent studies have shown that lactic acid bacteria can stimulate the expression of HDPs while not inducing inflammatory response (40) and enhance the synthesis of endogenous HDPs, which is conducive to the early response to infection and inflammation (41). We observed that different concentrations of L. amylovorus SLZX20-1 showed different effects on the expression of HDPs, in general, high dose and medium dose showed significant upregulation of NK-lysin, PEP2C, PBD-1, and PG1-5. Moreover, the ability of probiotics to regulate HDPs production varies from strain to strain, this may lead to different effects of different strains (39). Previous studies have proved that L. amylovorus and Lactobacillus reuteri also have the ability to upregulate HDP expression but not cause inflammation (40, 42) in addition to regulating defense response, HDPs are also related to nutrient digestibility, intestinal morphology, and growth performance of weaned piglets (43), these findings indicate that the expression of HDP gene induced by L. amylovorus SLZX20-1 is not only conducive to innate immune response but also conducive to body health and production performance.

L. amylovorus can utilize starch is one of the reasons for its extensive research. Tavea et al. isolated a strain of L. amylovorus from soil, which can secrete highly thermally stable α-amylase (44). Bertrand et al. enhanced the understanding of α-amylase production of Bacillus amyloliquefaciens 04BBA15 and Lactobacillus fermentum 04BBA19 through microbial interaction (45). In silage, inoculating L. amylovorus can significantly increase the soluble carbohydrate content of silage (46). We observed that L. amylovorus supplementation significantly increased feed intake in mice. Lee et al. proposed that starch digestion is related to the expression of mechanisms related to appetite control and that fermentation in the large intestine occurs when starch and/or dietary fiber escape the stomach and small intestine digestion. Undigested and fermentable carbohydrates arriving at the large intestine are fermented to produce SCFAs. These SCFAs are chemosensory by FFAR2 receptors in the colon, leading to the secretion of appetite-suppressing intestinal peptide (PYY), thereby reducing feed intake (47). Therefore, we can speculate that the increase of feed intake in mice may be related to the digestion and absorption of starch and other carbohydrates in the ileum and colon by L. amylovorus SLZX20-1.

Among the changes in gut microbiota after the treatment of L. amylovorus SLZX20-1, the most striking finding is that, at the genus level, the dominant genus in the colon was replaced by S24-7 from Lactobacillus. In addition, we also observed similar abundance changes in the ileum of Lactobacillus and S24-7 on genus level (Supplementary Table 6). S24-7 family (belongs to phylum Bacteroidetes) has recently been named as Muribaculaceae and showed prominent complex carbohydrates degradation (48), S24-7 were decreased in the feeding experiment of high-calorie or carbohydrate-enriched diets (49–51), further, the composition of carbohydrates in intestine is an important factor to gut microbiota (52), we speculated that the changes in the abundance of S24-7 may be related to the composition of carbohydrates in the intestinal tract. After the oral treatment, L. amylovorus SLZX20-1 entered the intestine and adhered to intestinal epithelial cells, L. amylovorus SLZX20-1 may become potential competitors of Lactobacillus in the utilization of carbohydrate, further resulting in the decrease of Lactobacillus, on the other hand, the ability of complex carbohydrates degradation may help S24-7 fit the altered composition of carbohydrates and increase their abundance. Up to now, the mechanism of starch metabolism and preferential utilization of different carbohydrates by L. amylovorus are still not unclear, in addition, the location of L. amylovorus colonization in intestine has not been determined, therefore, whether L. amylovorus affected gut microbiota by changing the composition of intestinal carbohydrates needs further study. In the present study, L. amylovorus significantly increased the feed intake of mice, but there was no significant increase in body weight. L. amylovorus has been proved to having protective effects against diet-induced obesity in vivo (53). In addition, studies on obesity have confirmed that the abundance of Akkermansia (54) and S24-7 (55) is significantly negatively correlated with obesity. We also found that L. amylovorus increased the abundance of Akkermansia and S24-7 in the present study, which indicated a correlation may exist among these findings. Therefore, the mechanism of L. amylovorus regulating intestinal flora, eating, and obesity still needs to be further studied.



CONCLUSION

The novel strain isolated from Tibetan piglets was named L. amylovorus SLZX20-1, it can secrete a variety of bioactive enzymes, such as galactosidase, glucosidase, and ferulic acid esterase to eliminate antinutritional factors or decompose oligosaccharides. In addition, the main function of this strain is to produce a large number of SCFAs for antibacterial function, adhere to intestinal epithelial cells, and improve the expression of HDPs in intestinal epithelial cells. At present, a prominent problem of L. amylovorus is its unclear priority utilization sequence of different carbon sources, which limits the further development of L. amylovorus. In the present study, L. amylovorus SLZX20-1 changed the gut microbiota composition, especially the abundance of S24-7 and Lactobacillus in the colon. These genera were significantly different in carbohydrate utilization, and it would be interesting to see if this was related to the role of L. amylovorus in vivo, meanwhile, enhanced HDPs expression by interaction with intestinal epithelial cells may also be a potential factor for microbial changes in the host intestinal flora. Therefore, as potential new food and feed additives, L. amylovorus SLZX20-1 showed good results in antibacterial activity, acid productivity, and well interaction with the host. After further exploration of its safety evaluation in vivo and underlying mechanisms of its effects on gut microbiota, L. amylovorus SLZX20-1 would be applied as a novel probiotic.
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The objective of the present study was to investigate the effects of feeding different amounts of Aspergillus oryzae culture (AOC) on the degradation rate of various feeds for 24 h, rumen fermentation parameters, microbial community, and blood cell composition of Hu sheep. Sixteen castrated and fattening adult Hu sheep with permanent rumen fistula were randomly divided into four groups (four sheep per group) based on body weight (64.62 ± 5.83 kg). The experiment was repeated for two periods to ensure eight replicates for each treatment, and each period consisted of 28 days, including a 7-d of transition, a 14-d of pre-feeding, and a 7-d of sample collection. The control group (CON) received a basal diet without AOC, and the other groups were fed basal diet supplemented with 10 g/d, 20 g/d, and 40 g/d AOC, respectively, every day before the morning feeding. Supplementation with 20 g/d and 40 g/d AOC significantly increased (P < 0.05) the total volatile fatty acids (TVFAs) content, the molar ratio of butyric acid, and the 24 h dry matter (DM) degradation rate of alfalfa hay and corn straw. When fed 40 g/d AOC, the DM degradation rate of corn germ meal and the relative abundance of Kiritimatiellaeota were significantly increased (P < 0.05), but the ratio of acetic acid to propionic acid (A/P) was significantly reduced (P = 0.04). In conclusion, supplementation with AOC for Hu sheep could improve feed DM digestibility and increase the energy supply of TVFAs concentration in the rumen. Based on the feed conditions of the present study, supplementation 40 g/d of AOC could increase the production efficiency of sheep while higher level have to further investigate.

Keywords: nutrient digestibility, sheep, Kiritimatiellaeota, rumen bacterial community, Aspergillus oryzae culture


INTRODUCTION

Antibiotics have been widely used since the 1940s to build the immunocompetence of livestock against infectious diseases and as growth promoters (GPs). However, long term use of in-feed antibiotics as GPs will lead to the development of drug resistance bacteria, which can further be transferred to humans and be potential threatens to human health (1). With increasing concerns toward the use of antibiotics in the ruminant feed industry, more emphasis has been given to increase public awareness on the issue, disease prevention, and the use of other natural GPs, such as direct-fed microbials (DFMs) (2).

DFMs are mono or mixed cultures of live microbes that exert beneficial health effects by improving gastrointestinal tract microbial balance when fed to the host (3). Aspergillus oryzae culture (AOC) is one of the most common DFM product and has been widely used as a feed additive in ruminant production (4–6). Studies have shown that AOC can regulate rumen microbiota (7), improve fiber digestibility (8). Supplementation of Aspergillus oryzae (AO) in diets of lactating cows increased milk production, feed efficiency, and tolerance to heat stress in some (9) but not all (10, 11) studies. However, reports about the effects of AOC on the rumen microbial community and characteristics of sheep are relatively scarce. The effective dosage of AOC in the production of ruminants such as sheep has not yet been reported. Most of the additive doses reported in existing studies are less than 10g, and the effects were different. As a nutritional additive, AOC is an excellent protein raw material. Therefore, increasing the addition amount in production may produce better results.

The rumen microbiome includes various microbes, such as bacteria, fungi, protozoa, archaea, and bacteriophages. The rumen microbiome plays a crucial role in shaping digestion physiology and ruminant production, and its potential utility for health and performance manipulation (12). A key reason for this is that rumen microbes could help ruminants transform fibrous and nonfibrous plant material into meat and milk. Therefore, regulating ruminal microbes and fermentation could improve feed efficiency in ruminants, that means a lot especially as the costs of forage and cereals have been continuously increased in recent years.

In the sheep industry, the sheep should be fed by balanced diets which contain all kinds of nutrients even some small feed additives to improve nutrients digestion and absorption, promote ruminal fermentation and hematological parameters, ultimately enhance the growth performance and productivity of sheep (13). Hematological indicators could reflect the health status of animals. To assess the impact of additives such as AOC on sheep health, hematological indicators may be timelier and more effective. Nowadays, Hu sheep husbandry has gradually become large-scale and intensive production (14), which has brought about some new problems, especially the high incidences of nutritional and metabolic diseases. The disorder of rumen microbiota is one of the causes of these diseases. Therefore, the use of DFMs to stabilize the rumen environment while ensuring the efficient operation of the digestive capacity of the gastrointestinal tract is being considered as the best strategy to solve the problem of antibiotics being disabled.

The DFMs feed additives with dual characteristics of nutritional and non-nutritional have improved the utilization rate of nutrition digestion and regulated the health of animals (15), especially AOC. However, whether AOC could increase the rumen digestibility, shape rumen microbiome, improve the health status of Hu sheep have not been reported. Here, the objective of the present study was to investigate the effects of supplementation with different amounts of AOC on the degradation rate of various feeds for 24 h, rumen fermentation parameters, microbial community, and blood cell composition of Hu sheep.



MATERIALS AND METHODS

All experimental protocols were approved by the animal protection committee of Gansu Province, China (2005-12), and the experimental procedures used in this study were in line with the University's animal research guidelines.


Animals, Diets, and Experimental Design

Sixteen castration adult Hu sheep with permanent rumen fistulas were blocked by body weight (64.62 ± 5.83 kg) and randomly assigned to one of the four treatments. The surgical operation of rumen fistulas adopts one-step installation method by using T-shaped fistula. The post-operative care procedure referred to sheep fistula surgery concepts and techniques from Durmic et al. (16). The details of the rumen operation and sheep care were described in recently publication by our research team (17). The treatments were control group (CON) that fed a basal diet in the form of total mixed ratio (TMR), and experimental groups fed a basal diet plus 10, 20 and 40 g of AOC/d, respectively. Each treatment had eight replicates as the experiment was repeated for two periods, with each period consisted of a 7-d of transition, a 14-d of pre-feeding and, a 7-d for sample collection. All sheep were housed in a single stall (1.4 × 0.75 × 1.5 m) that equipped with trough and tank. All sheep were fed twice daily at 8:00 and 18:00 with TMR. The experimental treatments feed different amount of AOC before morning feeding. In situ degradation of feeds includes roughage (corn straw and alfalfa hay), corn, and corn germ meal. The compositions and nutrient levels of the basal diet are shown in Table 1. The AOC was composed of AO soybean meal culture and microbial metabolites. The AOC in this study was provided by Haiyi Biological Feed Co., Ltd. (Guangdong, China). The nutrient composition and enzyme activity of the AOC (all measured values on a dry matter basis) are shown in Table 2.


Table 1. Composition and nutrient levels of the basal experimental diets (DM basis).
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Table 2. Nutrients and active components of Aspergillus oryzae culture (DM basis).
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Sample Collection

Rumen contents were collected through rumen cannulas before and after feeding (0, 2, 4, 6, 8, and 12 h) on d 19 to 20 of each experimental period. Collected rumen contents were mixed evenly, filtrated through four layers of gauze, with the pH measured immediately using a portable pH meter (Leimin PHSJ-4A desktop acidity meter, Shanghai Leimin Sensor Technology Co., Ltd.). Five milliliters of filtrates were collected into a 10 mL cryopreserving tube that containing 1 mL of metaphosphoric acid (25% wt/vol), stored at−80°C for volatile fatty acid (VFA) extraction. Rumen contents before morning feeding were collected and stored in a 50 mL cryopreservation tube at−80°C for microbial DNA extraction. Blood samples were collected from the jugular vein before morning feeding (08:00 am) on the 28th day of each period.



Measurement of Dynamic Rumen pH

From d 15 to 18 of each experiment period, the ruminal pH was continuously monitored for 3 days using a dynamic pH continuous monitoring and recording system (IP-600-10, JENCO, Shanghai, China). The pH electrode was calibrated with pH 4.00 and 6.86 standard fluids, placed in the ventral sac of the rumen through the rumen fistula before morning feeding (8:00 am) on d 15 and taken out on d 18, with ruminal pH data recorded every 0.5 min.



The In-situ Incubation

In situ incubation of substrates including corn straw, alfalfa hay, corn, and corn germ meal was conducted on d 27 to 28 of each period according to previous studies (18, 19). Four grams (accurate to 0.0001 g) of corn straw, alfalfa hay, corn, and corn germ meal that grounded to pass through a 2-mm screen were weighed into pre-numbered and dried nylon bags with constant weight (size 5 × 7 cm, pore 300 mesh). The prepared nylon bags were placed into the rumen of each sheep just before morning feeding, and ensure immersion in rumen abdominal bursal digest. After 24 h of incubation, all nylon bags were removed from the rumen, immediately submerged in ice water to stop microbial activity, rinsed with running water until the water was clear. The bags were dried in a constant temperature drying oven at 65°C for 72 h, colled in a desiccator, and weighed. Weights from each bag was used to calculate DM disappearance rage in the rumen (20). Unincubated bags (0 h) were washed and dried along with the incubated bags to calibrate the soluble fraction.



Rumen Fermentation

The method of extraction and determination of VFA was according to Li et al. (21). Rumen fluid were thawed at 4°C and centrifuged at 2,500 × g for 5 min. Five milliliters of supernatant were taken into a centrifuge tube containing 1 mL 25% metaphosphoric acid. It was left for 3 h at 4°C and centrifuged at 3000 g for 10 min. Then, two milliliters supernatant at 12,000 × g at 4°C for 15 min, filtered with 0.45 μm organic membrane, and 1 mL of the filtrate was extracted and mixed with 200 μL 1% crotonic acid. The VFA content in rumen fluid was determined by a gas chromatograph (GC-2010 PLUS, Shimadzu, Japan).



Blood Cell Counts

An automatic blood cell analyzer (IDEXXPro CyteDx TM, Sysmex Corporation, Kobe, Japan) was used to determine white cell count (WBC), red blood cell content (RBC), neutrophil count (NEUT), lymphocyte count (LYMPH), mononucleosis (MONO), eosinophilia (EO), basophilic (BASO), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count (PLT), mean platelet volume (MPV), and platelet hematocrit (PCT).



Rumen Bacterial Community

Based on the results of the DM degradation and rumen fermentation, the CON and supplementation of 40 g/d AOC treatments were selected to measure the 16S rDNA abundance in rumen contents. Microbial DNA was extracted according to the method of Yu and Morrison (22), and the obtained samples (n = 16) were sequenced using the platform of Illumina Hiseq 2500 (BaiMike Biotechnology Co., Ltd., Beijing, China) for 16S rDNA analysis. By PCR amplification, purification, quantification, and homogenization, a sequencing library (SMRT Bell) was formed. The CCS sequence was obtained using the Smart Link tool provided by PacBio. Limav1.7.0 software was used to identify CCS through barcodes and obtain RAW-CCS sequence data. Cutadapt1.9.1 software was used to identify and remove primer sequences and conduct length filtering to obtain clean-CCS sequences without primer sequences. Finally, chimeras were removed (UCHIMEv4.2 software), and the effective-CCS sequence was obtained. The high-quality sequences were clustered and divided by OTUs with a 97% sequence similarity. Based on OTUs, the samples were analyzed by taxonomy, and original data and community structure maps were obtained at the phylum, class, order, family, and genus levels. The ACE, Chao1, Shannon and, Simpson indices were obtained, and principal coordinates analysis (PCoA), principal component analysis (PCA), and nonmetric multidimensional scaling (NMDS) were performed to compare species diversity and richness among different samples.



Statistical Analysis

Statistical analyses were performed using Statistical Analysis System 9.4 software (SAS, Inst. Inc. Cary, NC). The GLM procedure was used to conduct a one-way analysis of variance for the experiment results. The model of statistics was as follows: Yi = μ + Ai + Bi, in which Yi, μ, Ai, and Bi represented the dependent variable, overall mean, diet effect, and error term, respectively. Duncan's test was performed to analyze the multiple comparisons of means. VFA data were analyzed by a two-factor ANOVA with different feeding amounts and sampling time points as factors. The model of statistics was as follows: Yijk = μT + Ai + Bi + Rij + eijk, in which Yi, μT, Ai, Bi, Rij, and eijk, represented the dependent variable, overall mean, diet effect, time effect, and error term, respectively. The microbial diversities were analyzed by an independent two-sample T-test. P < 0.05 indicates a significant difference, P ≥ 0.05 indicates no significant difference, and 0.05 < P < 0.10 indicates a significant tendency.




RESULTS


Degradation Rate of Dry Matter in the Rumen for 24 h

The DM degradation rate at 24 h of alfalfa hay, corn straw, corn, and corn germ meal increased linearly with increasing AOC supplementation amount (P < 0.05, Table 3). When supplemented with 20 g/d and 40 g/d AOC, the DM degradation rate of alfalfa hay and corn stalk was significantly higher than that of CON (P < 0.05). The DM degradation rate of corn germ meal when fed 40 g/d AOC was significantly higher than that of CON (P = 0.006).


Table 3. Effects of different dietary levels of Aspergillus oryzae culture supplementation on the DM disappearance of different feed materials.
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Dynamic Parameters of Rumen pH

The dynamic variation pattern of rumen pH over 24 h was shown in Figure 1. The global pH of all treatments was below to 7.0. When the morning feeding started, the pH of the CON and AOC-10g/d supplementation group dropped rapidly to below 6.0. As digestion progressed, the overall pH decreased first and then increased. When the second feeding started, the pH of the CON group dropped rapidly and continued to the minimum value of 5.5. During the digestion process, the pH values of the AOC treatment groups were significantly higher than that of the CON group after a second feeding for 5 hours and lasted until the end of the process. Overall, rumen pH fluctuated to different degrees before and after feeding; it decreased earlier and then recovered.


[image: Figure 1]
FIGURE 1. Dynamic changes of ruminal pH of Hu sheep supplemented with different levels of Aspergillus oryzae culture. The arrows indicate the feeding time.




Rumen Fermentation

According to Table 4, VFA contents were not significantly different at different time points and treatments. Principal component analysis showed that rumen total VFA content and the molar ratio of butyric acid were significantly higher than those in other groups (P < 0.05) when the supplementation was 20 g/d and 40 g/d AOC. The isovalerate molar ratio was decreased with 20 g/d and 40 g/d AOC supplementation (P < 0.05). The minimum value of the ratio of acetate to propionate was shown in the AOC-40 g/d treatment group (P < 0.05). Valerate acid contents in the AOC-40 g/d group was lower than that of the other groups (P = 0.031). The molar ratios of acetic acid, propionic acid, and isobutyric acid were not significantly different among treatments (P > 0.05). The content of total VFAs and the molar ratio of propionic acid after feeding were significantly higher than before feeding (0 h) (P < 0.05). There were no significant differences in acetic acid, butyric acid, or valerate content at any time point (P > 0.05). Isobutyric acid, isovalerate, and the ratio of A/P decreased after feeding (P < 0.05). Isobutyric acid contents at 2 h and 12 h were significantly greater than those at 4 h, 6 h, and 8 h (P < 0.001). Isovalerate contents were lowest at 4 h and highest at 12 h (P < 0.001). The ratio of A/P significantly decreased after feeding (P = 0.04). There was no interaction between different treatments and VFA contents at any time point (P > 0.05).


Table 4. Effects of different dietary levels of Aspergillus oryzae culture supplementation on ruminal VFA composition of Hu sheep.
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Rumen Bacterial Community

Alpha diversity indices, including the ACE, Chao1, Simpson, and Shannon, of the samples in the CON and AOC-40 g/d group were shown in Table 5. The OUTs, ACE, Simpson, and Shannon were not significantly different (P > 0.05) between these two groups.


Table 5. Effects of Aspergillus oryzae culture supplementation on α diversity indices of rumen microbial community of Hu sheep.
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At the phylum level, Bacteroidetes and Firmicutes were the dominant phyla, representing averages of 45.21%, 42.99%, and 34,96%, 37.10% in the two treatments, respectively (Table 6). Compared with CON, the AOC-40 g/d treatment significantly increased the abundance of Kiritimatiellaeota in the rumen (P = 0.017, Table 6). There were no significant differences in the abundance of Actinobacteria, Firmicutes, Patescibacteria, or Bacteroidetes between treatment groups (P > 0.05). At the genus level, there was no significant difference between the two groups (Table 7).


Table 6. Effects of Aspergillus oryzae culture supplementation on the phylum-level average relative abundance (% of total reads) of rumen microbial community of Hu sheep.
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Table 7. Effects of Aspergillus oryzae culture supplementation on the genus-level average relative abundance (% of total reads) of bacteria genus of rumen microbial community of Hu sheep (%).
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The results of the line discriminant analysis (LDA) effect size (Figure 2A) showed that 26 genera were identified as discriminative features between the samples taken from the CON and AOC-40 g/d supplementation groups. Five genera were enriched in the CON group. Twenty-six genera were significantly enriched in the AOC-40 g/d group (Figure 2B), of which Kiritimatiellaeota, Kiritimatiellae, and some types of WCHB1_41 s were the top most enriched. The relative abundance of Kiritimatiellaeota was significantly increased in the AOC-40 g/d group (Figure 2C).


[image: Figure 2]
FIGURE 2. Histogram of the line discriminant analysis (LDA) effect size (A), cladogram (B), and relative abundance of Kiritimatiellae (C) in the 40 g/d AOC group compared with CON. Only the genera with a linear discriminant analysis significant threshold > 2 are shown.


The differences in rumen microbiota between the CON and AOC-40 g/d groups were further analyzed using β-analysis, including principal component analysis (PCA, Figure 3A), principal coordinate analysis (PCoA, Figure 3B), nonmetric multidimensional scaling (NMDS, Figure 3C), and permanov analysis (Figure 3D), and the results showed that the two sets of samples were not clearly separated.


[image: Figure 3]
FIGURE 3. Beta diversity analysis of Aspergillus oryzae culture supplementation on rumen microbial community of Hu sheep. Points represent each sample; different colors represent different groups. (A) PCA, Principal component analysis; (B) PCoA, Principal coordinates analysis; (C) NMDS, Nonmetric multi-dimensional scaling; (D) Permanova (Adonis) analysis.


We also predicted the function of the bacterial functions in the rumen between the two treatments, which showed that the metabolism of carbohydrate, amino acid, and translation increased more while the metabolism of energy, cofactors and vitamins, and nucleotide decreased more in AOC treatment compared to those of CON treatment, respectively (Figure 4).


[image: Figure 4]
FIGURE 4. Predict of bacterial function in rumen by KEGG between CON and 40 g/d AOC supplementation using PICRUSt 2 method. Orange represent the CON, blue represent 40 g/d AOC treatment.




Blood Cell

Compared with CON, AOC supplementation treatments did not significantly affect the composition of blood cells (P > 0.05, Table 8). The white blood cell (WBC) count tended to be lower in AOC treatments than in the CON treatment (P = 0.091). The blood cell composition of Hu sheep was in the normal range.


Table 8. Effects of different dietary levels of Aspergillus oryzae culture on blood cell count of Hu sheep.
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DISCUSSION

In the present study, AOC supplementation increased the 24 h degradation rate of DM, and 40 g/d AOC increased the DM degradation rate of alfalfa hay and corn straw by 18.53% and 18.08%, respectively. The main reason for this is that AOC contains high activity enzyme series (23), including neutral protease activity (1020 IU/g), alkaline protease activity (770 IU/g), and cellulase activity (482 IU/g), so that it can significantly increase the activity of microcrystalline cellulase in alfalfa meal and corn straw, therefore accelerating fiber cracking (24) and microbial colonization in feed, and thus significantly increasing the DM degradation rate of alfalfa hay and corn straw at 24 h. Previous studies also obtained similar results. Newbold et al. (25) and Tricarico et al. (26) found that AO extract can increase the DM intake of lactating cows and heifers, and feeding 5 g/d of AO in vitro can improve the DM degradation rate of hay and barley in the artificial rumen for 24 h. Gomez-Alarcon et al. (9) conducted experiments on cows at dry and lactation stages and showed that feeding 3 g/d of AO could improve the fiber degradation rate and digestibility of the total digestive tract. In addition, Sun et al. (27) reported that AOC supplementation had a positive effect on rumen MCP in dairy cows, which may be due to the improvement in microbial activity. The results indicated that AOC could stabilize the rumen fermentation environment, ensure the growth of beneficial bacteria, increase the number of total anaerobic bacteria, and reduce the number of protozoa; therefore, more rumen bacteria can survive, which is conducive to the fermentation and degradation of nutrients in the rumen, thus improving the degradation rate of DM at 24 h. The predicted functions of rumen bacteria were also proved that the carbohydrate and lipid metabolism were improved in the AOC treatments, which indicated that the greater degradation rate of DM in the rumen could be advantageous for bacterial metabolism.

In the present study, feeding AOC significantly increased the content of TVFAs, including butyrate, butyrate, isovalerate, and valerate. Aditionally, the ratio of acetate to propionate decreased in the AOC-40 g/d treatment. Combined with the results of the DM degradation analysis, the increasing DM degradation in 24 h of alfalfa hay, corn stalk, and corn germ meal led to the greater TVFA content in the AOC supplementary treatments (20 g/d and 40 g/d). The same results have been reported previously: AOC could improve the rumen TVFA content, promote the decomposition of fiber, improve the rumen fermentation efficiency, and produce VFAs (5, 24). Gomezalarcon et al. (9) reported that TVFA content tended to be higher and that the molar ratio of A/P was lower (2.64 vs. 3.01) in high concentrate diets. Jouany et al. (28) found that feeding AOC could significantly reduce acetic acid content and increase propionic acid and butyric acid content. The unaffected acetate propionate concentration among treatments may be caused by the diet used in the present study. Isovalerate is a growth factor for some types of fibrolytic bacteria in the rumen. The increase in isovalerate may improve the microbial community structure to raise the DM degradation rate, which matched the results of the present experiment.

The TVFA affected the pH in the rumen after feeding. The dynamic change in the rumen pH was caused by the quick fermentation of the fast-degrading carbohydrates in the rumen. The rate of VFA production was quicker than the absorption of rumen epithelium and outflow rates; therefore, the accumulation of VFA decreased the pH. Afterward, the fermentation drops made VFA output balance with absorption, and the pH recovered to the normal range. The rumen pH value was not affected by AOC supplementation in the present study for either the mean, maximum, or minimum pH. These results were supported by Higginbotham et al. (6) and Fondevila et al. (23), who found that the AOC did not affect rumen pH in lactating dairy cows or sheep. However, some researchers reported that feeding 1 g/d, 2 g/d, 4 g/d, and 6 g/d AOC produced an effect, but without a clear trend for dose dependency in cattle (29), while feeding 27 g/d of AOC tended to lower the rumen pH (30). The different results were related to the different supplementation amounts of AOC, the basic diet (the ratio of concentrate to roughage), and ruminant species, all of which could affect the response of rumen pH to AOC supplementation. The dynamic trend of rumen pH after ingestion is to first decrease and then increase, returning to a normal physiological level. The ratio of concentrate to roughage in the diet used in the present study was 80 to 20, which is a typical diet for fattening sheep. The presence of a large amount of concentrate could make the rumen pH less affected by AOC. Rumen pH was mainly determined by the number of feeds converted into VFA yield by rumen microorganisms in the rumen after feeding. Interestingly, the dynamic changes of rumen pH in 24 h in the present study showed that the recovery of the pH value after intake was quicker in the AOC supplementation treatments than in the control treatment (from 5.6 to 6.4). This may be related to the greater DM degradation rate at 24 h in the AOC treatments, especially in the AOC-40g/d group. The rumen pH fluctuates within the range of 5.0 ~ 7.5, while the optimal pH of AO cellulase activity is 5.5 ~ 6.0. The pH after feeding AOC could provide a suitable acid-base environment for AOC cellulase to exert its maximum effect.

The α-diversity indices of all treatments were not significantly different in the present study. Combined with the results of rumen fermentation and pH, AOC did not affect the rumen bacterial diversity, which indicated that the rumen microbial flora maintains a better steady- state after AOC supplementation. Other study reported that the rumen bacterial community was changed after feeding with DFMs (31). The inconsistent results among studies were likely due to differences in diet treatments, dietary starch contents, and experimental animals.

Our results indicated that AOC significantly positively regulates the abundance of Kiritimatiellaeota. Although few data on sheep rumen have described Kiritimatiellaeota, these families and their classes are relevant to the metabolic body weight, dry matter intake, and residual feed intake of sheep (32). In addition, Kiritimatiellaeota has been reported to be saccharolytic and derive energy via fermentation (33). In the present study, AOC supplementation prompted an increase in Kiritimatiellaeota abundance, which may lead to an increase in DM digestibility and changes in rumen fermentation parameters, especially TVFA. Due to a lack of information on Kiritimatiellaeota, there was no significant difference at the genus level of rumen bacteria. The present study did not measure the DMI of the sheep because we used an in situ experimental design. Perhaps Kiritimatiellaeota in feeding regulation provides a new target in follow-up fattening experiments. In the present study, the AOC-40 g/d supplementation group and the CON treatment had different bacterial community structures in the rumen of Hu sheep. The bacterial community structure of various individuals was also different. The variation in the present study was the dosage of AOC. Due to the stability of the microbial community in the rumen (34), the results of β-diversity were also understandable.

Hematological parameters such as blood cell content are typically auxiliary indexes used to monitor health conditions or metabolic processes of animals (13). The blood cell analysis results of the sheep in the present study showed that all indicators were within the normal reference range (35), and AOC supplementation did not affect the blood cell composition, indicating that the experimental sheep remained healthy and free from disease. Previous studies have shown that AO and its culture have different effects on serum biochemical indices such as phosphorus, urea nitrogen, and alkaline phosphatase activity (36, 37), while the effect on blood cell composition has not been studied. The effects of nutritional additives on hematological parameters in sheep (13) and Nile tilapia (38) were usually insignificant, which were consistent with our results.



CONCLUSION

The supplementation of Hu sheep with AOC could improve feed DM degradation and increase the energy supply of TVFAs in the rumen. Based on the feed conditions of the present study, supplementation 40 g/d of AOC could increase the production efficiency of sheep while higher level have to further investigate.
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The objective of this study was to evaluate the effects of isopropyl ester of 2-hydroxy-4-(methylthio)-butyrate acid (HMBi) on ruminal and cecal fermentation, microbial composition, nutrient digestibility, plasma biochemical parameters, and growth performance in finishing beef cattle. The experiment was conducted for 120 days by a complete randomized block design. Sixty 24-month-old Angus steers (723.9 ± 11.6 kg) were randomly assigned to one of the flowing three treatments: basal diet (the concentrate: 7.6 kg/head·d−1, the rice straw: ad libitum) supplemented with 0 g/d MetaSmart® (H0), a basal diet supplemented with 15 g/d of MetaSmart® (H15), and a basal diet supplemented with 30 g/d of MetaSmart® (H30). Results showed that the average daily gain (ADG) increased linearly (P = 0.004) and the feed conversion ratio (FCR) decreased linearly (P < 0.01) with the increasing HMBi supplementation. Blood urea nitrogen (BUN) concentration significantly decreased in the H30 group (P < 0.05) compared with H0 or H15. The ruminal pH value tended to increase linearly (P = 0.086) on day 56 with the increased HMBi supplementation. The concentrations of ammonia–nitrogen (NH3-N), propionate, isobutyrate, butyrate, isovalerate, valerate, and total volatile fatty acid (VFA) were linearly decreased in the cecum (P < 0.05). The results of Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) showed that the abundance of most pathways with a significant difference was higher in the rumen and lower in the cecum in the H30 group compared to the H0 group, and those pathways were mainly related to the metabolism of amino acids, carbohydrates, and lipids. Correlation analysis showed that ADG was positively associated with the ratio of firmicutes/bacteroidetes both in the rumen and cecum. Additionally, the abundance of Lachnospiraceae, Saccharofermentans, Lachnospiraceae_XPB1014_group, and Ruminococcus_1 was positively correlated with ADG and negatively correlated with FCR and BUN in the rumen. In the cecum, ADG was positively correlated with the abundances of Peptostreptococcaceae, Romboutsia, Ruminococcaceae_UCG-013, and Paeniclostridium, and negatively correlated with the abundances of Bacteroidaceae and Bacteroides. Overall, these results indicated that dietary supplementation of HMBi can improve the growth performance and the feed efficiency of finishing beef cattle by potentially changing bacterial community and fermentation patterns of rumen and cecum.

Keywords: HMBi, steer, feed efficiency, plasma biochemical indexes, rumen fermentation, cecum fermentation, growth performance


INTRODUCTION

Methionine (Met) has been proved to be an important nutrient for ruminants, which can improve production performance (1, 2). Free Met can be rapidly and completely degraded by complex rumen microorganisms (3). Rumen-protected Met (RPM) products have been used primarily to resist the microbial degradation and increase the amount of available Met for absorption (4).

The isopropyl ester, HMBi, of 2-hydroxy-4-(methylthio)-butyrate acid (HMTBa) is an effective form of Met analog which can supply metabolizable Met for ruminants. About 50% of HMBi is directly absorbed by the rumen wall into the bloodstream as a form of HMTBa, which is converted to methionine in the liver to provide the body with Met (5, 6), and the remaining 50% is hydrolyzed to HMB and utilized by the rumen microorganisms to facilitate the synthesis of microbial protein through altering the abundance of cellulolytic bacteria and the noncellulolytic species in the rumen of dairy cows (7–9). Although the mode of HMBi metabolism in the rumen has been extensively studied, the underlying mechanism of the effect of HMBi on rumen metabolism remains unclear to date.

The studies of HMBi supplementation have been mostly focused on dairy cows, and the benefits of increased milk yield (10), milk protein content and yield (11), and efficiency of nitrogen utilization have been observed (12). However, studies of HMBi or HMB supplementation on beef cattle are scarce, with only a few studies investigating the growth performance in calves and young cattle (13–15). Han et al. (15) reported that HMBi administration improved the growth performance of growing steers.

Very few studies have evaluated the effects of HMBi on beef cattle during the finishing period, especially for those with bodyweight (BW) heavier than 700 kg. In addition, the effect of HMBi on the bacteria of the hindgut was not investigated in the existing studies. The gastrointestinal microorganism is critical for nutrient digestion and absorption in both rumen and hindgut. The cecum could provide up to 8.6% of metabolizable energy intake as an extra energy source for the host's metabolism (16). Hence, the evaluation of both cecal and ruminal bacteria may enable a better understanding of the effects of HMBi on the production performance of beef cattle.

Therefore, the aim of this study was to examine the effects of HMBi supplementation on growth performance, rumen/cecum fermentation, and plasma biochemical indices of finishing beef cattle. We hypothesized that HMBi supplementation would improve the production performance of finishing beef cattle by promoting the metabolism of rumen/cecum and increasing nitrogen deposition.



MATERIALS AND METHODS


Animals, Experimental Design, and Diets

Sixty 24-month-old Angus steers were used in a 120-day experiment according to a randomized complete block design. The steers were blocked by body weight (723.9 ± 11.6 kg) into 15 pens with 4 steers in each pen. Cattle within a pen were randomly allocated to one of the following experimental diets: basal diet without MetaSmart® (H0), basal diet + 15 g/steer per day of MetaSmart® (H15), basal diet +30 g/steer per day of MetaSmart® (H30). MetaSmart® (Adisseo France SAS) was supplied as a dry powder consisting of 57% HMBi and mixed with the concentrate which was fed at 7.6 kg/head·d−1 DM. The ingredients and compositions of the basal diet are shown in Table 1. The steers were allowed free access to rice straw and clean water and provided with their experimental rations twice daily at 06:30 and 15:30. Amino acid balance was predicted by the AMTS.Cattle.Professional ration formulation model (AMTS, LLC. Groton, NY) based on the Cornell Net Carbohydrate and Protein System (CNCPS).


Table 1. Ingredients and compositions of the basal diet.
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Sampling and Analysis

Feed intake of each pen (offered and refused) was monitored daily during the entire experiment. Feed samples were collected once a week. Samples were dried for 48 h at 65°C in a forced-air oven and ground through a 1-mm sieve for later analysis. The dry matter (DM), crude protein (CP), ether extract (EE), ash and acid-insoluble ash (AIA) were determined following the procedure of AOAC (2005), and the neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using an Ankom A200 fiber analyzer (Ankom Technology Corp., Macedon, NY), using amylase and sodium sulfide in the NDF analysis. The steers were weighed on days 0, 56, and 105 before morning feeding. Feed conversion ratio (FCR) was the ratio of dry matter intake (DMI) to average daily gain (ADG).

Fecal (about 500 g) samples were collected on days 54, 55, and 56 and on days 103, 104, and 105 and then mixed (equal weight basis) by a steer, respectively. About 300 g of fecal sample was dried at 65°C for 48 h, ground to pass a 1-mm screen, and then analyzed for DM, CP, NDF, ADF, ash, and AIA as described above. Total-tract apparent digestibility was calculated based on AIA concentration in diets and feces (17).

Blood samples were collected from a caudal vein on day 56 and day 105 before the morning feeding. Blood samples (about 10 ml) were collected into a heparinized tube each time and then centrifuged at 3,000 × g for 20 min and stored at −80°C for later analysis. Plasma biochemical parameters were determined by an automatic biochemical analyzer (Hitachi 7020; Hitachi Co., Japan) using corresponding detection kits purchased from Beijing Strong Biotechnologies, Inc.

Ruminal contents were collected via esophageal tubing 3 h after morning feeding on days 56 and 105. Samples were filtered through 4 layers of cheesecloth and analyzed for pH (Testo 205, Testo AG, Schwarzwald, Germany). The filtrate was divided into three aliquots, which were immediately frozen using liquid nitrogen and then stored at −80°C for DNA extraction and later analysis of ammonia–nitrogen (NH3-N) and volatile fatty acids (VFA). VFA were separated and quantified by gas chromatography (GC-2014 Shimadzu Corporation, Kyoto, Japan) using an HP- INNO wax (30.0 m ×320 μm × 0.5 μm, Catalog No: 19091 N-213, Agilent, US) column. NH3-N was determined by the method described by Weatherburn (18).

Cecal contents were collected immediately after the slaughter on day 106. The pH value was determined immediately. Samples were divided into three portions, snap-frozen in liquid nitrogen, and then stored at −80°C until DNA extraction and for later analysis of NH3-N and VFA.



DNA Extraction and 16s rRNA Pyrosequencing

A total of 1 ml sample of rumen fluid and cecum content were centrifuged at 1,000 × g for 10 min to discard sediment. After removing the sediment, the clear supernatant extract was removed by centrifugation at 12,000 × g for 10 min. Subsequently, the DNA of homogenized rumen fluid was extracted using PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) according to the manufacturer's protocol. The purity and quality of the genomic DNA were checked on 1% agarose gels and a NanoDrop spectrophotometer (Thermo Scientific). Bacterial 16S rRNA genes of the V3–V4 region were amplified from extracted DNA using the 338F primers (5′-ACTCCTACGGGAGGCAGCAG−3′) and 806R primers (5′-GGACTACHVGGGTWTCTAAT-3′). For each sample, an 8-digit barcode sequence was added to the 5'-end of the forward and reverse primers (provided by Allwegene Company, Beijing). PCR reactions were performed in triplicate with 25 μl mixture containing 12.5 μl 2 × Taq PCR MasterMix, 3 μl BSA (2 ng/μl), 1 μl forward primer (5 μM), 1 μl reverse primer (5 μM), 2 μl template DNA, and 5.5 μl ddH2O. Cycling parameters were 95°C for 5 min, followed by 28 cycles of 95°C for 45 s, 55°C for 50 s and 72°C for 45 s with a final extension at 72°C for 10 min. Then, the PCR products were checked for size and specificity by agarose gel electrophoresis and purified using an Agencourt AMPure XP Kit. Finally, deep sequencing was performed on the Miseq platform at Allwegene Company (Beijing). After the run, image analysis, base calling, and error estimation were performed using Illumina Analysis Pipeline Version 2.6.



Data Analysis

Raw data were first screened and the sequences were removed from consideration if they were shorter than 120 bp with a low quality score ( ≤ 20), containing ambiguous bases or mismatching to primer sequences and barcode tags, and separated through the sample-specific barcode sequences. Then the data were merged with the minimum overlap that was set to 10 bp, and the mismatch rate was 0.1 by Pear (v0.9.6) software. Chimeric reads were identified by the UCHIME algorithm of Vsearch (v2.7.1) software and removed. Qualified reads were clustered into operational taxonomic units (OTUs) at a similarity level of 97% (19) using the Uparse algorithm of Vsearch (v2.7.1) software. The Ribosomal Database Project (RDP) Classifier tool was used to classify all OTUs into different taxonomic groups against the SILVA128 database.

QIIME (v1.8.0) was used to generate rarefaction curves and to calculate the richness and diversity indices based on the OTU information. Based on the results of taxonomic annotation and relative abundance, R (v3.6.0) software was used for bar-plot diagram analysis. To examine the similarity between different samples, clustering analysis and principal coordinates analysis (PCoA) were analyzed by R (v3.6.0) based on the OTU information from each sample.

Phyton (V2.7) software was used for Linear Discriminant Analysis Effect Size (LEfSe) analysis, and a threshold of 3.0 was used to determine the significant bacterial taxa. To gain a more fundamental understanding of the bacterial microbiota, we predicted the function of bacteria based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2). Differential abundance of KEGG pathway was tested by Wilcoxon rank and a p-value <0.05 was considered statistically significant. Spearman Correlations between growth performance and major bacteria were tested with the cor function in the psych package of R (v.3.6.0), and the correlation heatmap was drawn by R software ggplot2 package. Significant correlations were identified by Spearman's test (P < 0.05).



Statistical Analysis

Feed intake, nutrient digestibility, ruminal and cecal fermentation, production performance, and plasma biochemical index data were analyzed by using PROC MIXED of SAS (version 9.1; SAS Institute Inc., Cary, NC) for variance analysis with the day as the repeated measure, assuming an AR (1) covariance structure. The following model was used:

[image: image]

where Yijk is the dependent variable, μ is the overall mean, Bi is the block, τj is the jth treatment (diet), Bτij is the block × treatment interaction, Wk is the sampling week, τWjk is the treatment × week interaction, and eijk is the random the error term assumed to be normally distributed. Block and block × treatment effects were random, whereas all others were fixed. All data are presented as least squares means. Significant differences among treatments were declared at p ≤ 0.05. Differences at 0.05 < P ≤ 0.10 were considered a trend toward significance. When the main effect of treatment was significant, means separation tests were conducted using the PDIFF procedure of SAS. After this, mixed linear models (PROC MIXED procedures) were used for analysis, followed by orthogonal comparisons. Orthogonal contrasts were used to partition the main effect of HMBi amount into linear or quadratic effects.




RESULTS


Predicted Duodenal Flows of Amino Acids

According to the AMTS.Cattle.Professional ration formulation model based on the CNCPS, the small intestinal essential amino acid flows and proportions of metabolizable protein were predicted for the three treatment diets in Table 2. The ratio of Lysine (Lys) to Met and the Met flow were 2.94:1 and 27.9 g/d, respectively, and the proportion of Met in metabolizable protein (MP) was 3.31% in H0. The ratio of Lys to Met and the Met flow were 2.53:1 and 34.6 g/d, respectively, and the proportion of Met in MP was 4.09% in H15. The ratio of Lys to Met and the Met flow were 2.21:1 and 41.2 g/d, respectively, and the proportion of Met in MP was 4.85% in H30.


Table 2. Duodenal flows of digestible EAA as predicted by AMTS. Cattle. Professional software.
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Growth Performance and Feed Efficiency

The growth performance and feed intake data are presented in Table 3. The steers were provided ad libitum access to rice straw after the concentrate was fully consumed (7.6 kg/head·d−1) so that the change in DMI was due to the difference in rice straw intake. However, no significant differences were detected among groups in terms of DMI during the entire trial period. With the increasing supplementation of HMBi, the final BW and ADG were significantly increased with the decrease in FCR from day 0 to day 105 (linear, p < 0.01). Additionally, the positive effects were particularly significant in the latter stage of the experiment (day 56 to day 105).


Table 3. Effect of supplemental HMBi on the growing performance of beef cattle.
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Nutrient Apparent Digestibility

The total-tract apparent digestibility is presented in Table 4. There were no significant differences among treatments (p > 0.10). However, the digestibility of DM and CP showed a numerically linear increase with the increase of HMBi supplementation in animals.


Table 4. Effects of HMBi supplementation on total tract apparent digestibility (%) of beef cattle.
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Fermentation in Rumen and Cecum

Most of the parameters in rumen fermentation in this experiment were not affected by diet, except that the rumen pH value tended to increase linearly (p = 0.086) on day 56 with the increase of HMBi supplementation (Table 5). In cecum, the concentrations of NH3-N, propionate, isobutyrate, butyrate, isovalerate, valerate, and total VFA were significantly decreased with the increase of HMBi supplementation (linear, p < 0.05). The ratio of acetate to propionate tended to decrease linearly in the above condition (p = 0.056).


Table 5. Effect of supplemental HMBi on ruminal and cecal fermentation of beef cattle.
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Plasma Biochemical Index

The plasma biochemical indexes are presented in Table 6. Blood urea nitrogen (BUN) presented a quadratic effect in response to the increasing HMBi supplementation (P = 0.047). Compared with the other two groups, BUN concentration was decreased in steers fed 30 g MetaSmart®. There was no significant effect of HMBi on the concentration of other plasma biochemical parameters.


Table 6. Effects of supplemental HMBi on plasma biochemical indexes of beef cattle.
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Microbial Diversities of Rumen and Cecum Microbiota

In the α diversity index, the addition of HMBi did not affect the microbial diversity indexes of chao1, observed_species, PD_whole_tree, and Shannon, compared with the control group both in rumen and cecum (Table 7). PCoA analysis showed that there were no significant differences in the β-diversity analysis of the microbial community in the rumen (Figure 1A). In cecum, the microbial composition in the H30 treatment was distinguished from that in the H0 treatment (Figure 1B).


Table 7. Effects of supplemental HMBi on the diversity index of bacterial communities in rumen and cecum.
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FIGURE 1. Principal coordinate analysis (PCoA) of the bacterial community structures and relationship in the rumen (A) and cecum (B).




Compositions of Rumen and Cecum Microbiota

The dominant Bacteroidetes and Firmicutes phyla consist of ~90% of the total OTUs both in the rumen and cecum. In terms of the assignment at the phylum level, the increasing HMBi supplementation significantly increased the abundance of the Firmicutes phylum (Linear, P = 0.008) and decreased the abundances of Bacteroidetes, Lentisphaerae, and Euryarchaeota (Linear, P < 0.05) in the rumen (Figure 3A; Supplementary Table 1). In the cecum, the abundances of Bacteroidetes and Proteobacteria were significantly decreased (Linear, P < 0.05), while Firmicutes and Actinobacteria were significantly increased (Linear, P < 0.01) (Figure 2A; Supplementary Table 1). Additionally, the abundance of Tenericutes had a quadratic relationship with HMBi supplementation (p < 0.05).


[image: Figure 2]
FIGURE 2. Microbial composition of different groups. Each bar represents the average relative abundance of each bacterial taxon within a group. (A) Taxa assignments at the phylum level. (B) Taxa assignments at the family level. (C) Taxa assignments at the genus level. H0, H15, and H30 indicate basal diet with 0, 15, 30 g/d MetaSmart®. R and C indicate rumen and cecum.


At the family level (Figure 2B; Supplementary Table 2), the increasing inclusion of HMBi linearly increased the relative abundance of Lachnospiraceae (P < 0.01), Veillonellaceae (P = 0.01), and Bifidobacteriaceae (P = 0.03) in the rumen (Figure 3A), while it linearly decreased the relative abundances of Bacteroidales_BS11_gut_group (P = 0.04), Fibrobacteraceae (P = 0.05), and Bacteroidales_UCG-001(P = 0.02). The relative abundances of Prevotellaceae (P = 0.08) and Ruminococcaceae (P = 0.07) had linearly decreasing and increasing trends, respectively. The relative abundance of Bacteroidales_S24-7_group had a quadratic relationship with HMBi supplementation (P = 0.04). In cecum (Figure 3B), the abundances of Peptostreptococcaceae, Christensenellaceae, and Clostridiaceae_1 were linearly increased (P < 0.05), whereas the abundance of Bacteroidaceae and Porphyromonadaceae were linearly decreased (P < 0.05). The abundance of Bacteroidales_S24-7_group had a quadratic relationship with the increasing HMBi addition (P < 0.01).


[image: Figure 3]
FIGURE 3. Bacterial taxa significantly differentiated in the rumen (A) and cecum (B) identified by linear discriminant analysis effect size (LEfSe). Histogram of the LDA scores computed or bacterial taxa differentially abundant among different treatment groups.


At the genus level (Figure 2C; Supplementary Table 3), dietary supplementation of HMBi tended to decrease the abundances of Prevotella_1 (P = 0.09) and decreased Prevotellaceae_UCG-003 (P < 0.01) and increased the abundances of Lachnospiraceae_NK3A20_group, Saccharofermentans, Lachnospiraceae_XPB1014_group, Pseudobutyrivibrio, and Anaerovibrio in the rumen (P < 0.05, Figure 3A). The relative abundance of Candidatus_Saccharimonas had a quadratic relationship with HMBi supplementation in the rumen (P < 0.01). In the cecum, dietary supplementation of HMBi linearly reduced the relative abundance of Bacteroides (P < 0.05) and increased Christensenellaceae_R-7_group, Ruminococcaceae_UCG-013, Paeniclostridium, Alistipes, Ruminococcaceae_NK4A214_group, Family_XIII_AD3011_group, Clostridium_sensu_stricto_1, Tyzzerella_4, and Turicibacter (P < 0.05, Figure 3B). Moreover, Eubacterium_coprostanoligenes_group, Romboutsia, and Paeniclostridium had a quadratic relationship with HMBi supplementation (P < 0.05).



Metabolic Functions

The tertiary metabolism is shown in Figure 4 and Supplementary Table 4. Compared with the H0 group, the H30 group had higher abundances of pathways related to valine, leucine, and isoleucine biosynthesis; lysine biosynthesis; cysteine and methionine metabolism; and a lower valine, leucine, and isoleucine degradation in the rumen. Additionally, the abundances of most pathways in the rumen were significantly higher in the H30 group than that in the H0 group.


[image: Figure 4]
FIGURE 4. The relative abundance of KEGG pathways of microbiota in the rumen (A) and cecum (B). Only the KEGG pathways with a relative abundance above 0.1% and significant differences (p < 0.05) are presented.


In the cecum, the abundance of most pathways increased in the H15 group and decreased in the H30 group than that of the H0 group (Figure 4; Supplementary Table 5). For instance, the H15 group had higher abundances of pathways related to valine, leucine, and isoleucine biosynthesis; alanine, aspartate, and glutamate metabolism; cysteine and methionine metabolism; histidine metabolism; phenylalanine metabolism and glutathione metabolism; and lower abundances of glycine, serine, and threonine metabolism and the valine, leucine, and isoleucine degradation. In contrast, all the abundance of pathways mentioned above, except for cysteine and methionine metabolism and D-alanine metabolism, decreased in the H30 group than that in the H0 group.



Correlation Analysis

The relationships between physiological parameters/growth performance and major bacteria were evaluated (Figure 5). In the rumen, ADG was positively associated with the abundances of family Lachnospiraceae (r = 0.58; P = 0.02), genus Saccharofermentans (r = 0.59; P = 0.02), genus Lachnospiraceae_XPB1014_group (r = 0.74; P < 0.01), genus Pseudobutyrivibrio (r = 0.65; P < 0.01), and genus Ruminococcus_1 (r = 0.62; P = 0.01). FCR was positively correlated with the abundances of phylum Bacteroidetes (r = 0.52; P < 0.01) and negatively with the abundances of phylum Firmicutes (r = −0.54; P = 0.04), family Lachnospiraceae (r = −0.56; P = 0.03), genus Lachnospiraceae_XPB1014_group (r = −0.68; P < 0.01), genus Pseudobutyrivibrio (r = −0.57; P = 0.03), genus Ruminococcus_1 (r = −0.52; P = 0.04), and the ratio of Firmicutes: Bacteroidetes (r = −0.53; P = 0.04).
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FIGURE 5. Correlation between physiological parameters/production performance and bacteria abundance in the rumen (A) and cecum (B). Only significant correlations and bacteria abundances > 0.5% are shown. Strong correlations are indicated by large squares, weak correlations by small squares. The scale colors denote whether the correlation is positive (closer to 1, blue squares) or negative (closer to −1, red squares) between the bacteria and the efficiency parameters.


In the cecum, the results showed that the concentrations of acetate and butyrate were positively associated with the Tenericutes phylum (r = 0.57; P < 0.05). The isovalerate content (r = 0.64, P = 0.02) and FCR (r = 0.71; P < 0.01) were positively correlated with the abundance of the Cyanobacteria phylum. ADG was positively correlated with the abundance of Peptostreptococcaceae (r = 0.69; P = 0.01), Romboutsia (r = 0.65; P = 0.02), Ruminococcaceae_UCG-013 (r = 0.61; P = 0.04), and Paeniclostridium (r = 0.74; P < 0.01), and negatively with the abundance of Bacteroidaceae and Bacteroides (r = −0.62; P = 0.03). BW was negatively associated with the phyla Bacteroidetes (r = −0.66; P = 0.02) and Proteobacteria (r = −0.62; P = 0.03), and positively correlated with Actinobacteria, family Christensenellaceae, family Erysipelotrichaceae, genus Christensenellaceae_R-7_group, genus Ruminococcaceae_UCG-013, genus Lachnospiraceae_NK3A20_group, genus Ruminococcaceae_NK4A214_group, genus Family_XIII_AD3011_group (r > 0.56; P < 0.05).




DISCUSSION


Amino Acid Balance and Growth Performance

In conventional diets, Met is considered as the first-limiting AA for milk protein synthesis in dairy cows (20). Diets supplemented with RPM or methionine analogs (i.e., HMBi and HMBa) could improve the production performance. Feeding HMBi increased milk protein percentage and yield (11) by improving N efficiency (12). In this study, the H30 group increased ADG by 228 g/day compared with the H0 group. Similarly, Han et al. (15) found that the addition of HMBi increased the total gain and the ADG of Holstein growing steers. Chen et al. (21) reported that HMBi supplementation improved the growth performance of goats. In the current study, ADG of Angus steers significantly increased along with the HMBi supplementation, which was consistent with the above reports.

Both the insufficient amount and unbalanced profile of absorbed amino acids in the small intestine were the factors that restrict the protein deposition in muscle tissues (20). According to the AMTS.Cattle.Professional ration formulation model based on the CNCPS, the recommended ratio of Lys and Met was 2.7:1. In the present study, the ratio of Lys: Met was 2.94:1 in the H0 group, which indicated that Met may be insufficient. With the increased supplementation of HMBi, the ratio of Lys: Met decreased to 2.53:1 (H15) and 2.21:1 (H30). Thus, the increase in ADG may be partially attributed to the improved duodenal digestible amino acids profile via HMBi supplementation. Met not only serves as a precursor for protein synthesis, but also functions as a signaling factor that can promote nitrogen deposition. Previous research in dairy cows showed that Met improved milk protein synthesis through the mammalian target of rapamycin (mTOR) signaling pathway (22, 23). Moreover, Met is the source of methyl groups (24), which can affect the expression of related genes by providing methyl donors for DNA methylation (25). In the current research, HMBi may promote muscle protein synthesis through related signaling pathways (i.e., mTOR pathway) or its role as a methyl donor.



Blood Biochemical Index

In this experiment, the BUN concentration was significantly decreased with the increasing HMBi addition, which was consistent with the changes of CP apparent digestibility, total VFA concentration, and ADG. BUN mainly originated from rumen NH3-N generated by the degradation of dietary CP and the deamination of AA. The lower BUN concentration in H30 indicated that more N was incorporated into metabolizable protein from the rumen microbial protein sources. This is consistent with the results of the correlation analysis that BUN had a significantly negative relationship with Saccharofermentans, which increased its abundance in H30 compared with H0. Moreover, BUN was strongly related to the balance of amino acid absorbed, which could accurately reflect the protein metabolism and nitrogen deposition in the body (26). When the profile of the adsorbed amino acids was unbalanced, the concentration of BUN increased and the utilization efficiency of protein decreased (27). Many studies have found that ruminant diets supplemented with Met decreased the BUN concentration and increased the efficiency of protein utilization (21, 28, 29). Our study was consistent with the research described above, in which HMBi supplementation increased dietary nitrogen utilization efficiency and protein deposition.



Rumen Fermentation and Bacteria Composition

There is a dependent relationship among dietary composition, microbial richness, and the physiology of the host. Dietary composition is considered an important factor affecting microbial composition and diversity (30). In the present study, the similar bacterial richness and diversity may be attributed to the similar dietary composition.

The impact of HMBi or HMB supplementation on VFA production in the rumen was variable in vitro or in vivo, in which several studies have shown positive effects (7, 31). Whereas, most studies did not observe any effect of Met analog supplementation on VFA concentrations or profiles, which was consistent with the current study (32, 33). The discrepancy of the effect of HMBi on the ruminal microbes may be explained by the increased bacterial N derived from NH3-N, peptides N, and AA but decreased the production of acetate, propionate, and total VFA because a fraction of carbon was being used for AA synthesis (8). Additionally, the produced VFAs had another fate toward de novo synthesis of fatty acids (34). The changed structure of the bacterial community may also contribute to the observation that HMBi supplementation did not affect rumen fermentation. In this study, the sum of dominant phyla Bacteroidetes and Firmicutes consist of ~90% of the total OTUs both in the rumen and cecum. An abundance of biosynthesis and membrane transport-related genes were observed in Firmicutes, while Bacteroidetes had numerous carbohydrate-active enzymes used for polysaccharide degradation (35). Parnell and Reimer (36) found that the Bacteroidetes had a negative correlation with the percentage of body fat and body weight. Intriguingly, the H30 diet significantly increased the relative abundance of Firmicutes and decreased Bacteroidetes both in the rumen and cecum, thus leading to the increasing ratio of Firmicutes/Bacteroidetes. Especially in cecum, the ratio increased from 2.27 (H0) to 4.74 (H30). Greater BW and ADG in steers supplemented with HMBi may be partially contributed to the increased ratio of Firmicutes/Bacteroidetes. This was consistent with the previous reports that the ratio of Firmicutes to Bacteroidetes affected energy harvesting in the guts of mice and humans, where a high Firmicutes/Bacteroides ratio was associated with obesity (37, 38).

Ruminococcus and Fibrobacteriaceae are the major cellulolytic bacteria and play an important role in fiber degradation because they are rich in genes encoding cellulase and hemicellulase. The current study found that the abundance of the Fibrobacteraceae family (only accounted for about 0.27%) tended to decrease linearly and the Ruminococcus (accounted for 17.51%) tended to increase linearly with the increasing HMBi supplementation, suggesting that the degradation of structural carbohydrates mainly depended on the Ruminococcus. The high-starch diet has been recognized to restrict the activity of fiber-degrading bacteria (39, 40). In this research, although the diets contain about 36% starch, the negative impact of high starch content on the activity of cellulolytic bacteria may be partially offset by the positive effects of HMBi. A previous study supported our data that AA might stimulate fibrolytic bacteria (41). Adding Met analog increased the contents of microbial protein and total VFA by potentially stimulating carboxymethylcellulase activity and rumen microbial populations, such as Fibrobacter succinogenes and Ruminococcus flavefaciens, which belong to Ruminococcus and Fibrobacteriaceae, respectively (7, 42). The Ruminococci was considered the key symbionts of the gut ecosystem (43). Ruminococcaceae was more abundant in the cecum and feces from the Angus steers with high feed efficiency (44), which was consistent with our results.

Isobutyrate and isovalerate, known as branched-chain fatty acids (BCFAs), are produced by the deamination of branched-chain amino acids by bacteria and are considered as the indicators of protein fermentation. In cecum, the increase in HMBi supplementation decreased the concentrations of NH3-N, propionate, isobutyrate, butyrate, isovalerate, valerate, and total VFA. The possible explanation is that HMBi supplementation promoted the digestion and absorption of the nutrient substrate in the rumen and the small intestine, leading to the decreased amount of the substrates entering the cecum. This was consistent with the results of PICRUSt mentioned above that the H30 diet increased the abundances of most pathways in rumen, such as amino acid metabolism, carbohydrate metabolism, and membrane transport, while the H30 diet decreased the abundance of most pathways with significant differences in the cecum. Additionally, the decreased total VFA may be partially attributed to the fact that the produced VFAs were rapidly utilized to provide metabolizable energy for the host by simple diffusion or carrier-mediated transport (45, 46). Besides, the altered composition of the bacterial community may also potentially affect VFA production. Correlation analysis presented that Tenericutes and Cyanobacteria were significantly associated with the concentration of acetate, butyrate, and isovalerate.

In summary, HMBi promotes the metabolism and biosynthesis of amino acids, carbohydrates, and lipids in the rumen by potentially stimulating microbial fermentation, such as the increased ratio of Firmicutes/Bacteroidetes and the abundance of Ruminococcus, thus leading to greater BW and ADG.



Correlations Between Growth Performance and Dominant Bacteria

Correlation analysis revealed relationships between fermentation and differential microbial abundances in the rumen and cecum. In this study, rumen microbial abundances had no significant correlation with rumen fermentation. Notably, Lachnospiraceae, Lachnospiraceae_XPB1014_group, Pseudobutyrivibrio, and Ruminococcus_1 were positively correlated with ADG. As discussed above, Ruminococcus_1 and Butyrivibrio -Pseudobutyrivibrio mainly produce acetate by fermenting cellulose and hemicellulose (47, 48). Lachnospiraceae_XPB1014_Group was reported to participate in the degradation of fiber (49). Previous research reported that the family Lachnospiraceae, including Lachnospiraceae_ XPB1014_ group, tended to have greater relative abundance in Nellore steers with low nitrogen retention and in low-feed-efficiency beef cattle (50, 51), which may be explained by the tryptophan metabolism and degradations of valine, leucine, and isoleucine (52). Fowler et al. (8) investigated that HMBi would sustain ruminally available Met and potentially increase the efficiency of microbial protein synthesis. In the current study, the improved ADG and FCR were significantly correlated with the amino acid metabolism pathways, including valine, leucine, and isoleucine biosynthesis pathway, lysine biosynthesis pathway, and cysteine and methionine metabolism pathway, which were more active in the H30 group as PICRUSt mentioned above.

In the cecum, the contents of acetate and butyrate were positively associated with Tenericutes, and the isovalerate content and FCR were positively correlated with Cyanobacteria. In this study, the abundances of Tenericutes and Cyanobacteria increased in the H30 group. This was inconsistent with the previous research that low abundances of Tenericutes and Cyanobacteria were correlated with high residual feed intake (low feed efficiency) in bulls (53). ADG had a positive relationship with the abundances of family Peptostreptococcaceae, including the genera Rombouts, Paeniclostridium, and Ruminococcaceae_UCG-013. Peptostreptococcaceae was generally considered as the gut symbiotic bacteria because of its role in maintaining the gut homeostasis (54) and it enables to produce a vast amount of ammonia derived from amino acids or peptides (55). This was consistent with the aforementioned results of PICRUSt that the abundance of several typical metabolic pathways in H15-fed steers were higher than that of H30-fed steers, such as amino acid metabolism, carbohydrate metabolism, and lipid metabolism. These alterations were associated with the improvement of the ADG and FCR. Contrary to our results, Gomes Carvalho Alves et al. (56) reported that Lachnospiraceae and Peptostreptococcaceae, belonging to Clostridiale order, were associated with low efficiency of nitrogen retention in beef cattle. The possible explanation of the inconsistent results was that the supplementation of HMBi compensated the degradation of proteins in the rumen by promoting microbial protein synthesis and stimulated the utilization of absorbed protein for the synthesis of body protein (57). Consistent with the result of ADG, BW had similar trends of correlation with the significantly different bacteria in cecum, such as Lachnospiraceae_NK3A20_group, Ruminococcaceae_NK4A214_group, and Bacteroidetes: Firmicutes ratio. Additionally, BW was negatively associated with the abundance of Proteobacteria and positively correlated with Actinobacteria and Erysipelotrichaceae family. An increased abundance of Proteobacteria is a potential signature of dysbiosis in gut microbiota (58). The decreased abundance of Proteobacteria with the increased HMBi inclusion indicated that the homeostasis in gut microbiota was improved. Erysipelotrichaceae was increased and it was positively correlated with BW. Similarly, Bach et al. (59) observed that Erysipelotrichaceae had a positive correlation with feed efficiency.

Taken together, the correlation analysis revealed that the improved production performance is closely related to the impact of HMBi supplementation on the alterations and adjustment of crucial bacterial communities in the rumen and cecum.




CONCLUSION

In summary, dietary supplementation of HMBi improved the growth performance and feed efficiency in finishing beef cattle, which can be partially attributed to the altered bacterial community and fermentation patterns of rumen and cecum.
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This study aimed to evaluate whether sodium butyrate (SB) attenuates the ruminal response to LPS-stimulated inflammation by activating GPR41 in bovine rumen epithelial cells (BRECs). We examined the SB regulation of GPR41 and its impact on LPS-induced inflammation using GPR41 knockdown BRECs. The LPS-induced BRECs showed increases in the expression of genes related to pro-inflammation and decreases in the expression of genes related to tight junction proteins; these were attenuated by pretreatment with SB. Compared with that in LPS-stimulated BRECs, the ratio of phosphorylated NF-κB (p65 subunit) to NF-κB (p65 subunit) and the ratio of phosphorylated IκBα to IκBα were suppressed with SB pretreatment. The LSB group abated LPS-induced apoptosis and decreased the expression of Bax, Caspase 3, and Caspase 9 mRNA relative to the LPS group. In addition, the LSB group had a lower proportion of cells in the G0–G1 phase and a higher proportion of cells in the S phase than the LPS group. The mRNA expression of ACAT1 and BDH1 genes related to volatile fatty acid (VFA) metabolism were upregulated in the LSB group compared to those in LPS-induced BRECs. In addition, pretreatment with SB promoted the gene expression of GPR41 in the LPS-induced BRECs. Interestingly, SB pretreatment protected BRECs but not GPR41KD BRECs. Our results suggest that SB pretreatment protects against the changes in BRECs LPS-induced inflammatory response by activating GPR41.
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INTRODUCTION

To meet the demand for dairy products, a high-concentrate diet has been increasingly fed to dairy cows to improve milk yield. However, a high-concentrate diet is detrimental to dairy cows when administered for long periods, which can reduce ruminal pH and microbial population and increase the risk of subacute ruminal acidosis (SARA; 1). The rumen is the first organ affected by low pH, and pH-related damages affecting the integrity and permeability of rumen epithelium have been reported (2–4). Penetration of the ruminal epithelial barrier by endotoxins and antigens is limited in the normal physiologic state (5). Unfortunately, a decrease in pH may prompt the translocation of lipopolysaccharide (LPS), affecting dairy-cow health and productivity (6, 7). Similar to exogenous infectious pathogens, LPS-release can elicit an inflammatory response in rumen epithelium (8). It has been reported that inflammatory molecules such as LPS elicit a severe inflammatory response in multiple types of cells, such as bovine rumen epithelial cells (BRECs), and activate the inflammatory NF-κB pathway (9). Activation of the NF-κB pathway can increase the expression of genes related to inflammatory response, including interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α (10). In addition, NF-κB transcription factors are key regulators of apoptosis and differentiation. It has been reported that LPS can induce apoptosis and potently block proliferation (11, 12). Therefore, there is an urgent need to develop alternative therapeutic strategies to alleviate LPS-induced BREC injury.

The rumen contains a large amount of the ruminal microbiota, which can metabolize dietary carbohydrates into short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate (13). Since butyrate has been demonstrated to show positive effects such as controlling enteric pathogens and reducing inflammation, particular attention has been paid to sodium butyrate (SB; 14). It has been reported that SB heightens anti-inflammatory, antioxidant, and antiapoptotic capacity in ruminant cell lines (14, 15). SB not only demonstrates a suppression of pro-inflammatory TNF-α, IL-6, and IL-1β (15), it can also facilitate alterations in the degradation or phosphorylation of IκBα and the dampening of NF-κB signaling (16). In addition, oral supplements with SB alleviate the negative effect of high-concentrate-diet-induced LPS-release on the rumen epithelium of dairy goats and decrease the secretion of cytokines (8). The same is true of liver inflammation, which is also alleviated by SB supplementation. In addition, infusions of SB are beneficial to modeling the rumen epithelial morphology by inhibiting apoptosis and affecting cell cycle progression. However, little information of the mechanism has been revealed, and SB has not previously been studied in LPS-stimulated BRECs.

Metabolic disorders appear to have a similar background to low-grade chronic inflammation, although the pathophysiological mechanisms leading to tissue and organ damage are not fully elucidated. Infusion of SB has been proposed to enhance SCFA uptake and metabolism in ruminal epithelial of goats (17). Moreover, SCFA uptake and BREC metabolism were altered by exposure to LPS (18). Previous studies have demonstrated that G-protein-coupled receptors 43 (GPR43) and 41 (GPR41) are receptors for SCFAs in humans (19–21). GPR41 and GPR43 are differentially expressed in various cell types, such as fat, neutrophils, and colonic epithelial cells, and they regulate host energy balance and immune responses (22–24). In addition, while the expression of GPR41 was detected in BRECs, GPR43 was not observed (13). Previous studies showed that SB is more active toward GPR41 than other SCFAs (25). We hypothesized that SB may regulate the inflammatory response via GPR41 in LPS-induced BRECs. Therefore, the objective of this study was to provide evidence for the protective roles of SB in LPS-induced BRECs by activating GPR41.



MATERIALS AND METHODS

All trials plan and methods have authorized with the Animal Ethics Committee of Yangzhou University, China. The study conducted under the Care and Use of Laboratory Animals guidelines.


Cell Culture

The Institute of Animal Culture Collection and Application (IACCA), Yangzhou University was the supplier of both GPR41 knockdown BRECs (GPR41KD BRECs) and immortal BRECs (13). Immortal BRECs obtained from IACCA and utilized in this research were cultured in DMEM/F12 medium comprising of 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin.



Experimental Design

The LPS used in this study was from Escherichia coli O55:B5 lyophilized powder (L6529, Sigma-Aldrich, St. Louis, MO, United States).

Cell inflammatory models were established and optimized with respect to LPS and SB concentrations as well as the timing of inflammatory responses. BRECs were treated with either SB for 18 h for the SB group (SB) or with LPS for 6 h for the LPS group (LPS). BRECs were treated with medium without SB and LPS for the control group (CON). Experiments were performed using pretreatment with SB for 18 h followed by washing and then LPS exposure for 6 h for the LSB group (LSB), and GPR41KD BRECs pretreatment with SB for 18 h followed by washing and then LPS exposure for 6 h for the LSB-GPR41KD group (LSB-GPR41KD). In addition, GPR41KD BRECs were treated with medium without SB and LPS for the GPR41KD group (GPR41KD). Cells were exposed to optimized doses of 4 μg/mL LPS and 0.5 mM SB according to the results of a dose-dependence assay (Figure 1) in this study and results reported in other works (15).
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FIGURE 1. Effects of sodium butyrate (SB) on cell viability and gene expression of inflammatory cytokines. (A) Bovine rumen epithelial cells (BRECs) were treated with DMEM/F12 (Control group); or with different concentrations of SB (0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mM) for 18 h, followed by a challenge with 4 μg/mL lipopolysaccharide (LPS) for an additional 6 h. Cell viability was determined using the Cell Counting Kit-8 Assay (Dojindo, Kumamoto, Japan). Values are shown as mean ± SEM (n = 6). (B) Bovine rumen epithelial cells were pretreated with different concentrations of sodium butyrate (0.25, 0.5, 1, 2.5, 5, and 10 mM) for 18 h and then treated with 4 μg/mL LPS for 6 h. The gene expression of IL-1β, IL-6, and TNF-α was analyzed by qRT-PCR, which are normalized to GAPDH. Values are shown as mean ± SEM (n = 3). Different lowercase letters in the bar chart indicate significant differences (P < 0.05).




Cell Viability Assay

The cytotoxic effects of SB on LPS-induced BRECs were determined using the Cell Counting Kit-8 (CCK-8; Dojindo, Shanghai, China) according to the previous study (27). The BRECs were seeded into 96-well plates (5 × 103 cells/well). After 12 h, the cells were cultured in DMEM/F12 medium in the presence or absence (control group) of varying concentrations of SB (0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 mM) for 18 h, followed by a challenge with 4 μg/mL LPS for 6 h (n = 6). After incubation, the cells were washed five times with 200 μL of sterile water and incubated with 100 μL of DMEM/F12 supplemented with 10 μL of CCK-8 at 37°C and 5% CO2 for 3 h. Absorbance at 450 nm was then measured in each well using an auto-microplate reader. Cell viability (%) = (treatment OD – blank OD)/(control OD – blank OD).



Quantitative RT-PCR

For mRNA expression analysis, the BRECs were plated in 6-well plates at a density of 2 × 105 cells/well. After incubation, total RNA was isolated from the cultured cells using FastPure Cell/Tissue Total RNA Isolation Kit (RC101, Vazyme Biotech Co., Ltd., Nanjing, China) in accordance with the manufacturer’s guidances. An OD-1000 + Micro-Spectrophotometer was used to measure RNA purity and concentration, and RNA quality was measured via electrophoresis (2% agarose gels). In our study, the optical density (OD) 260/OD280 ratio of the total RNA was determined to be 1.9, and the intensity of the 28S ribosomal RNA band was approximately twice that of the 18S ribosomal RNA band in total RNA samples, indicating that the total RNA was of high quality. Reverse transcription (RT) was performed using an RT kit (Takara, Beijing, China). The RT reaction mixtures contained 1 μg of total RNA and 1 × PrimeScript RT Master Mix in a final volume of 20 μL, and the reactions were performed for 15 min at 37°C. Reverse transcriptase was inactivated by heating to 85°C for 5 s. qRT-PCR assays were performed using the SYBR® Premix Ex Taq™ II Kit (Takara). The qRT-PCR reaction mixture contained 1 × SYBR® Premix Ex Taq™ II, of forward and reverse primers at 0.4 μM, and 100 ng of cDNA templates in a final volume of 20 μL, and the reactions were performed as follows: initial denaturation at 95°C for 30 s followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Before performing qRT-PCR on the samples, primers were designed to span exon–exon junctions, where possible, which were evaluated for dimer formation by generating melt curves following amplification to verify the presence of a single product. The primers used are listed in Table 1. The reaction of a negative control without a cDNA sample was performed. RefFinder,1 including Normfinder, geNorm, and the comparative ΔCT method, was used to select the first-rank reference gene (ACTB and GAPDH) by determining the ranking of the candidate genes. The final ranking was calculated by assigning an appropriate weight value to each gene, and the geometric mean of their weight values for the overall final ranking was confirmed. A higher expression stability was indicated by a lower gene geomean of ranking value. Eventually, GAPDH was screened for subsequent study. In addition, GAPDH is already known to be suitable for BRECs and GPR41KD BRECs (13). The quantitative PCR results were analyzed using the 2–ΔΔCt method for calculating the fold changes in the mRNA levels of targeted genes (26). All trials were repeated three times.


TABLE 1. Primers for real-time PCR analyses.
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Western Blotting Analysis

For protein expression analysis, BRECs were seeded in a 10 cm dish (2 × 106 cells/well) and grown at 37°C and 5% CO2. After incubation, bovine hepatocytes were lysed to extract total protein in a RIPA lysis (Thermo Scientific, Shanghai, China) containing 1 × protease inhibitor cocktail (Thermo Scientific) and 1 × phosphatase inhibitor cocktail tablets (Roche, Shanghai, China). Protein concentrations were determined using a BCA kit (Beyotime, Beijing, China) according to manufacturer protocols. The target protein abundance in the BRECs was quantified following a published study (13). Equal amounts (40 μg) of protein lysates were fractionated by SDS-PAGE and transferred to nitrocellulose membranes (PALL, Shanghai, China). The membranes were blocked with 5% horse serum and then incubated with gentle shaking overnight at 4°C, with the primary antibody plus 5% horse serum in Tris-buffered saline with Tween (TBS-T: 10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20). The sources of the commercial antibody used in the experiment were GAPDH (1:1000; CST, Shanghai, China), phosphorylated (p)-p65, p65 (1:750; CST, Shanghai, China), p-IκBα, and IκBα (1:750, Affinity, Biotech Co., Ltd., Liyang, China). The horseradish peroxidase (HRP)-conjugated secondary antibody was used, which included goat anti-rabbit IgG (1:5,000; CST). The target bands were detected using the Super Signal West Femto Maximum Sensitivity Substrate or Pierce ECL Plus Western Blotting Substrate (Thermo Scientific).



Staining by Fluorescein Isothiocyanate-Phalloidin

The staining by FITC-phalloidin was processed as described by manufacturer’s protocol. In brief, the cells were fixed with paraformaldehyde for 20 min and treated with 0.5% Triton X-100 solution for 5 min. Then, the cells were covered with 100 nM FITC-phalloidin solution (Affinity, Biotech Co., Ltd., Liyang, China) and incubated at room temperature away from light for 30 min. The nuclei were stained with 100 nM DAPI solution (Affinity, Biotech Co., Ltd., Liyang, China) for 3 min. Subsequently, the cells were examined and photographed under a fluorescence microscope (DMi8, Germany) with 496- and 364-nm light excitation, respectively.



Measuring Apoptotic Cell Numbers by Flow Cytometry

The apoptotic effect on the BRECs was measured using an Annexin V-FITC/PI Apoptosis Detection Kit (A211, Vazyme Biotech Co., Ltd., Nanjing, China). The cells were collected using a 2.5% trypsin solution and stained by fluorescein isothiocyanate (FITC)/propidium iodide (PI). Next, all samples were analyzed for apoptosis by flow cytometry (BD FACSAria SORP, United States) and fluorescence microscopy (DMi8, Germany). FlowJo version 10.7.1 (BD Biosciences) software was used to evaluate the apoptosis rate of cells.



Measuring Cell Cycle by Flow Cytometry

The cell cycle was determined using a Cell Cycle Quantitation Assay Kit (CA1510, Solarbio, China). The cells were collected using a 2.5% trypsin solution and fixed by 70% ethyl alcohol at 37°C for 2 h and 47°C for 12 h. The cells were collected by centrifugation and incubated with RNase at 377°C for 30 min. The cells were then stained at 47°C for 30 min with 400 μL PI. Subsequently, the BREC cell cycle was determined by flow cytometry (BD FACSAria SORP, United States) with 488-nm light excitation. FlowJo version 10.7.1 (BD Biosciences) software was used to analyze the proportion of cells at different proliferative stages.



Statistical Analysis

The effect of GPR41 was analyzed using the T-test, and other results were evaluated by one-way analysis of variance (ANOVA), followed by determining the least significant difference (LSD) for post hoc multiple comparison of treatment means using SPSS 19.0 software (SPSS Inc.; Chicago, IL, United States). P Value < 0.05 were considered significant. P Value < 0.1 were considered trending.




RESULTS


Effect of Sodium Butyrate Supplementation on Viability and the Adaptive Response to Inflammation of Bovine Rumen Epithelial Cells Challenged With Lipopolysaccharide

The relationship between SB content and its protective effect on BRECs challenged with LPS was examined by the CCK-8 assay. As shown in Figure 1, LPS showed no effect (P > 0.05) on cell viability compared with the control. Moreover, related to the LPS group, viability was not affected (P > 0.05) by pretreatment with SB from 0.25 to 10 mM on BRECs challenged with LPS; however, pretreatment with 25 and 50 mM SB inhibited (P < 0.05) BREC viability.

The mRNA levels of genes encoding the cytokines were analyzed by qRT-PCR (Figure 1B). Compared with the control, LPS alone enhanced (P < 0.05) the mRNA abundance of IL-1β, IL-6, and TNF-α. Pretreatment with 0.5 mM SB markedly decreased (P < 0.05) the gene expression of IL-1β, IL-6, and TNF-α compared to LPS alone. These results reveal that the doses of 4 μg/mL LPS and 0.5 mM SB did not have an effect on BRECs viability, and the inflammation model met the purpose of the study.



Lipopolysaccharide-Induced Activation of the Expression of Proteins Related to NF-κB Signaling Suppressed by Sodium Butyrate Pretreatment

The phosphorylation levels of the NF-κB pathway related to proteins IκB and p65 were detected with Western blotting, as seen in Figure 2. Compared with the control group, LSP increased (P < 0.05) the ratio of phosphorylated NF-κB (p65 subunit) to NF-κB (p65 subunit) and the ratio of phosphorylated IκBα to IκBα (Figures 2A,B). For the LPS group, pretreatment with SB decreased (P < 0.05) the ratio of phosphorylated NF-κB (p65 subunit) to NF-κB (p65 subunit) and the ratio of phosphorylated IκBα to IκBα (Figures 2A,B), indicating that SB inhibited the canonical NF-κB signaling pathway.
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FIGURE 2. Sodium butyrate (SB) inhibiting the canonical NF-κB signaling pathway. BRECs were pretreat with SB (0.5 mM) for 18 h, followed by stimulation with LPS for 6 h. Western blotting was performed to determine the phosphorylation levels of IκB and p65. (A,B) Immunoblotting and acquisition of intensity from the respective blots. The values are shown as mean ± SEM (n = 3). The letters in superscript indicate that the difference between groups was significant (P < 0.05).




Effect of Sodium Butyrate Supplementation on the Expression of Genes Related to Tight Junction Proteins and Cytoskeleton of Bovine Rumen Epithelial Cells Challenged With Lipopolysaccharide

The expression of tight junction proteins is shown in Figure 3A. Compared to the control group, supplementation with SB increased (P < 0.05) the expression of ZO-1, Claudin-1, and Occludin, while LPS decreased (P < 0.05) the expression levels for the above-mentioned genes. However, these decreases were reversed (P < 0.05) in the LSB group. Furthermore, fluorescence results showed no effect on the cytoskeleton with the current treatment concentrations (Figure 3B).


[image: image]

FIGURE 3. Effects of pretreatment with SB on the expression of genes related to tight junction proteins and cellular morphology in BRECs stimulated with LPS. BRECs were pretreated with SB (0.5 mM) for 18 h followed by stimulation with LPS for 6 h. (A) The gene expression of ZO-1, Claudin-1, and Occludin was analyzed by qRT-PCR. (B) Rhodamine phalloidine staining of BRECs. The values are shown as mean ± SEM (n = 3). The letters in superscript indicate that the difference between groups was significant (P < 0.05).




Sodium Butyrate Inhibits Apoptosis and Modulates Cell Cycle of Bovine Rumen Epithelial Cells Challenged With Lipopolysaccharide

To verify the effect of SB on the apoptosis and proliferation of BRECs challenged with LPS, we used flow cytometry and qRT-PCR to obtain reliable conclusions. Pretreatment with SB had fewer (P < 0.05) cells in the G1–G0 phase and more (P < 0.05) cells in the S phase relative to the control (Figures 4A,B). Stimulation with LPS showed a higher (P < 0.05) proportion of cells in the G0-G1 phase and a lower (P < 0.05) proportion of cells in the S phase, but the LSB group reversed (P < 0.05) the LPS-induced cell cycle arrest. The BREC pretreatment with SB exhibited an increased (P < 0.05) cyclin D1, CDK4, and CDK6 mRNA expression compared with the control; LPS treatment showed a significant decrease (P < 0.05) in the expression of these genes compared to the control group, while the LSB group increased (P < 0.05) the expression of the above genes compared with the LPS group (Figure 4C).
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FIGURE 4. Effect of SB on proliferation and apoptosis in BRECs stimulated with LPS. BRECs were pretreat with SB (0.5 mM) for 18 h followed by stimulation with LPS for 6 h. After incubation, cells were analyzed by flow cytometry and qRT-PCR. (A) A representative histogram of flow cytometric analyses. (B) Percentages of cells at different phases of the cell cycle. (C) Gene expression of Cyclin D1, Cyclin D3, CDK 2, CDK 4, and CDK6. (D) Absorbance of FITC-A; absorbance of fluorescein isothiocyanate-Annexin V. (E) Apoptosis percentages in cultures exposed to LPS or SB. (F) Gene expression of Caspase 3, Caspase 9, Bcl-2, and BAX. The values are shown as mean ± SEM (n = 3). The letters in superscript indicate that the difference between groups was significant (P < 0.05).


Moreover, stimulation with LPS a more (P < 0.05) significant apoptosis rate compared with control group (Figures 4D,E). Pretreatment SB decreased (P < 0.05) apoptosis rate compared with LPS group. In addition, Caspase 3, Caspase 9, and Bax mRNA expression was enhanced (P < 0.05) and Bcl-2 was decreased (P < 0.05) in the LPS group relative to the control group. Interestingly, the LSB group decreased (P < 0.05) the expression of genes related to apoptosis compared with the LPS group (Figure 4F).



Effect of Sodium Butyrate Supplementation on Expression of Genes Related to Volatile Fatty Acid Uptake and Metabolism of Bovine Rumen Epithelial Cells Challenged With Lipopolysaccharide

The results in Figure 5 show that the supplementation with SB increased (P < 0.05) the expression of MCT1, ACAT1, and BDH1 relative to the control group. In addition, LPS challenge upregulated (P < 0.05) the expression of MCT4 and downregulated (P < 0.05) the expression of MCT1, ACAT1, and BDH1 compared with the control group, while these changes were reversed (P < 0.05) in the LSB group.
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FIGURE 5. The effect of SB on the expression of genes involved in SB uptake and metabolism in BRECs stimulated with LPS. BRECs were pretreat with SB (0.5 mM) for 18 h followed by stimulation with LPS for 6 h. After incubation, cells were analyzed by qRT-PCR. The values are shown as mean ± SEM (n = 3). The letters in superscript indicate that the difference between groups was significant (P < 0.05).




Sodium Butyrate Alleviates Inflammatory Response by Activation of G-Protein-Coupled Receptor 41 in Lipopolysaccharide-Induced Bovine Rumen Epithelial Cells

G-protein-coupled receptor 41 is the target of SCFAs, which have been shown to modulate the inflammation and immune responses (27, 28). Our results showed that SB remarkably increased (P < 0.05) the mRNA abundance of GPR41 (Figure 6). Moreover, GPR41KD BRECs increased (P < 0.05) the expression of genes and proteins related to inflammatory response compared to WT BRECs. Therefore, we hypothesized that SB may alleviate the inflammatory response by the activation of GPR41 in LPS-induced BRECs. Pretreatment with SB had no effect (P > 0.05) on GPR41KD BRECs (Supplementary Figures 2–4). Our results also indicated that GPR41KD BRECs enhanced (P < 0.05) the expression of IL-1β, IL-6, and TNF-α compared with WT BRECs, which were both treated with SB and LPS (Figure 7A). The same is true of the ratio of phosphorylated NF-κB (p65 subunit) to NF-κB (p65 subunit) and the ratio of phosphorylated IκBα to IκBα (Figures 7B,C). These results indicated that SB regulated the inflammatory response by GPR41 in LPS-induced BRECs.
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FIGURE 6. Sodium butyrate promoting the gene expression of GPR41. Generation of GPR41-knockdown (GPR41KD) BREC cell lines using the CRISPR/Cas9 system. BRECs were pretreated with SB (0 and 0.5 mM) for 18 h and then treated with 4 μg/mL LPS for 6 h. The gene expression of GPR41 was detected by qRT-PCR. The values are shown as mean ± SEM (n = 3).
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FIGURE 7. Effect of GPR41 on genes and proteins related to inflammation. Generation of GPR41-knockdown (GPR41KD) BREC cell lines using the CRISPR/Cas9 system. Pretreatment with SB in BRECs and BRECEs-GPR41KD for 18 h then treated with 4 μg/mL LPS for 6 h. After incubation, cells were analyzed by qRT-PCR and Western blotting. (A) Expression of genes related to the inflammatory response, normalized by GAPDH. (B,C) Immunoblotting and acquisition of intensity from the respective blots. The protein expression was normalized by the respective abundance of GAPDH. The values are shown as mean ± SEM (n = 3).




Sodium Butyrate Modulates the Expression of Genes Related to Tight Junction Proteins, and Volatile Fatty Acid Uptake and Metabolism by Activation of G-Protein-Coupled Receptor 41

The expression of genes related to tight junction proteins is shown in Figure 8. Compared to WT BRECs, GPR41KD BRECs decreased (P < 0.05) the expression of gene related to tight junction Proteins, such as ZO-1, Claudin1, and Occludin. Similarly, compared to that of LSB-WT group, mRNA expression of these three enzymes were remarkably reduced by LSB-GPR41 group. The results in Figure 9 show that the GPR41KD BRECs induced a decrease (P < 0.05) in ACAT1, and BDH1 gene expression compared with WT BRECs. LSB-GPR41KD group decreased the expression of ACAT1 and BDH1, while they increased (P < 0.05) MCT4 mRNA expression compared with LSB-WT group.
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FIGURE 8. Effect of GPR41 on the gene expression of tight junction proteins. Generation of GPR41-knockdown (GPR41KD) BREC cell lines using the CRISPR/Cas9 system. Pretreatment with sodium butyrate (SB) in BRECs and BRECEs–GPR41KD for 18 h, then treated with 4 μg/mL LPS for 6 h. After incubation, cells were analyzed by qRT-PCR. The values are shown as mean ± SEM (n = 3).
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FIGURE 9. The effect of GPR41 on the expression of genes involved in SB uptake and metabolism. Generation of GPR41-knockdown (GPR41KD) BREC cell lines using the CRISPR/Cas9 system. Pretreatment with SB in BRECs and BRECEs-GPR41KD for 18 h, then treated with 4 μg/mL LPS for 6 h. After incubation, cells were analyzed by qRT-PCR. The values are shown as mean ± SEM (n = 3).




Sodium Butyrate Modulates Apoptosis and Cell Cycle by Activating G-Protein-Coupled Receptor 41 in Lipopolysaccharide-Induced Bovine Rumen Epithelial Cells

We then verified that SB modulates the apoptosis and cell cycle of LPS-induced BRECs by activating GPR41. In comparison with the WT BRECs, GPR41KD BRECs included a higher (P < 0.05) proportion of cells in the G1–G0 phase and a lower (P < 0.05) proportion of cells in the S and G2-M phase. Meanwhile, the LSB-GPR41 group had more (P < 0.05) cells in the G1-G0 phase and fewer (P < 0.05) cells in the S phase relative to BRECs with SB and LPS treatment (Figures 10A,B). These data suggest that lowering GPR41 expression can disrupt of progression from G1 to S phase of the cell cycle. To understand the molecular mechanisms, expression of cell cycle regulators were analyzed by qRT-PCR. In our study, GPR41KD BRECs exhibited the decreased CDK4 and CDK6 mRNA expression compared with the WT BRECs. In addition, the expression of CDK4 and CDK6 was decreased (P < 0.05) in GPR41KD BRECs treated with SB and LPS, while the cyclin D1 mRNA expression tended to have a decrease (P < 0.1) compared with WT BRECs (Figure 10C).
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FIGURE 10. Effect of GPR41 on proliferation and apoptosis. Generation of GPR41-knockdown (GPR41KD) BREC cell lines using the CRISPR/Cas9 system. LSB-WT, pretreatment with SB in LPS-induced BRECs; LSB-GPR41KD, pretreatment with SB in LPS-induced BRECEs-GPR41KD. After incubation, cells were analyzed by flow cytometry and qRT-PCR. (A) A representative histogram of flow cytometric analyses. (B) Percentages of cells at different phases of the cell cycle. (C) Gene expression of Cyclin D1, Cyclin D3, CDK2, CDK4, and CDK6. (D) Absorbance of FITC-A; absorbance of fluorescein isothiocyanate-Annexin V. (E) Apoptosis percentages. (F) Gene expression of Caspase 3, Caspase 9, Bcl-2, and BAX. The values are shown as mean ± SEM (n = 3).


We found that, compared with WT BRECs, the apoptosis rate was significantly enhanced (P < 0.05) in GPR41KD BRECs. The LSB-GPR41KD group tended to have an increase in (P < 0.1) apoptosis rate compared with the LSB group (Figures 10D,E). In addition, the Caspase 3, Caspase 9, and Bax mRNA expression were enhanced (P < 0.05), while Bcl-2 expression was decreased (P < 0.05) in the WT BRECs relative to the GPR41KD BRECs (Figure 10F). The expression of genes involved in apoptosis remained at levels similar to those observed in cells treatment with LPS and SB.




DISCUSSION

In the present study, we demonstrated the protective effect of SB on LPS-induced BREC inflammation and the ruminal epithelium barrier, with a reduction in proinflammatory cytokine expression and a promotion of tight junction protein expression. Pretreatment with SB decreased the apoptosis rate and modulated the cell cycle. In addition, LPS-induced alteration in the expression of mRNA-related VFA uptake and metabolism was also reversed. GPR41, as the main receptor of SB, plays an important role in regulation of immune responses and epithelial barrier function (13). Our data showed that SB protected against LPS-induced BERC damage by the activation of GPR41.

The SB has been shown to strengthen the integrity of the epithelial barrier by upregulating and reorganizing the tight junction proteins that connect epithelial cells (29–31). Tight junctions play a vital role in forming a selective barrier via direct cell–cell interactions. It has been shown that LPS increases tight junction permeability, and interruption of the tight junction barrier causes it to become fragile (32). As is known, ZO-1, Occludin, and Claudin-1 are vital for tight junctions to maintain epithelial permeability (33). In the present study, we determined that SB can improve ruminal epithelial barrier function by enhancing tight-junction mRNA expression. Once rumen epithelial barrier function is damaged, rumen epithelial permeability is increased and LPS has the opportunity to translocate into the bloodstream, giving rise to a systemic inflammation response (34). The rumen is the first organ affected by LPS, which causes an inflammatory response. Cytokines act as intercellular chemical messengers involved in the regulation of immune homeostasis and inflammatory responses against different infections (35). Among the cytokines, IL-1β, IL-6, and TNF-α are considered pro-inflammatory, with one study reporting the upregulation of genes related to pro-inflammatory response during high-concentrate-diet-induced inflammation (8). Zhao et al. demonstrated that the abundance of these cytokines in BRECs induced by LPS also increases in vitro (9). In the present study, LPS induced an increase in proinflammatory cytokine expression. This further mediated the damage caused by inflammation in the ruminal epithelium. SB has been demonstrated to have an anti-inflammatory effect in colon diseases, and was also reported to attenuate the high-concentrate-diet-induced inflammation in rumen epithelium tissue (8). The downregulation of IL-1β, IL-6, and TNF-α in LPS-induced BRECs that were pretreated with SB emphasized the positive effect of SB on the inflammatory responses of BRECs. Our data are consistent with previous studies in bovine hepatocytes and bovine mammary epithelial cells (14, 15), which indicated that SB could protect against LPS-induced inflammation in ruminal epithelium tissue.

The NF-κB protein is a nuclear transcription factor that plays a crucial role in the innate immune system. Activation of NF-κB is involved in inflammatory processes associated with the development of mastitis (36). Upon stimulation of cells by a variety of chemical and mechanical signals that lead to the phosphorylation and degradation of IκBα. The NF-κB is phosphorylated and translocated into the nucleus, triggering the transcription of inflammatory cytokines (37). Thus, inhibition of NF-κB activation has attracted attention as a therapeutic approach intervention during immune and inflammatory events (38). The anti-inflammatory response potential of SB stems from its ability to prevent the phosphorylation and degradation of IκBα and attenuate the DNA-binding activity of NF-κB in bovine mammary epithelial cells and hepatocytes (14, 15). Our present study found that the role of SB is to suppress the translocation of phosphorylated NF-κB p65 into the nucleus. Moreover, the inhibition of NF-κB activity is most likely regulated through the decreased phosphorylation of IκBα, as shown by immunoblotting results. These results indicated that SB pretreatment ameliorates the LPS-induced inflammatory response, which is also associated with the inhibition of NF-κB activation.

In fact, apoptosis is a physiological process of cell self-destruction, including condensation of nuclear chromatin, formation of cell membrane vesicles, and cell contraction (39). NF-κB can regulate cellular apoptosis and differentiation. The previous study showed that under certain circumstances NF-κB activation is required for cell apoptosis (40). This effect involves that a pro-apoptotic and an anti-apoptotic NF-κB transcriptional target gene were Bax and Bcl-2, respectively (41). Our results indicated that the LSB group upregulated Bcl-2 (anti-apoptotic factor) and downregulated Bax (pro-apoptotic factor). Anti-apoptotic Bcl-2 can inhibit apoptosis by a caspase 9–caspase 3 pathway (42, 43). Caspase molecules can modulate death-receptor-induced and mitochondrial-induced apoptotic pathways (40, 44). Caspase 3 and Caspase 9 mRNA expression decreased with SB pretreatment in LPS-induced BRECs. Furthermore, pretreatment with SB exhibited less apoptosis in LPS-induced BRECs. The attenuating effect of SB on LPS-induced apoptosis was further confirmed, and apoptosis and the cell cycle were closely related. Inhibition of caspase 3 prevents cell cycle arrest has been investigated (45). The current results showed that SB promoted cell-cycle progression by increasing the cellular fraction of the G0/G1 phase to S phase transition, which was consistent with previous studies (46). We also demonstrated that cyclin D1, CDK4, and CDK6 mRNA expression was increased in the LSB group compared with the LPS group. Malhi et al. reported that the gene expression of cyclin D1 and CDK4 was increased by treatment with exogenous butyrate in ruminal epithelial cells of goats (46). In addition, our results are consistent with previous study that infusions of SB can inhibit apoptosis and promote proliferation in rumen epithelium tissue (17). Therefore, SB protects against LPS-induced BERC damage by protecting barrier function, alleviating the inflammatory response, and regulating cell cycle and apoptosis. To the best of our knowledge, although SB is known to protect against LPS-induced BERC damage, there is a dearth of information on the molecular. However, butyrate acting as a ligand to activate GPR41 and modulate inflammatory response has been well characterized. Trompette et al. described increased inflammation in GPR41 knockout mice (47). In our study, we found that SB improved the gene expression of GPR41. In our previous study, rumen epithelial barrier and proinflammatory response injury can occur if GPR41 is deficient in BRECs (13), which is consistent with the present study. Liu et al. reported that SCFA acetate upregulated GPR41 and inhibited the NF-κB pathway in amyloid-β-induced BV2 microglia (48). In the current study, we found that SB inhibited NF-κB activation in LPS-induced BRECs, and this activation was reversed in GPR41KD-BRECs, which indicated that SB inhibited NF-κB activation in LPS-induced BRECs through the GPR41 receptor. We then verified that SB-promoted cell-cycle progression and reduced apoptosis rate were abolished in GPR41KD BRECs. In addition, SB-attenuated neuronal apoptosis via the GPR41 pathway has been demonstrated (49). Taken together, SB protects against LPS-induced BERCs damage via the GPR41 pathway.

A state of inflammation is not only largely associated with metabolism disruption, it may also alter nutrient transport by epithelial cells (18, 50). The main metabolism of rumen epithelial tissue is the ketogenic effect, which converts VFA into ketone bodies to provide energy for the body (51). Therefore, we determined the expression of genes related to VFA uptake and metabolism in LPS. MCT1, localized on the basolateral side of rumen epithelium tissue, is a main transporter for SB (52, 53). In addition, butyrate-induced increases in the expression and resulting activity of MCT1 serve as a mechanism to maximize the intracellular availability of butyrate. Treatment with SB led to a concentration- and time-dependent upregulation of MCT1 mRNA in colonic epithelial cells (53). However, inflammation can lead to the dysregulation of MCT1 (54). In the present study, LPS decreased the expression of MCT1, while the mRNA expression of MCT1 increased in the LSB group, which indicated that inflammation caused the dysregulation of MCT1, but SB alleviates this effect. In addition, MCT4 expression was increased upon exposure to LPS. This is consistent with the observed results of Dennis et al. (18). The higher expression of MCT4 is associated with a greater content of lactate (55). Inflammation can increase glycolysis, leading to mediating lactate accumulation and then upregulating of MCT4. Pretreatment with SB relieved irritation, and MCT4 was downregulated. In addition, this effect was abolished in GPR41KD BRECs, which may indicate that MCT4 expression is strongly linked to inflammation. As further evidence for LPS influencing ketogenic metabolism in the present study, LPS induced a decrease in the expression of ACAT1 and BDH1, which indicated a shift away from ketogenesis. LPS-stimulated inflammation can cause a decline in the production of ketone bodies in mice (56). In addition, increases in butyrate concentration in calf rumens stimulates changes in the expressions of genes and proteins involved in the ketogenesis pathway (57). In this study, we proved that pretreatment with SB restored the LPS-induced expression of ACAT1, and BDH1 expression decreased. Knockdown experiments demonstrated that SB promoted ketone body formation by activating the GPR41 pathway.

In conclusion, our data showed that SB possesses ruminal epithelial barrier- maintaining capability and anti-inflammation in BRECs. Activated GPR41 may play a vital role in the regulation of the expression of inflammatory and ketogenic-related genes. Taken together, we conclude that SB may be a promising additive as a treatment to ameliorate the LPS-related induction of ruminal inflammation in dairy cows.
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Inflammatory diseases are a major threat to public health. Natural plant essential oils (EOs) possess anti-inflammatory and anti-oxidative activities. The objective of this study was to investigate the anti-inflammatory effect and mode of action of lemon essential oil (LEO), and its main active component, d-limonene, with different doses on intestinal inflammation of mice. Sixty-four 5-week-old male balb/c mice weighing 22.0 ± 1.5 g were randomly assigned into one of 8 treatments (n = 8/treatment), including normal saline group (NS), Escherichia coli (E. coli) group, and either LEO and d-limonene essential oil (DEO) group supplemented at 300, 600, and 1,200 mg/kg of BW, respectively. After the pre-feeding period, the mice were fasted for 12 h, the mice in the NS group and the E. coli group were gavaged with normal saline, and the mice in the LEO group and DEO group were gavaged with respective dose of EOs for 1 week. One hour after the end of gavage on the 7th day, except that the mice in the normal saline group were intraperitoneally injected with normal saline, the mice in the other groups were intraperitoneally injected with the same concentration of E. coli (108 cfu/ml, 0.15 ml per mouse). The antioxidant indexes were measured including superoxide dismutase (SOD), malondialdehyde (MDA), and myeloperoxidase (MPO) in plasma obtained by taking blood from mouse eyeballs. The inflammatory indexes were measured including interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor alpha (TNF-α) in plasma. The tight junction protein indicators were tested include zona occludens 1 protein (ZO-1), occludin and claudin in mouse duodenum. We found that all of the above indexes for E. coli group were different (P< 0.05) with the NS group. The interaction of EO and dose (E × D) were significant (P < 0.01) for all of the indexes. In addition, LEO at 300 mg/kg BW and DEO at 600 mg/kg BW had better antioxidant and anti-inflammation activity on the infected mice, which reduced (P < 0.05) the plasma concentrations of MDA, MPO, TNF-α, IL-1β, and IL-6, but increased (P < 0.01) the concentrations of SOD. Hematoxylin-eosin (H&E) staining of duodenum observation showed that LEO and DEO reduced inflammatory cell infiltration and maintain the orderly arrangement of epithelial cells. Moreover, supplementation of LEO at 600 mg/kg and DEO at 300 mg/kg BW alleviated (P < 0.05) intestinal barrier injury for increasing the relative expression of ZO-1, occludin and claudin mRNA in mice duodenum. These results showed that the pre-treatment with LEO and DEO had protection of intestinal tissue and inflammation in E. coli infected mice. Both LEO and DEO exhibited activity of antioxidant, anti-inflammatory and alleviating intestinal injury, whereas, compared with DEO, LEO can be active at a lower dosage. Furthermore, as the main active component of LEO, the d-limonene appeared to play not only the major role, but also the joint action with other active components of LEO.

Keywords: lemon essential oil, d-limonene, intestinal injury, anti-inflammation, mice


INTRODUCTION

Intestinal mucosa is a channel to absorb nutrients from metabolites of food and microorganisms, and also a barrier to prevent microorganisms from invading tissues and alleviate the inflammatory response to a large amount of contents in the cavity (1). When the intestinal epithelial barrier is damaged, the intestinal permeability increases, and harmful substances enter the blood stream, which induces inflammatory response and endangers the health of the host (2). Accordingly, when animals encounter the harm of pathogenic microbial infection and oxidative stress, which reduces their production performance, and even lead to death. At present, antibiotics are widely used to promote intestinal health, but the toxicity and side effects limit their application (3, 4), and many countries prohibit the use of antibiotics as growth promoting substances. It is a hot topic to enhance the intestinal barrier function and improve the health status of animals by means of nutritional regulation. Therefore, it is very important to look for natural, safe and efficient feed additives that can replace antibiotics in the field of animal nutrition.

Essential oils (EOs) could promote the growth of intestinal probiotics and inhibit the proliferation of pathogenic bacteria, so as to improve the structure of intestinal flora (5). Citrus genus, the most important genus in the Rutaceae family, is found in many countries, besides Brazil, Japan, Argentina, USA, and Australia (6). Lemon essential oil (LEO), as one of the citrus EOs, extracted from lemon fruit has been used to treat a variety of pathological diseases, such as inflammation, cardiovascular disease, cancer, hepatobiliary dysfunction and so on (7, 8). LEO has previously been reported to possess multiple biological activities and is considered as generally recognized as safe (GRAS) by FDA 2018 (9). It was showed that LEO had antibacterial and fungicidal properties on foodborne pathogens and spoilage bacteria (10, 11), and also considerable antioxidant properties (12). Studies have shown that citrus EOs exhibited a selective antibacterial activity with higher effect on pathogenic bacteria (Escherichia coli, E. coli) than beneficial bacteria (Lactobacillus) (13). All of this suggests the potential of LEO to be used as a natural extract for preventing inflammation caused by oxidative stress. However, to the best of our knowledge, few studies have reported the action mechanisms of LEO on the inflammatory mice.

The d-limonene was showed as the main active component of LEO (14). Here, we compared the effects of LEO and DEO to further explore whether LEO relied on its main active component d-limonene to exert its anti-inflammatory activity. This study aimed to provide a theoretical basis for the rational application of LEO in animal production by exploring the effects of different concentrations of LEO on intestinal barrier and inflammatory response in E. coli injected mice.



RESULTS


Component Analysis of EOs

The active component profiles of testing LEO and DEO in this experiment are shown in Tables 1, 2, respectively. There were 30 active components being detected in LEO, of which the proportion of d-limonene was the highest (47.5% of total), and followed by β-pinene (14.69% of total), γ-terpinene (9.61% of total), β-laurene (4.89% of total) and α-pinene (4.28% of total). Total 20 active components were detected in DEO, of which d-limonene was the primary active component (83.5% of total).


Table 1. Main chemical components and relative contents of LEO.
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Table 2. Main chemical components and relative contents of DEO.
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LD50 of EOs

According to the modified Karber's method (15), the LD50 of mice with oral administration of LEO was observed to be 3,162 mg/kg of BW, with 95% confidence interval of 2,934.27–3,408.00 mg/kg of BW (Table 3). The LD50 of mice with oral administration of DEO was 3,198.89 mg/kg, with 95% confidence interval of 2,904.69–3,522.89 mg/kg.


Table 3. Acute oral toxicity of essential oils in mice.
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Effect of EOs on Plasma Antioxidant Indexes of E. coli Infected Mice

Effects of EOs on plasma antioxidant indexes of E. coli infected mice were showed in Figure 1. Compared with normal saline (NS) group, E. coli group increased (P < 0.05) plasma concentrations of malondialdehyde (MDA) and myeloperoxidase (MPO), but decreased (P < 0.05) concentration of superoxide dismutase (SOD). Supplementation of LEO and DEO had significant influence (P < 0.01) on the concentration of MDA, MPO, and SOD. The interaction of EO and dose (E × D) were significant (P < 0.01) for all of the three antioxidant indexes. Supplementation of LEO quadratically decreased (PQ < 0.01) the concentration of MDA and MPO with increase dose (Figures 1A,C) and quadratically increased (PQ < 0.01) the concentration of SOD with increase dose (Figure 1B). Supplementation of DEO linearly decreased (PL < 0.01) the concentration of MDA and MPA with increase dose (Figures 1A,C) and linearly increased (PL < 0.01) the concentration of SOD with increase dose (Figure 1B). The concentration of MDA for LEO group was lower (P < 0.01) than that for DEO group at 300 mg/kg. The concentrations of MPO for LEO group were lower (P < 0.01; P = 0.02) than those for DEO group at 300 and 600 mg/kg, respectively. The concentrations of SOD for LEO group was higher (P < 0.01) than that for DEO group at 300 and 600 mg/kg, respectively.


[image: Figure 1]
FIGURE 1. Effects of LEOand DEO on plasma concentration of malondialdehyde [MDA; (A)], superoxide dismutase [SOD; (B)], and myeloperoxidase [MPO; (C)] in E. coli injected mice. Data were presented as mean ± standard error of mean (SEM) (n = 8). The 1st column was normal saline group (NS) with no E. coli and no EO. The 2nd column was the E. coli group with no EO. The 3rd−8th column are the LEO and DEO groups with doses at 300, 600, and 1,200 mg/kg BW, respectively. #P < 0.05 E. coli group compared with NS group. Essential oil (E) and its different doses (D) had significant effects on plasma antioxidant indexes (PE < 0.01, PD < 0.01) for MDA, SOD, and MPO, and their interaction (E × D) was significant (PE × PD < 0.01). **P < 0.01, EO groups compared with E. coli group. LEO, lemon essential oil; DEO, d-limonene essential oil.




Effect of EOs on Duodenum Morphology of E. coli Infected Mice

After E. coli infection, the duodenal structure of mice was damaged, including increased nuclear aggregation, increased inflammatory cells, disordered glands and sparse villi showed as Figure 2H compared with the NS group showed as Figure 2G. The pathological changes were improved and the inflammatory cell infiltration was reduced with pretreatment of LEO (Figures 2A–C) and DEO (Figures 2D–F). The pretreatment with LEO and DEO improved the intestinal barrier injury even at the low dose.


[image: Figure 2]
FIGURE 2. Effects of varying doses of LEO (A–C) or DEO (D–F) from 300, 600 to 1,200 mg/kg BW on pathological of H&E stained duodenum (100 ×) in E. coli-infected mice (A–C). (G): NS group. (H): E. coli group. LEO, lemon essential oil; DEO, d-limonene essential oil.




Effect of EOs on Plasma Inflammatory Factors of E. coli Infected Mice

Effects of EOs on plasma inflammatory factors of E. coli infected mice were showed in Figure 3. Compared with NS group, E. coli group increased (P < 0.05) the plasma concentrations of tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) (Figure 3). Supplementation both of LEO and DEO decreased (P < 0.01) the concentration of TNF-α, IL-1β, and IL-6. The interaction of EO and dose (E × D) were significant (P < 0.01) for all of the three inflammatory factors. Supplementation of LEO and DEO quadratically decreased (PQ < 0.01) the concentration of TNF-α, IL-1β, and IL-6 with increase dose, respectively (Figures 3A–C). The concentrations of TNF-α, IL-1β, and IL-6 for LEO group were lower (P < 0.01) than those for DEO group at 300, 600, and 1,200 mg/kg, respectively.
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FIGURE 3. Effects of LEO and DEO on plasma concentration of tumor necrosis factor α [TNF-α; (A)], interleukin-1β [IL-1β; (B)], and interleukin 6 [IL-6; (C)] in E. coli injected mice. Data were presented as mean ± standard error of mean (mean ± SEM) (n = 8). The 1st column was normal saline group (NS) with no E. coli and no EO. The 2nd column was the E. coli group with no EO. The 3rd−8th column are the LEO and DEO groups with doses at 300, 600, and 1,200 mg/kg BW, respectively. #P < 0.05 and ##P < 0.01, E. coli group compared with NS group; Essential oil (E) and its different dose (D) had significant effects on plasma inflammatory factors (PE < 0.01, PD < 0.01), and their interaction (E × D) was significant (PE × PD < 0.01). **P < 0.01, EO groups compared with E. coli group. LEO, lemon essential oil; DEO, d-limonene essential oil.




Effect of EOs on the Relative Expression of Duodenal Tight Junction Protein mRNA in E. coli Infected Mice

Effects of EOs on the relative expression of duodenal tight junction protein mRNA of E. coli infected mice were showed in Figure 4. Compared with NS group, E. coli group reduced (P < 0.01) the relative mRNA expression of ZO-1, occludin and claudin (Figures 4A–C). Supplementation both of LEO and DEO increased (P < 0.01) the relative expression of ZO-1, occludin and claudin mRNA in mice (Figures 4A–C). The interaction of EO and dose (E × D) were significant (P < 0.01) for all of the three tight junction proteins. Supplementation of LEO quadratically increased (PQ < 0.01) the concentration of ZO-1, and occludin with increase dose (Figures 4A,B) and linearly increased (PL < 0.05) the concentration of claudin with increase dose (Figure 4C). Supplementation of DEO quadratically increased (PQ < 0.05; PQ = 0.02; PQ = 0.02) the concentration of ZO-1, occludin and claudin with increase dose, respectively. The concentrations of ZO-1, and occludin for LEO group were lower (P < 0.01; P < 0.01) than those for DEO group at 300, 600, and 1,200 mg/kg, respectively. The concentration of claudin for LEO group was lower (P < 0.05) than that for DEO group at 300 mg/kg, while the concentration of claudin for LEO group was higher (P < 0.05) than that for DEO group at 600 and 1,200 mg/kg, respectively.
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FIGURE 4. Effects of LEO and DEO on secretion of ZO-1 (A), occludin (B) and claudin (C) in E. coli injected mice duodenum. Data were presented as mean ± standard error of mean (SEM; n = 8). The 1st column was normal saline group (NS) with no E. coli and no EO. The 2nd column was the E. coli group with no EO. The 3rd−8th column are the LEO and DEO groups with doses at 300, 600, and 1,200 mg/kg BW, respectively. ##P < 0.01, E. coli group compared with NS group; Essential oil (E) and its different dose (D) had significant effects on duodenal tight junction proteins (PE < 0.01, PD < 0.01), and their interaction (E × D) was significant (PE × PD < 0.01). **P < 0.01, EO groups compared with E. coli group. LEO, lemon essential oil; DEO, d-limonene essential oil.





DISCUSSION

The main mechanisms of intestinal injury include inflammatory response, oxidative stress and apoptosis. Oxidative injury accompanied by inflammatory injury occurred in E. coli infected intestinal mucosal injury. In this study, three indexes (SOD, MDA and MPO) in plasma were determined to judge the antioxidant activity of EOs on E. coli infected mice. Our results showed that the increased concentrations of MDA and MPO, and decreased activity of SOD in E. coli injected intestinal mucosal injury are consistent with previous finding (16). With the increase of additive dose, LEO showed its antioxidant activity in the form of quadratic curve and DEO in the form of linear enhancement. Obviously, our results showed that the overall antioxidant activities of LEO were higher than those of DEO at different doses. It was found that the mixture of LEO and a ginger extract substantially decreased the lipid peroxidation intensity in the liver and the brains of mice and increased the resistance of liver and brain lipids to oxidation and the activity of antioxidant enzymes in the liver (17). Abdel-Daim et al. (18) found that treatment with limonia oil at 100 and 200 mg/kg BW improved all the biochemical alterations in a dose-dependent manner, which could increase the concentration of SOD, and decrease the concentration of MDA. CampêLo et al. (19) found that LEO reduced the level of lipid peroxidation and increased the level of GSH and SOD, catalase and glutathione peroxidase in mouse hippocampus. Rashidian et al. (20) found that adding 200 and 400 μl/kg Basil EO reduced the colitis index and the level of MPO in rats. The Basil EO was considered to have a protective effect on colitis in rats induced by acetic acid. These previous findings demonstrated that the pretreatment of various EOs had obvious antioxidant activity and the potential to prevent the damage caused by oxidative stress. It was found that the antioxidant properties of individual EOs from Citrus limoniaL largely depend on their active components such as limonene, pinene, terpinene (21). In this study, the main component of LEO and DEO was d-limonene and the proportion of d-limonene was greatly higher with DEO than that with LEO, whereas the antioxidant activity seemed to be lower with DEO than that with LEO. In addition, LEO had a variety of other active components besides d-limonene. Therefore, we speculated that the antioxidant activity of LEO was not only from its main component d-limonene, but from the combined effect of other active components. The specific mechanism needs to be further explored.

Inflammatory response is the key cause of intestinal barrier function injury. Zhang et al. (22) showed that ectopic intestinal flora in mice could stimulate intestinal mucosal inflammation, lead to certain disorder for the intestinal barrier function and mucosal immunity, and thus cause immunosuppression. The release of proinflammatory cytokines may lead to the interruption of tight junction and further damage the intestinal barrier (23). Therefore, reducing the release of inflammatory factors plays an important role on alleviating intestinal mucosal injury. By observing the effect of nutmeg EO on human fibroblasts, Matulyte et al. (24) reported that nutmeg EO had anti-inflammatory effect, protected cell viability and reduced the release of IL-6. Limonene in citrus EO inhibited TNF-α, IL-1β, IL-8, and IL-10 to inhibit p38 mitogen activated protein kinase signaling pathway and regulate chemokine induced chemotaxis (25). In addition, limonene might reduce the infiltration of monocytes and eosinophils. Amorim et al. (21) found that pretreatment with LEO reduced IL-1β and TNF-α in mice stimulated by carrageenan at the dose of 30 or 100 mg/kg, and decreased the production of IFN-γ at a high dose. Maurya et al. (26) showed that citrus peel EO inhibited the expression of pro-inflammatory cytokines of TNF-α, IL-6, and IL-1β in LPS-induced macrophage. Those authors speculated that the anti-inflammatory activity of citrus peel EO may be the result of limonene component (91.8%). Furthermore, Wattenberg and Coccia (27) reported that d-limonene and citrus EOs could inhibit NNK-induced carcinogenesis when they were administered 1 h prior to carcinogen challenge, suggesting that the inhibitory effects of these two EOs might be accounted for the presence of d-limonene. The present results in our experiment showed the reduction in the concentration of proinflammatory factors by LEO at the dose of 300 mg/kg, and by DEO at 600 mg/kg. Our results indicated that lower dose of LEO could inhibit inflammatory factors, but higher dose was needed for DEO, which suggest that the anti-inflammatory activity of LEO was not solely due to its main active component D-limonene. According to the GC-MS results, we found that the components of LEO include β-pinene, γ-terpinene, β-laurene, and α-pinene (33.47% of total), in addition to d-limonene. Therefore, we speculated that the better role of LEO in inhibiting inflammatory factors was due to the interaction of its complex active components.

Intestinal mechanical barrier, also known as physical barrier, is an intestinal epithelial structure composed of intestinal mucosal epithelial cells and their tight connections (28). It is an important barrier to prevent harmful substances such as virulence factors of intestinal pathogens from entering the blood circulation and even tissues and organs. The function of intestinal barrier can usually be evaluated by many indicators, such as serum endotoxin level, intestinal morphology and intestinal tight junction protein (29). Acheampong et al. (30) found that EO from citrus aurantifolia could improve histomorphological characteristics of testis, kidney, and liver of rats. Wang et al. (31) showed that atractylodes macrocephala EO significantly inhibited body weights loss, diarrhea, reductions of thymus and spleen indexes, and pathological changes of ileums and colons induced by 5-fluorouracil. In this study, mice infected with E. coli showed that typical pathological changes, including increased inflammatory cells, disordered arrangement and sparse villi, indicating that the duodenal structure was damaged. Our results showed that LEO and DEO had beneficial effects on reducing the infiltration of inflammatory cells, maintain the integrity of intestinal tract and protect animal body from damage. In addition, occludin, claudin and ZO-1 are the main proteins that play an important role in the tight junction of intestinal epithelial cells and the intestinal barrier (32). The tight junctions, represented by claudins, occludin, connective adhesion molecules and scaffold proteins, is mainly responsible for regulating paracellular transport and is also the main structural component forming the structural barrier function of epithelial cells (33, 34). They act as barriers and fences under normal and pathological conditions, preventing countless ions and small solutes from freely passing through the space between two interacting cells (35). Wang et al. (36) found that orange EO could regulate the intestinal microbiota of mice by increasing the relative abundance of Lactobacillus and reducing the presence of bacteria producing short chain fatty acids. EOs with the active ingredient of 13.5% thymol and 4.5% cinnamaldehyde markedly up-regulated the expression levels of occludin in the duodenum, which suggested that EOs maintained the integrity of intestinal barrier (37). Zou et al. (38) found that pretreatment with oregano EO could significantly decrease the expression of occludin and ZO-1 in porcine epithelial cells. Hui et al. (39) found that eugenol significantly inhibited the level of IL-8 and TNF-α stimulated by LPS and restore the mRNA abundance of tight junction proteins such as ZO-1 and occludin, so as to reduce inflammatory response and enhance the function of selective permeability barrier. Liu et al. (40) showed that oral administration of carvacrol EO could increase the gene expression of the occludin, claudin-1, claudin-5, ZO-1, and ZO-2 in intestinal mucosa and reduced the microbial counts of Salmonella spp. and E. coli in the intestines. In this study, both LEO and DEO could improve the expression of three tight junction proteins compared with E. coli group. Pretreatment with LEO and DEO increased relative expression of ZO-1, occludin and claudin, which demonstrated their potential role of improving tight junction and maintaining the integrity of intestinal barrier.

In conclusion, the citrus EOs exhibited anti-inflammatory, antioxidant activities and alleviated intestinal barrier damage. Both of LEO and DEO had positive effects on intestinal barriers function of mice. The pretreatment with LEO or DEO could protect the inflammation of E. coli infected mice by reducing the production of proinflammatory factors, increasing the concentration of antioxidant indexes and maintaining the integrity of duodenum. The anti-inflammatory effect of LEO appeared to be better than that of DEO whose main component was d-limonene when the same dose was applied. It speculated that besides of d-limonene, other active components in LEO may play significant role. Our work will shed light on developing new additive with anti-inflammatory activity from LEO.



MATERIALS AND METHODS


Chemicals and Reagents

Escherichia coli (ATCC 25922) was purchased from China General Microbiological Culture Collection Center (Beijing, China). TNF-α, IL-6, and IL-1β enzyme-linked immunosorbent assay (ELISA) kit were provided by Beijing SINO-UK Institute of Biological Technology (Beijing, China). All other reagents were of analytical grade.



Essential Oils and Active Component Analysis

Two EOs lemon oil (purity of 88%) and D-limonene (purity, 90%), with density 0.8468 and 08414 g/ml, respectively, were used in the present study [Nanjing Vincero International Trade Co., Ltd (Nanjing, China)].

The EO samples were diluted with n-hexane before analysis and their active components were determined using a GC-MS QP2010 ultra (Shimadzu, Kyoto, Japan). The active compounds were separated on a Rxi-5Sil MS (30 m × 0.32 mm inner diameter, 0.25 μm film thickness, Restek, USA) capillary column. The column temperature was initially set at 50°C for 5 min, then increased at a rate of 2°C /min up to 320°C, and held for 5 min. The injection volume was 1 μL, with a split ratio of 1:10. Helium was used as the carrier gas, at a flow rate of 1 mL/min. The injector, transfer line and ion-source temperatures were 250, 280, and 220°C, respectively. The MS detection was performed with electron ionization (EI) at 70 eV, operating in the full-scan acquisition mode in the m/z range 33–700.



Animals

One hundred sixty-four balb/c mice (5-week old, weighing 22.0 ± 1.5 g) were purchased from the SPF Biotechnology Co., Ltd. (Beijing, China). Animals were housed at the temperature of 24°C and humidity ranging from (40 to 80%, with feed and water provided ad libitum. All experimental procedures were approved by the Laboratory Animal Ethics Committee of Beijing University of Agriculture, and conformed to the legal mandates and national guidelines for the care and maintenance of laboratory animals [SYXK (京) 2021-0001, 2021.01.04].



Acute Toxicity Test of EOs

One hundred mice (50 male and 50 female) were randomly assigned into one of 10 groups (10 mice in each group with equal number of male and female). Five groups of mice were given LEO at dose of 1,500, 2,040, 2,774.4, 3,773.2, and 5,131.5 mg/kg BW once, respectively; second five groups were dosed with DEO at 1,600, 2,240, 3,136, 4,390, and 6,146 mg/kg BW/d, respectively by gavage. The survival rate of mice for 2 weeks was recorded. LD50 of EOs was calculated by modified Karber's method (15).



Experimental Designs

Sixty-four mice were randomly assigned into eight treatment groups (n = 8 per group) as follows: (1) NS group (normal saline); (2) E. coli group (E. coli); (3–5) LEO group with supplementation rate at 300, 600, and 1,200 mg/kg BW, respectively; and (6–8) DEO group with supplementation rate at 300, 600, and 1,200 mg/kg BW, respectively. All mice were given EOs by oral gavage for 1 week, except those in the NS group and E. coli group that were given normal saline by oral gavage. After 1 h of the last administration gavage, all mice were injected intraperitoneally with E. coli, except those in the NS group that were injected intraperitoneally with normal saline. Mice were killed by cervical dislocation, and blood and duodenal samples were collected at 6 h after E. coli administration. The plasma collected from mouse eyeballs in anticoagulant tubes was used for determination of antioxidant indexes and inflammatory factors. The anterior segment of duodenum was collected for hematoxylin eosin (H&E) staining, and the posterior segment of duodenum was used for determination of the relative expression of tight junction protein mRNA.



Determination of Plasma Antioxidant Indexes and Inflammatory Factors in Mice

The plasma antioxidant indexes and inflammatory factors were determined with enzyme-linked immunosorbent assay (41). Blood antioxidant indexes were characterized by analyzing antioxidant enzyme activities including SOD, MDA and MPO in plasma as described by using ELISA Kit (Beijing Sino-UK Institute of Biological Technology, Beijing, China). Inflammatory factors including TNF-α, IL-1β, and IL-6 were determined to assess the anti-inflammatory activities in plasma as described by using ELISA Kit (Beijing Sino-UK Institute of Biological Technology, Beijing, China).



Histopathology

The samples of duodenum were fixed in 4% paraformaldehyde overnight at 4°C, embedded in paraffin and sectioned at 4-μm thickness (42). Tissue sections were stained with hematoxylin and eosin (H&E). The images were viewed and acquired using a microscope (ECLIPSE Ni-E, Nikon, Tokyo, Japan).



RT-PCR

The duodenum obtained by mouse autopsy was stored at −70°C. The RNA of duodenum was extracted by RNA prep pure animal tissue total RNA Extraction Kit (DP431, TIANGEN). The RNA concentration, purity and integrity were measured at 260 and 280 nm on an ultra micro ultraviolet spectrophotometer, and then cDNA was prepared using GoScript™ Reverse Transcription System reverse transcription kit. Primer sequences were designed with software Primer 3.0 and synthesized by Sangon Biotech (Shanghai) Co., Ltd. (Table 4). Finally refer to TransStart® Top Green qPCR SuperMix was detected by real-time fluorescence quantitative PCR (RT-PCR). RT-PCR was performed with the reaction conditions as follows: pre-denaturalization at 95°C for 10 min. 40 cycles of 95°C 10 s, and 60°C 30 s. The β-actin was used as an internal reference for relative quantitative determination, and the results were expressed in the form of 2−ΔΔCt. The primers of ZO-1, occludin, claudin and β-actin are shown in Table 4.


Table 4. Primer sequences used in RT-PCR.
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Statistical Analysis

Data on the effect of E. coli stimulated mice, were analyzed using the general linear model (GLM) procedure of SAS 9.4 (SAS Inst. Inc., Cary, NC) to compare the E.coli group with the NS group. Statistical significance was assessed in pairwise comparisons using one-way ANOVA. Differences were declared significant at P ≤ 0.05. To investigate the dose effect of LEO and DEO on E.coli injected mice, the data were analyzed using the MIXED procedure of SAS 9.4 with model including EOs (LEO and DEO), doses of EO (0, 300, 600 and 1200 mg/kg of BW), and their interaction as fixed effects, and the random effect of animal. Contrasts were generated to compare the verage of the four EOs doses. The effect of increasing EOs dose was examined through linear and quadratic orthogonal contrasts using the CONTRAST statement of SAS. Differences were declared significant at P ≤ 0.05. The graphs of antioxidant indexes, inflammatory factors and tight junction proteins were drawn by GraphPad prism 7.0 software.




CONCLUSIONS

The pretreatment of LEO and DEO had a protective effect on intestinal barriers function of E. coli infected mice. Both LEO and DEO had beneficial effects on preventing intestinal injury and inflammatory response by reducing the production of proinflammatory factors, increasing the concentration of antioxidant indexes and maintaining the integrity of duodenum. Whereas the LEO appeared to have higher anti-inflammatory activity than that of DEO. Our results suggest that as the main active componebt of LEO, the d-limonene not only played the major role in anti-inflammatory activities, but an increase the activity is expected in combination with other active components of LEO. Our work will shed light on developing new additive with anti-inflammatory activity from LEO.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Laboratory Animal Ethics Committee of Beijing University of Agriculture.



AUTHOR CONTRIBUTIONS

YLL cover the project. CZ designed and performed the experiments and analyzed the raw data. ZZ and DCN assisted with the experiments. All authors have read and agreed to the published version of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Capital Science and Technology Innovation Voucher of Beijing, China (BNCXQ202004).



ABBREVIATIONS

DEO, d-limonene essential oil; Eos, Essential oils; E. coli, Escherichia coli; IL-6, Interleukin-6; IL-1β, Interleukin-1β; LEO, Lemon essential oil; MDA, Malondialdehyde; MPO, Myeloperoxidase; RT-PCR, Real-time polymerase chain reaction; SOD, Superoxide dismutase; TNF-α, Tumor necrosis factor alpha; ZO, Zonula occludens.



REFERENCES

 1. Talbot J, Hahn P, Kroehling L, Nguyen H, Li D, Littman DR. Feeding-dependent VIP neuron-ILC3 circuit regulates the intestinal barrier. Nature. (2020) 579:575–80. doi: 10.1038/s41586-020-2039-9

 2. Wang Y, An Y, Ma W, Yu H, Lu Y, Zhang X, et al. 27-Hydroxycholesterol contributes to cognitive deficits in APP/PS1 transgenic mice through microbiota dysbiosis and intestinal barrier dysfunction. J Neuroinflammation. (2020) 17:199. doi: 10.1186/s12974-020-01873-7

 3. Reverter M, Sarter S, Caruso D, Avarre JC, Combe M, Pepey E, et al. Aquaculture at the crossroads of global warming and antimicrobial resistance. Nat Commun. (2020) 11:1870. doi: 10.1038/s41467-020-15735-6

 4. Firmino JP, Vallejos-Vidal E, Sarasquete C, Ortiz-Delgado JB, Balasch JC, Tort L, et al. Unveiling the effect of dietary essential oils supplementation in Sparus aurata gills and its efficiency against the infestation by Sparicotyle chrysophrii.Sci Rep. (2020) 10:17764. doi: 10.1038/s41598-020-74625-5

 5. Anwar F, Naseer R, Bhanger MI, Ashraf S, Talpur FN, Aladedunye FA. Physico-chemical characteristics of citrus seeds and seed oils from Pakistan. J Am Oil Chem Soc. (2008) 85:321–30. doi: 10.1007/s11746-008-1204-3

 6. Liu B, Fan H, Sun C, Yuan M, Geng X, Ding X, et al. Lemon essential oil ameliorates age-associated cognitive dysfunction via modulating hippocampal synaptic density and inhibiting acetylcholinesterase. Aging. (2020) 12:8622–39. doi: 10.18632/aging.103179

 7. Manjunath C, Mahurkar N. In vitro cytotoxicity of cardamom oil, lemon oil, and jasmine oil on human skin, gastric, and brain cancer cell line. J Cancer Res Ther. (2019) 17:62–8. doi: 10.4103/jcrt.JCRT_915_17

 8. Yazgan H, Ozogul Y, Kuley E. Antimicrobial influence of nanoemulsified lemon essential oil and pure lemon essential oil on food-borne pathogens and fish spoilage bacteria. Int J Food Microbiol. (2019) 306:108266. doi: 10.1016/j.ijfoodmicro.2019.108266

 9. Ouwehand AC, Tiihonen K, Kettunen H, Peuranen S, Schulze H. In vitro effects of essential oils on potential pathogens and beneficial members of the normal microbiota. Veterinární Medicína. (2010) 55:71–8. doi: 10.17221/152/2009-VETMED

 10. Luciardi MC, Blázquez MA, Alberto MR, Cartagena E, Arena ME. Lemon oils attenuate the pathogenicity of Pseudomonas aeruginosa by quorum sensing inhibition. Molecules. (2021) 26:2863. doi: 10.3390/molecules26102863

 11. Raveau R, Fontaine J, Lounes-Hadj Sahraoui A. Essential oils as potential alternative biocontrol products against plant pathogens and weeds: a review. Foods. (2020) 9:365. doi: 10.3390/foods9030365

 12. Hassanzadeh P, Mohammadzadeh E, Mahmoudi R, Mardani K. Antioxidant and antimicrobial activities of essential oil of lemon (Citrus limon) peel in vitro and in a food modell[J]. J Food Qual Hazards Control. (2017) 4:42-8.

 13. Ambrosio CMS, Ikeda NY, Miano AC, Saldaña E, Moreno AM, Stashenko E, et al. Unraveling the selective antibacterial activity and chemical composition of citrus essential oils. Sci Rep. (2019) 9:17719. doi: 10.1038/s41598-019-54084-3

 14. Senthil Kumar KJ, Gokila Vani M, Hsieh HW, Lin CC, Wang SY. Geranium and lemon essential oils and their active compounds downregulate angiotensin-converting enzyme 2 (ACE2), a SARS-CoV-2 spike receptor-binding domain, in epithelial cells. Plants. (2020) 9:770. doi: 10.3390/plants9060770

 15. Kong T, Zhang SH, Zhang JL, Hao XQ, Yang F, Zhang C, et al. Acute and cumulative effects of unmodified 50-nm nano-ZnO on mice. Biol Trace Elem Res. (2018) 185:124–34. doi: 10.1007/s12011-017-1233-6

 16. Misharina TA, Fatkullina LD, Alinkina ES, Kozachenko AI, Nagler LG, Medvedeva IB, et al. Effects of low doses of essential oils on the antioxidant status of the erythrocytes, liver and the brain of mice. Appl Biochem Microbiol. (2014) 50:88–93. doi: 10.1134/S0003683814010098

 17. Habibi R, Sadeghi G, Karimi A. Effect of different concentrations of ginger root powder and its essential oil on growth performance, serum metabolites and antioxidant status in broiler chicks under heat stress. Br Poult Sci. (2014) 55:228–37. doi: 10.1080/00071668.2014.887830

 18. Abdel-Daim MM, Mahmoud OM, Al Badawi MH, Alghamdi J, Alkahtani S, Salem NA. Protective effects of Citrus limonia oil against cisplatin-induced nephrotoxicity. Environ Sci Pollut Res Int. (2020) 27:41540–50. doi: 10.1007/s11356-020-10066-x

 19. Campelo LM, Goncalves FC, Feitosa CM, de Freitas RM. Antioxidant activity of Citrus limon essential oil in mouse hippocampus. Pharm Biol. (2011) 49:709–15. doi: 10.3109/13880209.2010.541924

 20. Rashidian A, Roohi P, Mehrzadi S, Ghannadi AR, Minaiyan M. Protective effect of Ocimum basilicum essential oil against acetic acid-induced colitis in rats. J Evid Based Complementary Altern Med. (2016) 21:NP36–42. doi: 10.1177/2156587215616550

 21. Amorim JL, Simas DL, Pinheiro MM, Moreno DS, Alviano CS, da Silva AJ, et al. Anti-inflammatory properties and chemical characterization of the essential oils of four citrus species. PLoS ONE. (2016) 11:e0153643. doi: 10.1371/journal.pone.0153643

 22. Zhang J, Yu W Q, Wei T, Zhang C, Wen L, Chen Q, et al. Effects of short-peptide-based enteral nutrition on the intestinal microcirculation and mucosal barrier in mice with severe acute pancreatitis. Mol Nutr Food Res. (2020) 64:e1901191. doi: 10.1002/mnfr.201901191

 23. Zeissig S, Burgel N, Gunzel D, Richter J, Mankertz J, Wahnschaffe U, et al. Changes in expression and distribution of claudin 2, 5 and 8 lead to discontinuous tight junctions and barrier dysfunction in active Crohn's disease. Gut. (2007) 56:61–72. doi: 10.1136/gut.2006.094375

 24. Matulyte I, Jekabsone A, Jankauskaite L, Zavistanaviciute P, Sakiene V, Bartkiene E, et al. The essential oil and hydrolats from Myristica fragrans seeds with magnesium aluminometasilicate as excipient: antioxidant, antibacterial, and anti-inflammatory activity. Foods. (2020) 9:37. doi: 10.3390/foods9010037

 25. Hirota R, Roger NN, Nakamura H, Song HS, Sawamura M, Suganuma N. Anti-inflammatory effects of limonene from yuzu (Citrus junos Tanaka) essential oil on eosinophils. J Food Sci. (2010) 75:H87–92. doi: 10.1111/j.1750-3841.2010.01541.x

 26. Maurya AK, Mohanty S, Pal A, Chanotiya CS, Bawankule DU. The essential oil from Citrus limetta Risso peels alleviates skin inflammation: in-vitro and in-vivo study. J Ethnopharmacol. (2018) 212:86–94. doi: 10.1016/j.jep.2017.10.018

 27. Wattenberg LW, Coccia JB. Inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone carcinogenesis in mice by D-limonene and citrus fruit oils. Carcinogenesis. (1991) 12:115–7. doi: 10.1093/carcin/12.1.115

 28. Vicente Y, Rocha CD, Yu J, Hernandez-Peredo G, Martinez L, Pérez-Mies B, et al. Architecture and function of the gastroesophageal barrier in the piglet. Dig Dis. (2001) 46:1899–908. doi: 10.1023/A:1010631030320

 29. Forsyth CB, Shannon KM, Kordower JH, Voigt RM, Shaikh M, Jaglin JA, et al. Increased intestinal permeability correlates with sigmoid mucosa alpha-synuclein staining and endotoxin exposure markers in early Parkinson's disease. PLoS ONE. (2011) 6:e28032. doi: 10.1371/journal.pone.0028032

 30. Acheampong DO, Barffour IK, Boye A, Asiamah EA, Armah FA, Adokoh CK, et al. Histoprotective effect of essential oil from Citrus aurantifolia in testosterone-induced benign prostatic hyperplasia rat. Adv Urol. (2019) 2019:3031609. doi: 10.1155/2019/3031609

 31. Wang J, Feng W, Zhang S, Chen L, Sheng YC, Tang F, et al. Ameliorative effect of Atractylodes macrocephala essential oil combined with Panax ginseng total saponins on 5-fluorouracil induced diarrhea is associated with gut microbial modulation. J Ethnopharmacol. (2019) 238:111887. doi: 10.1016/j.jep.2019.111887

 32. Simard A, Pietro ED, Ryan AK. Gene expression pattern of Claudin-1 during chick embryogenesis. Gene Expression Patterns. (2005) 5:553–60. doi: 10.1016/j.modgep.2004.10.009

 33. Oshima T, Miwa H. Gastrointestinal mucosal barrier function and diseases. J Gastroenterol. (2016) 51:768–78. doi: 10.1007/s00535-016-1207-z

 34. Fasano A. Zonulin and its regulation of intestinal barrier function: the biological door to inflammation, autoimmunity, and cancer. Physiol Rev. (2011) 91:151–75. doi: 10.1152/physrev.00003.2008

 35. Ahmad R, Sorrell MF, Batra SK, Dhawan P, Singh AB. Gut permeability and mucosal inflammation: bad, good or context dependent. Mucosal Immunol. (2017) 10:307–17. doi: 10.1038/mi.2016.128

 36. Wang L, Zhang Y, Fan G, Ren JN, Zhang LL, Pan SY. Effects of orange essential oil on intestinal microflora in mice. J Sci Food Agric. (2019) 99:4019–28. doi: 10.1002/jsfa.9629

 37. Su G, Zhou X, Wang Y, Chen D, Chen G, Li Y, et al. Dietary supplementation of plant essential oil improves growth performance, intestinal morphology and health in weaned pigs. J Anim Physiol Anim Nutr. (2020) 104:579–89. doi: 10.1111/jpn.13271

 38. Zou Y, Xiang Q, Wang J, Peng J, Wei H. Oregano essential oil improves intestinal morphology and expression of tight junction proteins associated with modulation of selected intestinal bacteria and immune status in a pig model. Biomed Res Int. (2016) 2016:5436738. doi: 10.1155/2016/5436738

 39. Hui Q, Ammeter E, Liu S, Yang R, Lu P, Lahaye L, et al. Eugenol attenuates inflammatory response and enhances barrier function during lipopolysaccharide-induced inflammation in the porcine intestinal epithelial cells. J Anim Sci. (2020) 98:skaa245. doi: 10.1093/jas/skaa245

 40. Liu S, Song M, Yun W, Lee J, Lee C, Kwak W, et al. Effects of oral administration of different dosages of carvacrol essential oils on intestinal barrier function in broilers. J Anim Physiol Anim Nutr. (2018) 102:1257–65. doi: 10.1111/jpn.12944

 41. Li T, Wu YN, Wang H, Ma JY, Zhai SS, Duan J. Dapk1 improves inflammation, oxidative stress and autophagy in LPS-induced acute lung injury via p38MAPK/NF-κB signaling pathway. Mol Immunol. (2020) 120:13–22. doi: 10.1016/j.molimm.2020.01.014

 42. Wang Y, Shou Z, Fan H, Xu M, Chen Q, Tang Q, et al. Protective effects of oxymatrine against DSS-induced acute intestinal inflammation in mice via blocking the RhoA/ROCK signaling pathway. Biosci Rep. (2019) 39:BSR20182297. doi: 10.1042/BSR20182297

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhao, Zhang, Nie and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





[image: image]


OPS/images/fnut-08-760578/fnut-08-760578-t001.jpg
Item

02:00
Serum 43.62%
Saliva 104.37*
Rumen fluid 45.49°

06:00

39.13%0
58.18%
31.38°

Time
10:00 14:00
29,7504 20634
59.80% 48.56°
34.45> 34.14%

18:00

22.23%
63.95%
35.36%

22:00

49.32*
90.72%
42.64%

SEM P-value

5.895 <0.001
10.848 0.002
3.119 0.002

In the same row, values with no letter or the same letter superscripts mean no significant difference (P > 0.05), whereas with different superscripts mean significant difference (P < 0.05).





OPS/images/fnut-08-760578/fnut-08-760578-t002.jpg
Item Treatment SEM Time Treatment TixTr
cKo oK1 LT

oh 48170 50.39° 99,83 =

4h 47.900 46.48° 84.64°

8h 34190 41.82° 8238

12h 46.40° 42.58° 87.012 12.809

16h 29.54° 28.72° 79.42%

20h 31.88° 24.91° 52,96

24h 28.08% 15.79° 57.82°

Decrease rate (pg-mL="-h~) 0.84° 1.442 1.75%

In the same row, values with no letter or the same letter superscripts mean no significant difference (P > 0.05)
0.05). CKO, non-rumen fluid + non-melatonin; CK1, rumen fiuid + non-melatonin; MLT, rumen fluid + melatonin. **P < 0.01, and ***P < 0.001.

thereas with different superscripts mean significant difference (P <





OPS/images/fnut-08-760578/fnut-08-760578-t003.jpg
Cows

146,757
140,512
140,623
140,993
140,851
140,373
Mean
sSD

Weight

563
570
538
559
573
508
566.8
19.6

Lactation

Milk kg/y

8,415
7,482
7,306
7,429
8,799
10,961
8,398.7
1,392.9

Lactation days

169
169
173
177
178
183
1748
55

Milk/d

296
288
29.1
292
291
296
292
03

Fat %

43
38
42
36
4.0
4.8
44
04

Protein %

28
32
33
29
37
3.0
32
03

Lactose %

52
52
5.4
53
53
5.4
53
0.1





OPS/images/fnut-08-760578/fnut-08-760578-t004.jpg
Items Value

Composition (kg DM/d)

Corn siage 7.36
Alfalfa hay 285
High moisture corn 4.20
Flaked com 1.74
Soybean meal 1.67
Cottonseed meal 1.07
DDGS 090
Beer grains 0.40
Spouting corn bran 028
Com gluten meal 0.46
Beet pulp 1.00
Whole cottonseed 1.50
109% Premix 112
Total 24.64
Nutrient levels (g/kg DM)

Crude protein 160
NOF (g/kg DM) 296
Starch (g/kg DM) 246

NFC (g/kg DM) 412
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Items  1gG in cows’ colostrum  Amount of colostrum Calf birth weight
(mg/mL) produced by cows (L) (ke)
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Number

20

21

22
23
24
25
26
27

Metabolites

3,8-Dihydroxy-6-methoxy-7(11)-eremophilen-
12,8-olide

PS(14:1(92)/18:0)

Mactraxanthin
12-Hydroxy-8,10-octadecadienoic acid
3,4-Dimethyl-5-pentyl-2-furanpentadecanoic
acid

Lactosylceramide (d18:1/12:0)
3-hydroxytetradecanoyl carnitine
Quinquenoside F1
PS(18:3(92,122,152)/20:0)
PS(14:0/24:1(152)
PE-NMe2(16:0/18:4(6Z,92,12Z,152))
Monoisobutyl phthalic acid
1-H-Inden-1-one,2,3-dihydro-3,3,5,6-
tetramethyl
2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)-N,N-
diethylpropanamide

2",4" 6" -Triacetylglycitin

Daidzein

Indole-3-carbinol

Plantagonine

Spirolide B

Hydroxynalidixic acid
Hydroxyphenylacetylglycine

Alanyiclavam

Nicotyrine

2-Ethylacrylylcarnitine
(3-Arylcarbonyl)-alanine

PGPC
PAZ-PC

Formula Category

C16H2405 Lipids and lipid-like

molecules
C38H72NO10P  Lipids and lipid-like
molecules
C40H6006 Lipids and lipid-like
molecules
C18H3203 Lipids and lipid-like
molecules
C26H4603 Lipids and lipid-like
molecules
C42H79NO13  Lipids and lipid-like
molecules
C21H41NO5 Lipids and lipid-like
molecules
C42H74015 Lipids and lipid-like
molecules
C44H8ONO10P  Lipids and lipid-like
molecules
C44H84NO10P  Lipids and lipid-like
molecules
C41H74NO8P  Lipids and lipid-like
molecules
C12H1404 Benzenoids
C13H160 Benzenoids

C14H17N305  Benzenoids

C28H28013 Phenylpropanoids and

polyketides
C15H1004 Phenylpropanoids and
polyketides
CY9HINO Organoheterocyclic
compounds
C10H11NO2 Organoheterocyclic
compounds
C42HB63NO7 Organoheterocyclic
compounds
C12H12N204  Organoheterocyclic
compounds
C10H11NO4 Organic acids and
derivatives

C8H12N204 Others
C10H10N2 Others
C12H21NO4 Others
C10H11NO3 Others
C29H56NO10P  Others
C33HB64NO10P  Others

Mass(M/2)?

331.1299

756.4795

678.4710

295.2275

451.3427

788.5444

370.2956

836.5421

814.5597

840.5743

772.5495

205.0861
233.0922

325.1509
614.1822
255.0654
189.1021
178.0863
694.4662
231.0765
208.0608
201.0871
159.0917
2441545
194.0813

608.3567
666.4351

RT
(Min)”

3.5549
9.2650
9.1518
8.3016
9.1118
9.3136
6.3694
9.3136
9.4268
9.6857
9.6372

7.0005
1.6437

1.0932
5.6900
3.4566
1.56305
2.3075
8.9901
1.1904
1.5246
0.8988
2.3075
3.2139
1.4333

8.1695
8.4563

LA+LPS VS LPS

FC

1.2581*

1.3076

1.2785*

1.2530*

1.2052*

0.9707

0.9406

1.0397

0.9547

0.9879

0.9924

1.5611**
1.2735*

1.0824
0.7859*
1.2876"
1.2283*
1.1020
1.3447
1.1852
1.0658
1.1186
1.1694
0.9204
1.1501

1.3652
1.2456

P
value

0.0436

0.0021

0.0023

0.0224

0.0427

0.7236

0.3435

0.5084

0.5517

0.7992

0.9230

0.0000
0.0229

0.3580
0.0065
0.0256
0.0328
0.1699
0.0034
0.1249
0.1244
0.1095
0.1763
0.3214
0.0756

0.0066
0.0068

LA+LPS VS ANT
+LPS

FC

1.2432

1.3434*

1.1194*

1.4020"

1.3609"

0.7928*

0.7980"

0.8283*

0.7819*

0.8057*

0.8021*

1.0311
1.4919™

1.2394*
0.7612*
1.3217*
0.9617
1.2178*
1.1670
1.2832*
1.2213™
1.2082*
1.3194*
0.7578*
1.3030™

1.2813"*
1.1313

P
value

0.0663

0.0000

0.0023

0.0164

0.0147

0.0327

0.0152

0.0446

0.0301

0.0263

0.0390

0.0744
0.0000

0.0339
0.0028
0.0146
0.7315
0.0099
0.0009
0.0313
0.0022
0.0128
0.0288
0.0175
0.0031

0.0006
0.0026

'RT means retention time. 2FC is the fold change (diflerential multiple) of the metabolite expression between groups (LA vs. LA+LPS, LA+LPS vs. ANT+LPS). *P < 0.05, **P < 0.01, **P < 0.001.
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ltems 1 to 21 days of age 22 to 44 days of age
Ingredients

Comn 52.5 54
Soybean meal 25 17
Extruded soybean 4.5 3.5
DDGS 85 7.5
Rice bran 6
Corn gluten 2
Soybean oil il 4.6
Limestone 1.4 1.4
Fermented soybean meal 2.4

Premix* 4 4
Total 100.00 100.00
Nutrient levels

CP 22.02 19.11
ME(MJ/kg) 12.23 1291
Crude fat 55 8.6
Lys 1.18 0.97
Met 0.54 0.45
Met+Cys 0.88 0.74
Thr 0.86 0.71
Try 0.23 0.20
Ca 0.82 0.73
P 0.65 0.57

*Premix, per Kg of diets: 10,000 IU of vitamin A; 2.2 mg of vitamin B1; 8.0 mg of vitamin
B2; 1.3 mg of vitamin K; 10 mg of pantothenic acid; 40 mg of nicotinic acid; 0.04mg of
biotin; 400 mg of choline chioride; 7.5 mg of copper; 110 mg of manganese; 80 mg of iron;
65 mg of zinc; 0.18 mg of iodine; 0.15 mg of selenium.
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Data for samples at time(h)

Characteristic Control
No. of sequences 27,029 + 2,430
No. of ASV 155 £ 28A
Chao1 index 165 £ 29A
Shannon index 3.20 £ 0.42A
Simpson inedx 0.08+ 0.02

Means with different letters in each row differ at p < 0.05.

Infected

29,732 + 6,336
129 £ 34A
131 £36A

296 £ 0.28A
0.11£0.04

PB6+ Infected

23,859 + 2,428
156 £ 16A
166 + 16A

321 £0.25A
0.09£0.03

BA40+Infected

24,188 + 5,489
184+ 408
184+ 41B

351+£0348B
0.09+£0.08

Total no.

104,809
625
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Gene

p-actin
IL-1p

L6

IL-10

iNOS
TNF-a
TGF-p
IFN-y

P53

Bax

Bcl-2
Caspase-3
Caspase-9

Forward primer sequence (5 -3')

CTAGGCGGACTGTTACTGAGC
GCCACCTTTTGACAGTGATGAG
GACAAAGCCAGAGTCCTTCAGA
CCAAGGTGTCTACAAGGCCA
CCTGCAACAGGGAGAAAGCG
ATGGCCTCCCTCTCATCAGT
GTGGCTGAACCAAGGAGACG
AAGGAGTCGCTGCTGATTCG
GGGCTGAGACACAATCCTCC
CTGGATCCAAGACCAGGGTG
TGAGTACCTGAACCGGCATC
GCTTGGAACGGTACGCTAAG
CACCTTCCCAGGTTGCCAAT

Reverse primer sequence (5'-3)

CGCCTTCACCGTTCCAGTTT
GACAGCCCAGGTCAAAGGTT
TGTGACTCCAGCTTATCTCTTGG
GCTCTGTCTAGGTCCTGGAGT
TACTGTGGACGGGTCGATGT
TTTGCTACGACGTGGGCTAC
GTTTGGGGCTGATCCCGTTG
CCGCAATCACAGTCTTGGCT
CATTGTAGGTGCCAGGGTCC
CCTTTCCCCTTCCCCCATTC
TTGTGGCCCAGGTATGCAC
CCACTGACTTGCTCCCATGT
CAAGCCATGAGAGCTTCGGA

Accession number

NM_007393.5
NM_008361.4
NM_001314054.1
NM_010548.2
NM_001313921.1
NM_013693.3
NM_011577.2
NM_008337.4
NM_001127233.1
NM_007527.3
NM_009741.5
NM_001284409.1
NM_001277932.1
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item Starch level Sugar level Group' % SEM P-value

H L h 1 u Lh HI Hh Starch  Sugar  St'Su
oty 2,865 3,154 3,057 2,962 1,487 1,677 1,475 1,390 6823 034 075 038
Chaot 128592 137688 135804  1,80386 130458  1449.17 180314 126871 15187 034 056 035
Simpson 0,970 0974 0969 0975 0976°  0972®  0971®  0967° 0005 0.0 005 083
Shannon 7.01 7.29 7.04 7.26 7.36° 7.20% 7.45% 687 026 0.06 013 064

#bMeans in the same row with different superscripts are significantly different (P < 0.05). H, Diet of high starch; L, Diet of low starch; h, Diet of high sugar; I, Diet of low sugar; LI, Diet
of low starch and low sugar; Lh, Diet of low starch and high sugar; Hi, Diet of high starch and low sugar; Hh, Diet of high starch and low sugar.
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Phylum Genus Starchlevel  Sugar level Group' % SEM P-value

H L h 1 u Lh HI Hh Starch Sugar St'Su
Bacteroidetes 5930 5875 6515 5290 5099° 6651° 5481° 6378° 215 082 <001 049
Prevotella 2004 2031 2039 1996 1953 2000 2039 1968 318 090 084 060
unidentified_Bacteroidales 1976 2138 2385 17.78 174° 252° 180° 21.4° 415 038 <005 024
Cr231 815 814 818 812 808 821 827 803 151 099 096 086
BFR311 537 421 750 208 123 749 294 781° 327 029 <001 061
Bs11 219 167 213 173 162 173 184 254 069 023 034 048
unclassified_Bacteroidales 100 071 098 073 062 081 084 115 032 014 019 075
unidentified_Prevotellaceae 078 055 071 063 054 057 071 084 025 016 088 075
unidentified_{Paraprevotellaceae]  1.14 084 119 079 071° 097® 087% 141° 039 016 007 049
unidentified_S24-7 026 014 026 014 o041* 047® 047® 035° 044 041 040 038
unidentified_RF16 025 018 022 021 017 018 025 025 008 015 094 087
Firmicutes 2028 1744 1982 1791 1632° 1857 1950 2107° 067 <005 010 075
Ruminococcus 394 230 323 301 234 227° 368 4200 093 <001 029 017
unidentified_Clostriciales 266 269 280 25 237 301 273 259 041 090 029 0.12
unidentified_Lachnospiraceae 223 215 234 204 191 239 217 229 042 078 027 050
unidentified_Ruminococcaceae 209 214 245 208 200 220 216 201 036 081 077 035
Butyrivibrio 207 216 229 193 021 223 179 234 072 085 047 068
Streptococcus 051 044 029 066 062 026 070 033 030 065 <005 099
Clostridium 088 078 079 08 075 08 098 078 022 046 062 037
Anaerovibrio 090 071 088 072 070 072 074 105 034 039 045 051
unidentified_Veilonellaceae 071 057 066 061 060 055 063 078 015 012 053 023
unclassified_Lachnospiraceae 062 044 047 049 043 045 055 049 008 010 066 038
Selenomonas 054 026 052 028 015 037 040 068 035 021 025 090
unidentified_[Mogibacteriaceae] ~ 038 028 037 029 028 032 034 042 014 022 034 091
Succiniclasticum 031 028 025 028 024® 022 083 028® 007 <005 030 069
Oscillospira 024 025 024 025 025 025 026 023 002 08 064 037
unclassified_Clostridiales 025 023 028 020 018 020 022 028 006 035 <005 014
Pseudobutyrivibrio 032 019 030 021 017° 021 026® 038 011 <005 015 043
p-75-a5 014 016 015 015 014® 019 016® 012 004 027 095 <005
Proteobacteria 1163 1421 462 2123 2450° 398° 17.96° 630 28 037 <001 018
Ruminobacter 954 1156 299 1811 209° 216" 152° 3817 933 052 <005 026
Acinetobacter 08 126 055 154 1.78° 075® 130® 035° 078 026 <005 091
Desulfovibrio 037 025 030 032 028 021 036 038 011 007 066 044
Succinivibrio 030 030 024 036 039 022 033 027 011 093 009 038
Tenericutes 225 235 248 212 210 260 214 237 015 079 031 070
unidentified_RF39 190 200 214 176 178 223 174 206 049 075 024 083
unidentified_ML615.-28 031 030 029 031 028 08 08 027 007 078 062 018
Verrucomicrobia 202 233 237 198 221 246 176 229 021 052 042 078
unidentified_RFP12 184 211 214 180 201 221 160 207 073 058 049 078
Lentisphaerae 119 145 146 119 120 161 108 131 011 027 025 085
unidentified_Victivallaceae 118 143 144 117 128 158 106 129 037 028 026 087
Spirochaetes 156 175 228 103 108 246° 104 200 011 064 <005 063
Sphaerochaeta 031 046 036 040 045® 047° 036® 026° 004 <005 0518 0364
Treponema 101 097 149 049 047 146 050 152 022 091 <005 097

"Group %: H, Diet of high starchy L, Diet of low starch; h, Diet of high sugar; |, Diet of low sugar; LI, Diet of low starch and low sugar; Lh, Diet of low starch and high sugar; H, Diet of
high starch and low sugar; Hh, Diet of high sterch and low sugar
ab\eans in the same row with different superscripts are significantly different. (P < 0.05).
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Item

Stixsul St2xsul St3xsul Stdxsul Stixsu2 St2xsu2 St3xsu2 Stdxsu2 St1xsu3 St2xsu3 St3xsu3 St4xsud Stixsud St2xsud St3xsud Stdxsud

Dry matter digestibility (g/kg)

05 1229 1191
1 1245 124.4
3 1383 1242
6 177.4 1482
12 2407 2018
24 346.1 2711.0
pH value

05 68 685

1 677 675
3 663 663
6 648 649
12 640 638
24 604 605
Gas production (mL)
05 2078 8072
1 3464 8558
3 5407 5439
6 0075 8887
12 15460 14968
24 196.07 19231

111.6
1256
1325
158.8
2255
309.4

6.83
6.73
6.64
6.58
6.38
6.10

29.15
34.79
50.15
82.44
140.59
181.34

150.2
1625
164.9
196.9
267.0
348.1

6.85
6.80
6.63
6.54
6.40
6.10

211
31.82
49.21
84.32
141.69
185.57

1792
1929
2173
2762
313.7
3747

681
6.71
.59
6.48
6.35
597

28.68
3229
58.01
97.82
162.39
205.81

1124
1329
1615
175.1
264.1
306.9

6.80
6.72
6.59
6.43
6.36
6.03

31.08
36.73
58.62
96.61
156.48
195.76

172.8
173.8
180.1
2186
276.2
379.3

6.82
6.71
6.59
6.54
6.37
6.06

27.74
31.97
55.95
91.06
150.78
193.56

Treatments

186.0
188.1
193.0
2425
3142
379.9

6.81
6.76
6.59
6.52
6.31
6.08

32.60
36.99
60.34
94.98
148.11
189.80

160.1
176.6
1793
208.0
269.5
360.4

6.72
6.66
6.58
6.36
6.28
596

28.68
31.97
62.38
104.64
164.41
207.82

190.8
204.3
2320
2798
337.8
398.0

6.74
6.66
6.55
6.42
6.23
5.99

2031
32.76
62.68
102.96
161.90
198.88

1146
154.1
1759
2137
2515
345.9

6.79
6.67
6.55
6.48
6.25
6.02

20.86
34.60
63.97
102.53
156.60
196.80

175.2
204.6
204.7
230.2
257.6
3409

6.76
6.67
6.56
6.47
6.29
6.04

30.25
34.17
64.89
104.08
157.83
200.94

1929
207.6
200.4
2438
3529
402.0

6.68
6.57
6.53
6.29
6.23
591

29.39

31.97

69.12
113.08
170.68
217.94

2255
226.4
2276
2683
3210
4019

6.63
6.54
6.53
6.37
6.24
595

33.23

38.87

71.00

116.51
173.97
215.04

200.6
2009
2480
290.3
3329
387.2

6.67
6.56
.50
6.43
6.23
6.00

3291
35.26
76.68
11351
174.21
206.42

1226
1316
183.3
2126
263.8
351.1

6.66
6.56
.55
6.37
6.24
6.00

32.78

35.11

76.81
117.08
167.08
210.80

SEM

53
6.2
5.2
63
6.4
59

001
0.01
0.01
0.01
0.01
0.01

0.44
057
1.31
1.7
1.66
1.67

Starch

<0.01
0.26
0.90
0.36
<0.01
0.07

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.41
037
078
036
<001
<001

P-value

Sugar

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.37
0.19
0.70
<0.01
0.84
<0.01

0.10
0.73
<0.01
<0.01
<0.01
<0.01

Stxsu

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.35
0.82
0.95
0.95
0.41
096

054
0.69
033
093
057
0.90
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Item
Stixsut
Acetic acid
05 1287
11389
3 1474
6 3266
12 3944
24 4237
Propionic acid
05 254
1 488
3 584
6 805
12 1498
24 2025
Butyric acid
05 095
1118
3 215
6 401
12 627

24 706

St2xsul St3xsul Stdxsul Stixsu2 St2xsu2 St3xsu2 Stdxsu2 Stixsu3 St2xsu3 St3xsu3 Std4xsud Stixsud St2xsud St3xsud Stdxsud

12.99
15.20
16.37
37.89
39.28
45.11

2.53
579
5.83
10.31
16.21
21.69

0.92
1.69
2.87
3.65
4.62
6.34

13.28
16.51
15.63
35.40
38.20
45.87

264
5.66
6.19
10.80
14.44
2167

0.97
1.32
262
437
581
6.63

14.24
15.01
15.30
36.05
38.76
40.56

279
5.74
6.04
10.56
14.01
18.77

1.03
122
1.75
425
597
6.71

13.74
15.08
16.92
35.68
3829
45.52

268

537

5.67

10.23
14.00
2211

1.00
117
153
5.15
6.71
7.40

13.66
13.85
15.50
30.31
35.65
45.21

265
5.27
6.49
9.30
13.24
22.42

0.99
1.12
217
5.12
6.13
7.49

13.40
15.41
18.19
34.35
39.36
45.11

258
611

6.30
11.53
16.28
21.15

0.96
1.16
1.73
397
601
727

Treatments

13.87
14.96
15.85
36.27
4162
44.23

267
5.68
6.46
11.46
1493
21.96

1.02
113
1.41
4.986
5.18
7.35

14.05
16.30
16.83
35.87
4051
47.70

2797
591
6.47
11.89
16.16
28.95

1.04
1.19
249
4.44
5.58
9.89

13.31
14.90
16.73
40.62
42.71
42.48

258
5.76
6.38
14.73
16.60
20.97

0.92
1.15
234
5.12
5.62
7.49

14.13
16.08
17.65
35.34
4522
47.33

274
5.81
731
1297
16.22
22.00

0.95
114
242
4.89
6.93
9.08

14.20
15.21
18.54
34.63
40.14
4217

278

5.84

6.15

14.44
16.22
20.79

1.01
1.12
201
3.34
5.50
7.33

13.69
16.04
16.01
33.78
4167
52.35

2.67

6.07

6.39

8.50

16.14
26.63

0.92
121
2.24
455
5.94
9.87

14.02
16.36
16.80
36.23
42.55
56.54

274
6.16
6.71
12.50
16.18
2824

0.94
1.24
3.52
4.81
5.42
11.50

1331
15.42
18.09
40.25
43.10
51.22

2.56

597

719

13.93
14.26
23.92

0.87

129

4.52

7.43

8.07
10.33

1557
16.64
18.34
39.79
4234
48.24

283
6.62
7.26
12.89
14.07
22.80

1.08
1.32
497
6.13
8.49
9.00

SEM

0.13
0.15
0.20
0.56
0.49
0.74

0.79
0.67
0.74
1.80
174
1.67

0.01
0.02
0.16
0.15
0.17
0.26

Starch

0.12
<0.06
<0.01

0.12
<0.01
<0.01

0.82
<0.01
<0.05
<0.01

0.07
<0.01

0.18
0.19
0.70
<0.01
0.84
<0.01

P-value

Sugar

<0.05
0.39
<0.01
0.42
0.59
0.08

0.38
0.26
0.12
<0.01
0.50
0.06

0.66
<0.01
<0.01
<0.01
<0.01
<0.01

Stxsu

0.42
0.26
<0.01
0.06
035
0.48

0.92
037
0.69
0.39
0.16
0.16

0917
0818
0.948
0.945
0.42
0.96
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Item

TVFA

05 1636
1 19.95
3 22.73
6 44.73
12 60.69
24 69.68
A/P ratio
05 56.10
1 285
3 252
6 415
12 263

24 209

16.45
22.59
25.08
51.76
59.11
73.15

5.14
262
2.81
3.69
258
208

16.90
22.49
24.44
50.67
58.45
7417

5.08
274
252
3.28
265
e 3 )

18.07
21.97
23.09
50.86
58.74
66.05

5.10
262
255
3.42
277
216

17.42
21.61
24.12
61.06
58.99
75.08

5.12
290
298
3.62
273
206

17.30
20.24
24.16
44.73
55.01
76.12

5.16
264
239
323
273
202

16.94
2268
26.21
49.85
61.65
73.64

5.20
252
2.89
3.13
247
d 1o

Treatments

17.56
21.67
2372
62.68
61.74
7353

5.20
269
247
318
279
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General bacteria

Ruminococcus albus

Ruminococcus flavefaciens

Butyrivibrio fibrisolvens

Selenomonas ruminantium

Streptococeus bovis

Ruminobacter amylophilus

Primer sequence (5/-3)

F:CGGCAACGAGCGCAACCC
R:CCATTGTAGCACGTGTGTAGCC
FG [AGGATTGTAAACCTCTGTCTT
R:CCTAATATCTACGCATTTCACCGC
F:GATGCCGCGTGGAGGAAGAAG
R:CATTTCACCGCTACACCAGGAA
FTAACATGAGTTTGATCCTGGCTC
R:CGTTACTCACCCGTCCGC
F:CAATAAGCATTCCGCCTGGG
R{TTCACTCAATGTCAAGCCCTGG
F:TTCCTAGAGATAGGAAGTTTCTTCGG
R:ATGATGGCAACTAACAATAGGGGT
F:CTGGGGAGCTGCCTGAAT

R: CATCTGAATGCGACTGGTTG

Product size (bp)

130

273

278

113
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Time (h) iso-C15:0 anteiso-C15:0 C15:0 iso-C16:0 iso-C17:0 anteiso-C17:0 C17:0 TC15° TC17> TIFA° TAFAY TOCFA® TBCFA!  OBCFAY

6 0.22 0.54 0.56 0.31 031 037 0.35 1.31 1.02 0.84 0.90 0.90 1.74 264

12 0.23 0.58 0.51 0.33 0.36 0.38 0.27 1.29 1.00 091 0.96 0.78 1.87 265

18 0.24 0.60 0.55 0.38 0.39 0.46 0.31 1.39 117 1.01 1.06 0.87 207 293

24 0.31 0.76 0.69 0.48 0.47 0.80 043 1.75 1.71 1.26 1.56 1.12 282 3.94

C:8 =25:75 6 0.19 0.43 0.33 0.25 032 0.30 0.32 0.95 0.94 0.76 073 0.65 1.49 214

12 0.21 0.56 0.42 0.26 033 0.35 0.25 1.19 0.92 0.80 0.90 0.66 1.7 237

18 0.24 0.64 0.62 0.34 0.41 0.49 0.33 1.60 1.24 0.99 113 0.95 213 3.07

24 0.30 0.75 0.59 0.42 0.45 0.64 0.40 1.64 1.48 147 1.39 0.99 256 3.55

C:S = 50:50 6 0.14 0.29 0.34 017 0.26 0.24 0.22 0.76 0.72 0.67 0.63 0.56 1.09 1.66

12 0.21 0.57 0.54 0.26 0356 0.44 0.24 1.32 1.03 0.82 1.01 0.79 1.83 262

18 0.25 0.59 061 023 035 0.40 023 1.45 0.98 0.83 0.98 0.85 181 2.86

24 0.33 0.76 0.61 0.38 0.40 0.83 0.29 1.70 1.62 1.11 1.68 0.91 269 3.60

CiS = 75:25 6 0.18 0.40 032 0.18 032 025 023 091 0.81 0.68 0.66 055 1.34 1.89

12 0.28 0.7 1.03 0.30 0.35 0.34 0.27 2.01 0.95 0.92 1.04 1.30 1.96 3.26

18 0.37 0.76 1.10 0.25 0.41 031 0.31 224 1.04 1.03 1.08 1.42 21 352

24 0.37 0.82 1.04 0.33 0.44 035 0.44 224 124 1.15 1.18 1.48 232 381

C:S = 100:0 6 0.14 0.31 037 011 0.32 0.26 0.24 0.82 081 0.67 067 0.61 1.13 1.74

12 0.23 0.63 0.94 0.18 033 0.28 0.29 1.80 0.90 0.74 091 1.23 1.64 287

18 0.29 0.65 1.15 0.15 035 0.25 0.30 2.09 091 0.79 091 1.45 1.70 3.15

24 0.29 0.64 125 0.16 0.38 0.26 0.32 218 0.95 0.83 0.90 1.56 172 3.28

SEM 0.015 0.034 0.049 0.016 0.018 0.025 0.019 0.080 0.037 0.038 0.045 0.057 0.073 0.110
cs <0.0001 <0.0001 <0.00011  <0.0001  0.0011 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
P Time <0.0001 <0.0001 <0.0001  <0.0001  <0.0001 <00001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001  <0.0001
C:S x Time  0.0003 0.001 <0.0001  <0.0001 0.13 <0.0001 0.0006 <0.0001 <0.0001 0.01 <0.0001 <0.0001 <0.0001 <0.0001

Polynomial contrast-C:S Linear 0.1 0.44 <0.0001  <0.0001 0.02 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.22

Quadratic 0.37 0.78 <0.0001 0.03 0.54 0.0002 0.001 0.001 0.54 0.32 002  <0.0001 0.05 0.04
Polynomial contrast-Time Linear <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Quadratic 0.27 0.0004 <0.0001 0.09 0.75 <0.0001 <0.0001 <0.0001 <0.0001 0.67 0.95 0.0005 0.79 0.08

4TC15 = is0-C15:0 + anteiso-C15:0 + C15:0; TC17 = iso-C17:0 + anteiso-C17:0 + C17:0; °TIFA = is0-C15:0 + is0-C16:0 + iso-C17:0; YTAFA = anteiso-C15.0 + anteiso-C17:0; °TOCFA = C15:0 + C17:0; TBCFA = iso-C15:0
+ i50-C16:0 + is0-C17:0 + anteiso-C15:0 + anteiso-C1. i50-C15:0 + anteiso-C15:0 4+ C15:0 + is0-C16:0 + iso-C17:0 + anteiso-C17:0 + C17:0; "C:S = cellulose:starch.
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Time (h) Acetate Propionate  Isobutyrate  Butyrate Isovalerate TVFA Acetate/propionateNHs-N pH MCP (mg/g

(mmol/mol)  (mmol/mol)  (mmol/mol)  (mmol/mol)  (mmol/mol)  (mmol/L) (mg/dL) bM)
6 553.9 2201 878 206.4 10.9 555 252 1.38 650 1199
12 5100 252.0 7.95 2115 10.9 732 202 045 6.41 1200
18 5106 231.2 8:82 2208 12.4 881 222 031 633 1338
2 496.1 2411 921 2825 183 88 206 256 626 147.4
C:S = 2575 6 5466 202.7 9.24 200.4 120 53.1 245 494 664 932
12 5109 2506 870 214.4 13 503 201 4.00 658 948
18 507.4 258.2 8.44 206.9 15 78.0 197 0.69 6.48 99.4
24 495.5 251.4 7.95 226.2 1.4 788 197 273 639 1196
C:S = 50:50 6 547.2 2214 9.30 209.6 1256 529 248 7.83 6.71 97.2
12 5213 2425 868 215.4 12.2 503 215 3.12 6.62 1048
18 521.2 241.9 7.88 200.8 107 68.4 216 420 655 1080
24 506.8 240.0 858 2246 1.9 728 211 4.08 6.49 119
C:s=7525 6 533.0 2208 10.61 2214 145 444 241 11.49 678 762
12 510.7 2450 951 222.3 125 530 209 633 6.70 99.9
18 504.9 260.6 848 2165 104 685 194 335 655 107.9
2 4858 2718 896 2020 1.4 69.1 1.79 207 6.8 108.4
CS = 100:0 6 536.1 2404 18.31 192.2 180 3.1 223 17.05 685 695
12 522.1 2735 11.44 1775 165 452 191 10,62 6.80 769
18 498.5 318.2 9.78 160.5 13.1 549 157 7.06 6.67 86.2
24 493.4 3238 11.62 157.3 13.9 568 153 7.83 661 857
SEM 6.70 5.43 0.429 6.05 0.446 3.243 0.061 0.737 0.040 5.065
cs 003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
P Time <0.0001 <0.0001 <0.0001 024 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
C:S x Time 068 <0.0001 002 0,001 <0.0001 056 0.007 <0.0001 099 0.20
Polynomial contrast-C:S  Linear 0.12 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Quadratic 036 <0.0001 <0.0001 <0.0001 <0.0001 0.05 <0.0001 0.001 0.12 035
Polynomial contrast-Time  Linear <0.0001 <0.0001 00002 038 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Quadratic 001 <0.0001 0.0002 0.7 <0.0001 0.004 <0.0001 <0.0001 088 0.90

aMCP microbial crude protein synthesis; ®C:S, cellulose:starch.
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C:S = 26:76

C:S = 50:50

C:S = 76:25

S = 100:0

SEM

Polynomial contrast-C:S

Polynomial contrast-Time

*Bacteria population was measured as a proportion of the total estimated rumen bacterial 165 rANA gene [relative quantification

bC:S, cellulose:starch.

Time (h) R. albus

(102%)
6 0.19
12 0.10
18 0.06
24 009
3 0.40
12 003
18 007
24 007
6 0.16
12 023
18 0.13
24 0.09
3 030
12 027
18 0.34
24 056
6 047
12 022
18 070
24 1.48

0.001
cs <0.0001
Time 0001
CSxTime  <0.0001
Linear <0.0001
Quadratic 0,002
Linear 0,002
Quadratic 001

R. flavefaciens

(102%)

3.44
0.20
0.14
0.42
115
032
0.28
071
1.85
1.58
1.44
212
1.30
3.56
13.41
7.64
0.81
1.70
717
21.76
0.020
<0.0001
<0.0001
<0.0001
<0.0001
0.004
<0.0001
0.06

B. fibrisolvens

(%)

11.38
14.78
6.76
223
17.40
414
571
3.89
10.33
6.77
9.50
5.84
24.48
Q.74
15.36
8.48
29.28
947
10.79
8.50
0.023
<0.0001
<0.0001
0.001
<0.0001
0.07
<0.0001
0.01

S. ruminantium

(%)

070
067
045
061
097
052
0.42
045
0.44
080
047
058
088
090
0.66
086
0.48
070
096
111

0.002
010

0614
0.18
003
0.40
092
0.49

R. amylophilus

(%)

14.94
14.82
24.04
9.83
1093
16.72
23.19
8.34
17.68
2891
17.01
13.00
11.50
17.02
418
1.82
0.74
0.79
0.30
053
0.032
<0.0001
0.001
0.02
<0.0001
<0.0001
0.02
0.0003

S. bovis
(102%)

0.19
0.09
0.25
0.25
0.07
017
0.15
0.68
0.08
0.20
0.15
0.29
0.19
0.47
0.45
0.40
0.12
0.14
0.07
0.04
0.001
0.0001
0.0004
0.0002
0.25
0.004
<0.0001
0.29

PR a—
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Ingredients (%) Chemical composition

Chinese wildrye 430 NED, MJ/kg cry matter (DM) 5.40
Com silage 160 Crude protein, %DM 144
Com 130 Neural detergent fiber, %DM 492
Wheat bran 40 Acid detergent fiber, %DM 306
Molasses 10 Ca, %DM 060
Soybean meal 3.0 P, %DM 0.40
Dried distillers grain 50

Cottonseed meal 20

Corn gluten feed 75

Corn germ meal 50

Premix® 05

Total 100.0

#Contained the following per kg of the premix: Va 8,000,000 1U, Vp 700,000 1U, Ve 10,000 1U, Fe 1,600mg, Cu 1,500mg, Zn 10,000mg, Mn 3,500mg, Se 80mg, 1120mg, Co 50 mg.
bNE, is a calculated value and other nutrient levels are measured values.
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Item

ACE
Chao
Simpson
Shannon
Coverage

CON

2234.02 4+ 902.01
2215.43 £ 884.95
0.04 £0.02
4.93 £0.37
0.99£0.01

AOB

1603.32 + 1046.49
1431.80 + 862.85
0.17£0.18
3.70£1.68
1.00 £ 0.00

P-value

0.29
0.15
0.1
0.1
0.28
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Metabolites RT(min) lon(m/z) Masserror (ppm) VIP®  Fold change (A\OB/CON)®  P-value® Tendency

Glycerophospholipids

LysoPC (14:0) 746 51230 ~1.99 291 2.09 001
PC[18:1(112/18:2(9Z,127)) 1073 82858 -495 867 0.86 001 i
LysoPE(15:0) 645 48427 —2.19 157 1.88 003
PE(15:0/14:0) 9.89 694.47 -0.24 6.96 1.77 0.01
LysoPC(18:0) 881 568.36 -176 891 1.69 001
LysoPC(16:0) 7.99 540.33 -3.89 6.85 2.00 0.00
LysoPC[20:3(52,82,11Z)) 783 59035 —121 1.24 161 003
1-Oleoylglycerophosphoinositol 798 597.30 ~0:81 7.88 1.56 001
PC(P—16:0/0:0) 838 524.34 ~1.60 1.27 173 001
PO[14:1(02)/14:1(92) 958 71847 056 1.10 3.08 0.00
PE[15:0/14:1(92) 962 69245 023 223 227 001
PE[22:5(4Z,72,10Z,13Z,162/P—18:1(112) 1137 81053 811 262 0.83 001 i
PS(18:2(92,122)/18:0) 1090 80851 090 314 0.82 000 1
PE(15:0/18:0) 1072 75053 003 450 079 002 ¥
PE[15:0/20:3(652.82,112)] 1008 77251 038 1.61 1.41 001
PE(14:0/14:0) 9.69 680.45 -0.51 1.88 2.48 0.00
LysoPE(16:0) 823 45228 —174 7.84 2.02 0.00
LysoPE(18:0) 760 52631 223 1.31 1.73 003
LysoPI(18:0) 860  601.33 -024 385 1.54 003
LysoPE(18:1(92)) 833 480.31 020 954 232 0.00
LysoPE(16:0) 824 45429 301 467 232 0.00
LysoPC(16:0) 814 49634 023 12.41 258 0.00
LysoPI[18:1(02) 800 59932 -0.89 2.90 1.72 001
LysoPE(18:0) 890 48232 059 5.00 1.93 001
LysoPC(14:0) 734 46831 022 296 229 001
1-heptadecanoyl-sn-glycero-3-phosphocholine 849 51036 009 1.30 234 0.00
LysoPC(18:0) 881 524.37 051 7.72 230 000
LysoPE(14:0) 744 42626 -023 1.09 298 0.00
PS[18:0/18:2(92,122)) 7.03 752.51 -9.59 1.28 3.46 0.04
LysoPC(15:0) 776 48232 —0.11 158 2561 0.00

Fatty acyls

is-9,10-Epoxystearic acid 740 207.24 —2.44 531 2.42 002

Kojibiose 050 377.08 024 2453 0.81 0.00 i
5-Hexyltetrahydro-2-furanoctanoic acid 764 34325 -2.83 1.28 233 003

Rollinecin A 972 65946 -2.08 1.92 2.49 001
4-Deoxyannoretiouin 978 62547 —2.40 1.16 279 001
11,14,17-Eicosatriencic acid 884 33020 057 4.44 272 002
Erythro—6,8-tricosanediol 927 40134 003 1.86 1.49 003
Linoleamide: 8.28 280.26 -0.37 1.10 132 0.00

Prenol lipids

Crocin 891 975.37 -5.04 2.05 076 002 1
26-Methyl nigranoate 925 50533 -170 384 260 0.00
(R)-6'-O-(4-Geranyloxy-2-hydroxycinnamoy))-marmin 7.93 665.29 497 1.49 1.42 004
7C-aglycone 202 59523 1.87 1.01 3.94 0.00
13'-Hydroxy-gamma-tocopherol 10.12 474.42 -0.16 2.16 131 0.05
3-Hydroxy-10'-apo-b,y-carotenal 939 43431 009 1.05 057 003 i)
Glycerolipids

DG(18:3(92,122,152)/22:0/0:0) 1044 71959 416 1.08 0.82 001 1
MG(0:0/14:0/0:0) 808 28524 -034 270 239 001
DG(12:0/12:0/0:0)fs02] 1010 479.37 -0.28 3.90 1.87 002
MG(0:0/18:0/0:0) 933 34131 006 1.95 242 002

Steroids and steroid derivatives

Pregnanediiol 882 68554 016 154 7.17 000
Calusterone o71 677.48 421 1.30 248 000
Campesteryl p-coumarate 918 54540 635 1.10 273 0.00
O-methoxycatechol-O-sulfate 248 20300 —097 382 262 004
Flavonoids

2-(8"-p-Coumaroylglucosyljquercitrin 080  777.46 —481 750 044 001 1
Moracetin 095  787.19 —475 7.87 064 0.00 '
Brassicoside 0.93 839.16 -5.40 3.10 050 0.01 4
Sphingolipids

SM(d18:1/12:0) 993 691.50 ~0.48 314 154 0.00
N,N-dimethyl-safingol 759 330,34 011 129 044 000 5
C16 sphinganine 591 274.27 —022 361 054 0.00 )y
Benzene and substituted derivatives

Gentisic acid 260 153,02 2.46 267 3.10 0.00

Hippuric acid 237 180.07 —1.45 3.44 152 004
Organonitrogen compounds

Sphinganine 680  302.31 020 2.09 0.49 0.00 i
Organooxygen compounds

Lactulose 060  365.11 047 20.11 069 001 '
Pyrans

Ethyl maltol 237 105.03 183 1.79 1.44 003
Carboxylic acids and derivatives

L-pyridosine 201 255.13 -083 1.39 312 000

4VIP: variable importance in the projection obtained from the OPLS model with a cut-off of 1.5.

bFC: fold change, the ratio of the mean value of the peak area obtained from the AOB group and the mean value of the peak area obtained from the CON group. An FC < 1 means
that the metabolite is lower in mik from AOB cows than in milk from CON cows.

Sp-values from nonparametric Wilcoxon-Mann-Whitney test.
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Plant extracts Experimental model and Plant extract treatment Microbiota effects Association Response References
subjects
FML HFD-induced obese mice FML (240 mg/kg/day) via oral  Firmicutes/Bacteroidetes ratio }; Acetic acid production 1 Lipid accumulation, liver (©8)
gavage for 6 weeks Clostriclales 1 steatosis and the whitening of
BAT |
Mulberry leaves  HFD-induced obese mice Mulberry leaves (20%) for 13 Firmicutes/Bacteroidetes ratioand  SCFAs production 1 Body weight gain, fat 39
weeks Proteobacteria |; Akkermansia 1 -accumulation and fasting blood
glucose |; insulin sensitivity 1
oM HFD-induced obese mice CM (0.4g crude drug/kg) for 6 Bacteroides and Akkermansia 1;  Microbiota-blood Adiposis and insulin resistance 70
weeks Mucispirilum | metabolites-liver axis ; glucose uptake 1
Paconol Alcoholinduced ALD mice Paconol (480 mg/kg) for 11 days Candlida albicans | mycobiota-mediated ALD inflammatory response and @)
dectin-1/IL-1B signaling pathway liver fat lesions |
4
Green tea HFD-induced obese C57BL/6J  Green tea infusions as drinking  Alistipes, Rikenella, Lachnospiraceae, SCFAs, gastrointestinal immunity Body weight gain, adipose tissue ©2)
infusions mice water for 13 weeks Akkermansia, Bacteroides, and gut barrier function 1 accumulation, hyperglycemia,
Allobaculum and Parabacteroides 1 hypertriglyceridemia, and
hypercholesterolernia |
GTE HFD-induced obese Swiss GTE (200 mg/kg) combined with  Lactobacillus, Bifidobacteria, Metabolic endotoxemia | Adiposis, lipid accumulation in (83)
albino mice isomalto-oligosaccharide (1 g/kg) Akkermansia and Roseburia spp. 1 liver and fasting blood glucose
for 12 weeks
GTE HFD-induced obese C57BL/6J  GTE (2%) for 8 weeks Firmicutes/Bacteroidetes ratio | ; Gut barrier function 1; endotoxin  Adiposis and its related (84)
mice Bifidobacterium and Lactobacilus 1 translocation | inflammatory response 4
Green teawater  HFD-induced obese C57BL/6J  Green tea water extracts (1%) for Family Rikenellaceae and SCFAs production 1; endotoxin ~ Glucose tolerance 1; body (©5)
extracts mice 28 weeks Desulfovibrionaceae | LPS production { weight gain, hepatic lipids, and
WAT weights |
Green tea HFD-induced obese C57BL/6  Green tea polyphenols (200 Lachnospiraceae, Bacteroides, the maintaining of intestinal Lipid metabolism 1; (86)
polyphenols mice mg/kg) for 12 weeks Alistipes, and Faecalibaculum 1 redox state 1 hyperlipidemia and inflammation
)
RES HFD-induced obese C57BL/6J  RES by gavage (300 mg/kg/day) Desulfovibrio, Gutintestinal barrier integrity and Bodly weight, iver steatosisand (93, 100, 103)
mice for 16 weeks Lachnospiraceae_NK4A316_group  intestinal redox state 1 NAFLD J; lipid metabolism and
and Alistipes |; Allobaculum, insulin resistance 1
Bacteroides and Blautia 1
RES HFD-induced obese mice RES (200 mg/kg/day) for 12 Lactobacilus and Bifidobacterium 1; - Fiaf signaling pathway 1 Body and visceral weights, blood (104)
weeks Firmicutes/Bacteroidetes ratio and glucose, and lipid levels |
Enterococcus faecalis |
RES HFD-induced obese C57BL/6J  RES (0.4%) for 4 weeks Lactobacilus and Bifidobacterium?; ~ Sirtuin-1 signaling pathway 1 Fat accumulation 4; WAT (105)
mice Firmicutes/Bacteroidetes ratio and browning 1
Proteobacteria |
RES HFHS-induced obese C57BI/6N  RES (0.4%) for 8 weeks Turicibacteraceae, Moryelia, Inflammatory state | Glucose homeostasis and insulin (108)
mice Lachnospiraceae, and Akkermansia sensitivity
1; Bacteroides and Parabacteroices
1
GSPE HFD-induced obese C57BL/6  GSPE by gavage (300 Clostridium X\Va, Roseburia, and  Inflammatory response | Insulin sensitivity 1; visceral fat (110
mice mg/kg/day) for 7 wesks Prevotella ‘accumulation and adiposity |
GSPE Weaned pigs at day 28 GSPE (250 mg/kg) for 28 days  Firmicutes/Bacteroidetes ratiol; Propionate production 1 Adipose accumulation and (117)
Akkermansia, Alistipes and inflammation {; lipid metabolism
Bacteroides 1 1
HON HFD-induced obese C57BL/6 HON (200, 400, 800 mg/kg) for  Akkermansia and Bacteroides 1; ‘SCFAs production 1; endotoxin  Body weight, adipose tissue (130)
mice 8 weeks Oscillospira, LPS production | ‘weight, insulin resistance and
blood lipid |
cAP HFD-induced obese C57BL/6J  CAP (2 mg/kg) for 12 weeks  Bacteroides, Coprococcus, Prevotella SCFAs production 1; Body weight gain and food (144)
mice and Akkermansia 1; Proteobacteria  inflammatory response . intake J; lipid profle
spp. &
cAP HFD-induced obese C57BL/6J  CAP (0.01%) for 12 weeks Ruminococcaceae and Butyrate production 1; endotoxin Chronic low-grade inflammation, (151)
mice Lachnospiraceae (including LPS production | body weight gain and adiposity |
Roseburia spp) 1; family $24_7 |
CcAP HFD-induced obese C57BL/6  CAP (0.01%) for 9 weeks Proteobacteria |; Akkermansia Intestinal mucin degradation 1 Body weight J; glucose (152)
mice muciniphila tolerance and glucose
homeostasis
KGM HFD-induced obese C57BL/6J  KGM (4%) combined with Firmicutes and Mucispirilum | ; ‘SCFAs production and intestinal  Glucose homeostasis, fatty acid (161)
mice bacterial cellulose (4%) for 16 Bacteroidetes and Akkermansia 1 integrity 1 profiles and lipid metabolism 1;
weeks body weight |
Konjaku flour HFD-induced obese C57BL/6J  Konjaku flour (300 mg/day) for  Megasphaera elsdeni and Gut Intestinal barrier function 1 Body weight gain, fat mass and (166)
mice 12 weeks Aerococcaceae 1; Alistipes, inflammatory state §
Alloprevotella and Bacteroides
acidifaciens |
KGM streptozotocin-induced type 2 KGM (160 m/kg) for 4 weeks  Clostridlum spp., Bacteroides spp.,  Bacterial-associated BCAAs |;  Type 2 diabetes {; lipid and (169)
diabetic rats Prevotella spp., Klebsiela spp., BCAA metabolism 1 glucose metabolism
Streptococcus spp., and S. aureus |
Chiorophyl HFD-induced obese C57BL/6J  Chlorophyli-rich spinach extract  Blautia, SCFAs production 1; endotoxin  Body weight gain and low-grade (174, 175)
mice (0.18 mg/10g /day) for 13 weeks norank_f_Bacteroideles_S24-7_group LPS production | inflammation |; glucose
and Akkermansia 1; Lactobacillus tolerance 1
and Lactococcus |
Chiorophylin Carbon tetrachloride-induced  Chlorophylin (5 mg/kg) for 6 Firmicutes/Bacteroidetes ratio |. Plasma endotoxin concentration  Hepatic inflammation and fiver (179

liver fibrosis BALB/c mice

weeks

+

fibrosis |

FML, flavonoids from mulberry leaves; HFD, high fat diets; BAT, brown adipose tissue; SCFAs, short chain fatty acids; CM, cortex moutan; ALD, alcoholic iver disease; IL-1, interleukin-15; GTE, green tea extract; LPS, lipopolysaccharide;
NAFLD; nonalcoholic fatty liver disease; RES, resveratrol; Fief, festing-induced adipose fector; WAT, white adipose tissue; HFHS, high fat/high suger; GSPE, grape seed proanthocyanidin extract; HON, honokiol: CAR. capsaicin; KGM,
konjac glucomannan; BCAAs, branched-chain amino acids; 1, promotion; |, inhibition.
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Mean Standard Minimum  Maximum

deviation
OBCFA profile, mg/g DM
i50-CG16:0 0.40 0.12 0.16 070
anteiso-C15:0 094 025 039 144
C16:0 1.09 056 0.46 248
i50-G16:0 0.42 0.12 0.18 064
is0-G17:0 058 0.10 033 079
anteiso-C17:0 062 022 034 1.46
c17:0 0.48 011 029 084
TC15° 243 088 1.05 425
TC17° 1.67 032 0.99 266
TIFA® 1.39 027 075 207
TAFAS 1.56 0.39 073 277
TOCFA® 157 062 0.79 3.09
TBCFA! 295 0.63 1.48 464
OBCFAY 452 110 230 7.10
Ruminal fermentation parameters and MCP synthesis
Acetate, mmol/mol  515.6 213 4825 572.3
Propionate, mmolmol  251.6 290 2122 340.1
Isobutyrate, mmolmol  9.36 150 6.83 138
Butyrate, mmol/mol  208.2 224 1486 244.2
Isovalerate, mmol/mol  12.5 191 9.44 18.4
TVFA, mmol/L. 626 148 337 89.6
Acetate/propionate 208 028 143 259
NH-N, mg/dL 509 429 0.30 185
pH 657 0.16 6.19 690
MCP, g/kg DM 160.7 221 1101 205.7
Ruminal bacterial population
R albus, 1072% 029 036 0.02 247
R flavefaciens, 1072%  3.60 563 0.10 28.40
B. fibrisolvens, % 1089 737 1.78 31.86
S. ruminantium, % 068 032 025 151
R amylophilus, % 1184 957 027 44.44
S. bovis, 10-2% 023 021 0.04 110
9TC15 = iso-C15:0 + anteiso-C15:0 + C15:0; ®TC17 = is0-C17:0 + anteiso-C17:0 +

C17:0; TIFA = is0-C15:0 + is0-C16:0 + iso-C17:0; “TAFA = anteiso-C15:0 + anteiso-
°TOCFA = 50-C15:0 + is0-C16:0 + iso-C17:0 +
anteiso-C15:0 + anteiso-C17: FOECFA = is0-C15:0 + anteiso-C15:0 + C15:0 +

is0-C16:0+ iso-C17:0 + anteiso-C17:0 + C17:0.
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Item Time point (day)

IgA in milk (g/mL) 0
14
28
a2
LF in milk (ug/mL) 0
14
28
a2

Control

227208
205.43%
236.13%°
250.35%°
273.48%
290.34%°
365,514
382.96%

LF-1

22093°
257.84%
294.60%8
320.79%
283,820
356.178%
450,63
458.99"

238.29°
288,175
322,23
308.70%
343120
404.90%0
439.30%8
478.47%

SEM

8.14

11.06
11147
10.49
13.16
14.92
12.92
12.73

Treatment

0.70
<0.01
<0.01
<0.01

0.058
<0.01
<0.01
<0.01

p-value

Time

0.122
<0.01
<0.01

0.029
<0.01
<001

ab Treatment means with different letter differ (p < 0.05) in the same line; B Treatment means with different letter diiffer (o < 0.05) in the same column.

Treatment*Time

<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
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Item

IgA in the serum (ug/mL)

Fe (mollL)

T-AOC (U/mL)

MDA (nmol/mL)

Time point (day)

0
14
28
42

0
14
28
42

0
14
28
42

0
14
28
42

Control (n=7)

428,018%
408.96%
488 50"
468.31%0
69.73%
124,534
88,5080
101.8448
1.048
156"
1.09%
134
9.08%°
6.12¢
10.208
14.004

LF1(n=7)

438.47%
504.56%
526,23
532.36%
83,028
111.96%8
136.1742
128.424
098°
14778
1674
1.69%
12,144
6.848
4.93%
10.44A

LF-2(n=7)

487.15%
566.72%
57326
574.15%
65.66%
109.76*
145.36%
112,684
120
130
1,67
157
8.81"8
5.88°
10.12882
1098

SEM

977
1725
14.31
16.17
9.50
5.55
10.35
888
0.12
0.08
0.10
0.08
0.79
0.48
091
095

Treatment

0.021
<0.01
<0.01
<0.01

0.749

0.524

0.032

0.645

0.730

0479

0.014

0.630

0.159

0.728

0.018

0257

p-value

Time

0.057
<0.01
<0.01
<0.01
<0.01
<0.01

0.096

0.113

0.073

0.045

0.203

0.159

ab Treatment means with different letter differ (p < 0.05) in the same line; A8 Treatment means with different letter diiffer (o < 0.05) in the same column.

Treatment*Time

<0.01
<0.01
<0.01

0.018
<0.01
0.092

<0.01
<0.01
<0.01

<0.01
0.016
0.130
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Time Control

Average milk production per day of the first week 2.16*
Average milk production per day of the second week 1918
Average milk production per day of the third week 208"
Average milk production per day of the fourth week 1938
Average milk production per day of the fifth week 1.79°
Average milk production per day of the sixth week 1.78°

ABC Treatment means with different letter differ (o < 0.05) in the same column.

LF-1

2.18%
1988
2.06*
207
2014
2,064

LF-2

1.95
1.86
1.87
1.94
1.87
1.94

SEM

0.06
0.05
0.07
0.08
0.08
0.08

p-value

0.488
0.769
0.484
0.696
0.474
0319
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Time point (day)

0d

14d

28d

42d

Item

Fat (%)
Protein (%)
Lactose (%)
Fat (%)
Protein (%)
Lactose (%)
Fat (%)
Protein (%)
Lactose (%)
Fat (%)
Protein (%)
Lactose (%)

Control

373 +1.47
3.45 + 0.54
5.02 4026
4.26 + 0.63
3.41+0.36
495 +0.27
4.21 +0.86*
3.43 + 0.46
477 £0.16
4.19 + 0.92
344 £0.71
4.66 + 0.28

ab Treatment means with different letter differ (p < 0.05) in the same line.

LF-1

437 £1.96
3.28 £ 0.16
5.05 4 021
4.30 £ 0.76
324 +023
4.99 £ 0.22
4.18 + 0.60°
322 £0.18
4.76 + 0.16
417 £0.71
3.10 £ 022
4.85 £ 0.11

LF-2

394 +1.54
3.08 +£0.27
492 4026
3.65 + 0.61
817 £ 021
4.94 +0.27
3.30 + 0.50°
3.08 +£0.20
478 £ 0.14
3.46 + 0.59
295 +0.24
4.76 £ 0.28

SEM

0.36
0.08
053
0.15
0.06
063
017
0.07
0.03
0.17
0.10
0.05

p-value

0.78
0.20
056
0.16
0.26
0.94
0.08
0.12
0.97
0.16
0.14
0.35
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Item Time point (day)

Mik somatic cell counts (x 1,000/mL) 0
14
28
42

Control

304.14
225.50
483.80
407.38*

LF-1

272.75
161.13
366.29
169.63%

LF-2

270.38
163.60
242.26
63.83°

SEM

44.69
51.09
7347
53.34

p-value

0.950
0.832
0.447
0.019

ab Treatment means with different letter differ (p < 0.05) in the same line.
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VX = Vj x Fpa x 0.065004054
Vy = gas produced in mL;

V;j = the head — space volume in the glass bottle mL_:
Py = psi.
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Item Time point (day)

LF in the serum (ug/mL) 0
14
28
42

Control

158.68%
153.748¢
151.64%
198.00%

LF-1

160.248
195658
246.97%
252,777

LF-2

192.19°
259598
262468
309.98%

SEM

8.67
11.56
12.20
13.62

Treatment

0.211
<001
<0.01

001

p-value
Time

0.029
<0.01
<0.01

abe Treatment means with different letter differ (p < 0.05) in the same line; #BC Treatment means with different letter differ (o < 0.05) in the same column.

Treatment*Time

<0.01
<0.01
<0.01
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Items

DM (kg/d)

Milk production (kg/d)

4% FCM production (kg/d)'
Milk composition

Fat %

Protein %

Lactose %

SCC/x 10 cells/mL.

TFCM, fat corrected milk.
28CC, somatic cell count.

CON

244
30.32
34.83

4.99
323
3.97
12.59

AOB

256
32.40
41.49

5.87
3.59
4.30
9.88

SEM

0.43
1.76
1.94

0.19
0.1
0.12
0.66

P-value

0.74
053
<0.0001

0.68
<0.0001
0.27
0.09
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Ingredient Content, % of DM

Alfalfa hay 690
Corn silage 46.32
Oat grass 2.40
Ground com 988
Soybean meal 5.10
Steam-flaked com 4.40
DDGS® 4.40
Corn bran 370
Extruded soybean 300
Barley 266
Wheat bran 2.66
Sodium cyclamate 2.40
Oats 1.50
Canola meal 1.07
Cottonseed meal 1.07
MAGALAC® 090
NaHCO3 059
Limestone 0.48
NaCl 027
Premixt 030
Chenmical composition, % of DM

cP 174
NDF 311

ADF 166
Ether extract 5.00
Ca 078
P 0.44
NEL, Mcalkg 176

3DDGS, dried distillers grain with solubles.

bChurch and Dwight Co., Inc., Princeton, Nd.

SFormulated to provide (ver kg of DM) 4,560mg of Cu, 3,000mg of Fe, 12,100mg of Zn,
4,590 mg of Mn, 60mg of Co, 200mg of Se, 270mg of , 10,000 1U of vitamin E, 450,000
1U of vitamin D, 2,000,000 1U of vitamin A, and 3,000mg of nicotinic acid.

4Chemical composition based on chemical analysis of the total mixed ration (TMR),
G cescrEad
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Items CON Low MID HIGH SEM P value

Initial weight (g) 12.88 1321 12.96 13.05 0.07 0.40
Final weight (g) 19.73 20.39 20.05 20.39 017 0.43
ADG (g/d) 053 055 055 056 001 072
ADFI (g/d) 2.78* 2.87% 2.98% 2.95° 0.03 0.11

G 5.27 521 5.40 527 0.08 091

CON, 150 wl normal saline; LOW, 150 I 1 x 107 CFU/mi L. amylovorus SLZX20-1; MID, 1 x 108 CFU/mi L. amylovorus SLZX20-1; HIGH, 1 x 10° CFU/ml L. amylovorus SLZX20-1.
SEM means standard error of the mean, different letter superscripts in the same row indicate a significant diifference (o < 0.05), n = 6.
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Items Low dose Middle dose High dose

GFU before the adhesion 1.60 x 107 1.10 x 10° 8,60 x 10°
CFU after the adhesion 4.43 x 10° 1.49 x 107 3.77 x 107
Adhesion rate (%) 26,69 2021 438
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Indicator species

E. coli K88

E. coli K99

E. coli 0157

E. coli 987P

. typhimurium SL1344
C. rodentium DBS100
. pullorum CVCG 1791
S. aureus CVCC1882

Fermentation broth

15.95 + 0.87
16.03 +£0.26
156.80 + 0.53
16.53 £ 0.39
17.63 + 0.30
18.47 £ 0.03
17.6 £0.29

17.07 £ 0.54

Inhibitory zone (mm)

Suspension

16.76 £ 0.03
16.13 £ 0.61
16.67 + 0.68
15.87 £ 0.53
17.00 + 0.08
18.37 £ 0.19
17.53 £ 0.19
16.57 £ 0.56

Sediment

Doxyeycline

17.40 £0.29
12.90 £ 0.26
17.43 £ 0.30
1753 £0.19
19.97 £ 0.75
28.17 £ 0.73
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Intercept and variable B Odds ratio (95% CI)
Intercept 0.406 -

CRP 0035 1.086 (1.001-1.072)
Hb -0.025 0.976 (0.960-0.992)
R2* 0.090 1.094 (1.047-1.143)
Area under ROC curve -

Training dataset 0.723(0.661-0.785)
Validation dataset 0.715 (0.587-0.843)

Cl, confidence interval: CRP, C-reactive protein, Hb, hemoglobin.

0.044
0.003
<0.001
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Variables Inactive/ Active/non- ? o

responders (n = responders
135) (=122
Age (y) 28.0(21.0,37.0) 29.0(22.0,39.0) 036
Gender 079
Male 94 (69.6%) 87 (71.3%)
Female 41(30.4%) 35(28.7%)
BMI (kg/mA2) 007
<185 36 (26.7%) 48 (39.3%)
18.5-24.9 85 (63.0%) 60 (49.29%)
=249 14 (10.4%) 14 (11.5%)
Disease 033
behavior
B1 81 (60.0%) 67 (54.9%)
B2 34 (25.29%) 28 (28.0%)
B3 20 (14.8%) 27 (22.4%)
Perianal 87 (64.4%) 74 (60.7%) 0561
lesions
Hb <0.01
<120 gL 20 (14.8%) 43(35.2%)
>120g/L 115 (85.2%) 79 (64.8%)
MCHC (g/l)  835.0(3250,341.0)  320.0(319.0,337.0) <001
MOV (1) 835 (85.9,90.3) 88.4(84.1,92.8) 099
MCH (pg) 297 (28.4,30.9) 295(26.8,30.5) 004
PLT (10A9/)  239.0(202.0,2880)  258.5 (215.0,328.0) 002
CRP (mg/L) 0.6(0.5, 1.8) 1.3(0.5, 10.5) 0.02
ALB () 45.1(42.4, 48.1) 44.3(39.4,47.8) 007
Serumiron 12.7 8.7, 17.5) 11.6 (58, 16.5) 0.02
(wmol/L)
TIBC (umol/l) 547 (49.1,60.4) 53.0(44.5, 60.6) 0.26
Transferrin 26(23,30) 25(22,29) 0.09
(8]
TS (%) 30 (20,30) 20(10,30) 003
R2* 26.6(23.4,31.0) 280 (23.8,36.6) 003

Hb, hemoglobin; MCHC, mean erythrocyte hemoglobin concentration; MCY, meen
volume of hematocrit; MCH, mean red blood cel hemoglobin content; PLT, platelet
count; CAR, C-reacive protein; ALB, albumin; TIBC, total iron binding capacity; TS,
transferrin saturation.
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3 P

Hb -0.242 <0.001
serum iron —0.142 0.023
s -0.139 0.026
R2* 0.242 <0.001

T, corelation coefficient for Point-biserial analysis; Hb, hemoglobin; TS,
transferrin saturation.
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Characteristics

Age (y)
Gender
Male
Female
BMI (kg/m?)
<185
18.5-24.9
>249
Disease behavior
B1
82
83
Perianal lesions
Hb (/L)
R2*
MCHC (g/L)
MOV (L)
MCH (pg)
PLT (10A9/L)
CRP (mg/L)
ALB (g/1)
Serum Iron (umolL)
TIBC (umolL)
Transferrin (g/L)
TS (%)

Training (n = 257)

29.0(22.0,38.0)

181 (70.4%)
76 (29.6%)

84(32.7%)
145 (56.4%)
28(10.9%)

148 (57.6%)
62 (24.1%)
47 (18.3%)

161 (62.6%)
137.0(120.0, 149.0)
27.1(236,31.8)
332.0 (322.0, 339.0)
88.5(85.3,91.5)
29.6(28.1,30.7)
246.0 (2090, 314.0)
06(05,4.0)
44.7 (41.3,47.9)
12.4(7.9,17.1)
54.1(47.1, 60.4)
26(22,30)

20 (10, 25)

Validation (n = 65)

28.0(20.0,34.0)

47 (712.3%)
18 (27.7%)

20(30.8%)
37 (56.9%)
8(12.3%)

42(64.6%)
16 (24.6%)
7(10.8%)

43 (66.2%)
142.0(122.0, 152.0)
26.4(23.2,30.7)
3200 (317.0,339.0)
87.0 (82.3,90.1)
29.0(27.1,30.0)
2450 (203.0, 291.0)
1.3(05,9.8)
446 (41.1,47.7)
11.9(6.3, 15.6)
54.6 (50.2, 62.7)
27 (23,29
20 (10, 25)

0.40

0.92

0.35

0.67
0.33
0.30
0.26
0.12
0.11
0.83
0.17
071
0.22
031
0.24
0.12

Hb, hemoglobin; MCHC, mean erythrocyte hemoglobin concentration; MCY, mean
volume of hematocrit; MCH, mean red blood cell hemoglobin content; PLT, platelet
count; CRR, C-reactive protein; ALB, albumin; TIBC, total iron binding capacity; TS,

transferrin saturation.
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Items Treatments SEM P-value R

CON AOC10 AOC20 AOC40 Linear Quadric

RBC, M/uL 12.87 12.06 12.32 11.94 0.223 0.204 0.643 9.49~15.12
HCT, % 36.83 36.64 36.41 35.03 0.623 0.336 0.644 27.0~42.0
Mev, fl 29.71 30.04 29.20 29.50 0.294 0.588 0.984 24.4~325
MCH, pg 10.46 10.63 1061 10.67 0.095 0.496 0.794 85~11.8
MCHC, g/dL 35.35 35.46 36.39 36.83 0.369 0.113 0.827 8.5~11.8
WBC, K/uL 9.96 9.84 791 8.10 0.378 0.023 0.827 5.06~14.12
NEUT, K/uL 3.54 3.88 2.34 299 0.259 0.161 0.766 1.17~6.11
LLYMPH, K/uL 3.77 3.99 4.24 37 0.153 0.413 0.566 2.54~9.60
MONO, K/pL 1.59 125 1.09 0.98 0.115 0.882 0915 0.10~1.01
EO, K/uL 0.47 032 0.38 0.41 0.048 0.832 0.38 0.05~0.95
BASO, K/ul 0.01 0.02 0.04 0.02 0.006 0.504 0.146 0.00~0.12
HGB, g/dL. 13.48 13.50 12.83 12.89 0229 0.790 0.497 10.0~14.9
PLT, K/ul 406 401 450 390 17 0.997 0.461 301~922
MPV, fL 8.44 843 8.64 8.44 0.103 0.828 0.661 o
PCT, % 0.35 0.41 0.39 033 0.023 0.822 0.23 ~

CON, AOC10, AOC20, AOCA0 are represent supplementation with Aspergillus oryzae culture 0.g/d, 10 g/d, 20 9/d, and 40 9/d, respectively; RBC, red blood count; HCT, hematocrit;
MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cell; NEUT, neutrophil count; LYMPH,
lymphocyte count; MONO, mononucleosis; EO, eosinophilia; BASO, basophilic; HGB, hemoglobin; PLT, platelet count; MPY, mean platelet volume; PCT, platelet hematoci; R, reference
range of sheep blood routine indexes.
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Items

Prevotelia_1
Ruminococcus
Prevotellaceae_UCG-001
Succiniclasticum

Treponema_2
Christenseneliaceae_R-7_group
Rikenellaceae_RC9_gut_group
Lachnospiraceae_XPB1014_group
Ruminococcaceae_NK4A214_group
Fibrobacter
Ruminococcaceae_UCG-014
Veilonellaceae_UCG-001
Lachnospiraceae_NK3A20_group

Treatments

CON

26.86
6.79
3.67
2.74
2.32
4.68
291
222
261
1.35
125
0.84
0.99

AOC40

28.33
6.31
293
1.93
2.18
5.66
211
215
323
2.00
1.38
0.88
144

SEM

2350
1.069
0746
0.444
0268
1.476
0299
0398
0425
0.425
0203
0.159
0213

P-value

0.767
0.833
0.640
0378
0.811
0.693
0.187
0.929
0.484
0.479
0771
0.893
0301

CON and AOCA0 are represent supplementation with Aspergilus oryzae culture 0 g/d

and 40 g/d, respectively.
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Items Treatments SEM P-value

CON AOC40
Bacteroidetes 45.21 42.99 1.909 0.682
Firmicutes 34.96 37.10 2420 0.675
Proteobacteria 9.35 5.04 1.606 0.190
Tenericutes 265 204 0.306 0.382
Spirochaetota 232 219 0.268 0.821
Kiritimatiellacota 1.87% 5370 0774 0.017
Fibrobacteres 1.28 1.81 0.411 0.543
Patescibacteria 0.76 0.86 0.149 0.747
Actinobacteria 0.02 0.09 0.021 0.103

@bWithin a row, means with diferent letters differ (P < 0.05).
CON and AOCA0 are represent supplementation with Aspergillus oryzae culture 0 g/d
and 40 g/d, respectively.
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Items

o
ACE
Chao1
Simpson
Shannon
Coverage

CON

297
392
400
0.92
5.83
0.97

Treatments

AOC40

339
404
406
0.95
6.18
0.98

SEM

21.47
22.66
2291
0.022
0.267
0.003

P-value

0347
0.794
0.901
0.562
0.526
0.055

CON and AOCA0 are represent supplementation with Aspergillus oryzae culture 0 g/d
and 40 g/d, respectively.

OUT, operational taxonomic units; ACE, the ACE estimator.
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Items. Contents

DM, % 93.47
oM, % 86.60
CP % 52.91
EE % 1.87
NOF, % 11.16
ADF, % 7.73
GE, MJ/kg 19.18
A, hundred millon/g =2
Neutral protease activity® IU/g 1020
Alkaline protease activity®,IU/g 770
Cellulase activity? 1U/g 482

#The active components come from the product description.
DM, dry matter; OM, organic matter; CP, crude protein; EE, ether extract; NDF; neutral
detergent fiber; ADF, acid detergent fiber; GE, gross energy, AO, aspergilus oryzae.
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Items. Contents

Ingredients

Corn stalk, % 20,0
Com, % 300
Concentrate supplement, % 473
Limestone, % 12
NaCl, % 05
Permix, % 10
Total, % 100.0
Nutrient levels®, %

DM, % 95.70
oM, % 91.49
CP.% 13.41
EE, % 298
NDF, % 39.21
ADF, % 2261
GE, MU/kg 17.07

The premix each kilogram of diet is provided: Fe 26 mg, Mn 40mg, Zn 40mg, Cu 8mg,
10.3mg, Se 0.2mg, Co 0.1mg, AVA 940 IU, DVD 111 1U, EVE 20 IU.

bNutrients and gross energy were measured.

DM, dry matter; OM, organic matter; CP. crude protein; EE, ether extract; NDF, neutral
detergent fiber; ADF, acid detergent fiber; GE, gross energy.
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Items CON Low MID HIGH SEM P value
Jejunum

Villus height (m) 464.37 45210 43063 483.44 13.70 0.580
Crypt depth (Lm) 135.612 121.30° 113.09° 117.58° 238 0.001
VG 3.42 3.73% 381% 410° 0.10 0132
lleun

Villus height (ium) 291.21° 245.66° 290.64° 312.69° 699 0.002
Crypt depth (m) 124.24 108.84° 109.87° 108.16° 201 0.001
VG 2340 2.26° 2640 289 007 0.001

CON, 150 wl normal saline; LOW, 150 I 1 x 107 CFU/mi L. amylovorus SLZX20-1; MID, 1 x 10% CFU/mi L. amylovorus SLZX20-1; HIGH, 1 x 10° CFU/ml L. amylovorus SLZX20-1.

SEM means standard error of the mean, different letter superscripts in the same row indicate a significant diifference (o < 0.05), n = 6.





OPS/images/fnut-09-847156/fnut-09-847156-t004.jpg
Items

TVFA (mmol/L)
Acetate (%)
Propionate (%)
Isobutyrate (%)
Butyrate (%)
Isovalerate (%)
Valerate (%)
P

CON

124.35°
49.15
32.81
0.86

23.60°
1.782
239*
163

Treatments
AOC10  AOC20
125650 148.56%

454 49.08
315 3419
0.87 0.79
2373 2572
1822 1.61%
208> 234
1568 1.49%

AOC40

146.73*
47.31
35.69

0.7
25.10*
1.32°
235
1.36°

5 Within a row, means with different letters differ (P < 0.05).
10,2, 4,6, 8, 12 indlcate that rumen flid collection time is before foeding, and 2, 4, 6, 8, 12 h after foeding, respectively.
CON, AOC10, AOC20, AOC40 are represent supplementation with Aspergillus oryzae culture 0 g/d, 10 g/d, 20 g/d, and 40 g/d, respectively; A/P. acetic acid to propionic acid ratio.

o

114.86°
44.63

25.13b
131°
22.44
2.36%

22

1.77°

2

185.12°
46.49

33.50a
0.86°
25.05
1.63%
239
1.44°

Time'!

4

141.06%
47.89
35.64a
0.62°
23.36
131¢
214
1.37°

6

141.59°
49.13

35.53
0.65°
24.04
1.38%
227
1.45°

8

140.77%
47.89
35.70a
0.63°
22.96
1.44ab
229
1.37°

12

144.53a
50.46
35.52a
0.83*
248
1.76a
245
1.48°

Treatment

<0.001
0.187
0.216
0.124
<0.001
0.01
0.031
0.04

P-value

Time

0.003
0.216
<0.001
<0.001
0.445
<0.001
0.276
<0.001

Interaction

0.417
0.981
0.98
0.835
0.942
0.989
0.997
0.723
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Items.

CON
Aftafa hay, % 44.79°
Comn stalk, % 22.84°
Comn, % 5143
Corn germ meal, % 33.95°

Treatments

AOC10

47.64%
24.72%
52.37
36.16%

abeWiithin a row, means with different letters differ (P < 0.05).

CON, AOC10, AOC20, AOC40 are represent supplementation with Aspergilus oryzae culture 0 g/d, 10 g/d, 20 g/d, and 40 g/d, respectively.

AOC20

50.04%
26.97%
54.42
38.56%

AoC40

53.09°
26.97°
57.93
41.38°

SEM

0.686
0.738
1.118
1.015

Linear

<0.001
0.001

0.033
0.006

P-value

Quadric

0.852
0.593
0.902
0.712
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Diets Pooled SEM Regression (P/R?)
PLO PL2 PL4 PL6 PL8 Linear Quadratic
AMS (U/mgprot) 0.56 0.40 0.50 0.48 0.41 0.02 ns. ns.
LPS (U/gprot) 2431 36.77 36.57 2419 42.30 226 0.014/0.380 0.044/0.406
Trypsin (U/mgprot) 887.64 1786.81 257252 2614.22 1808.80 185.16 0.046/0.273 <0.001/0.831
AKP (U/gprot) 93.26 177.65 218.92 179.34 181.99 12.08 0.047/0.270 0.001/0.694
*Values are means of triplicate. SEM, standard error of means; n.s., no significant difference was observed: AMS: amylase; LPS: lipase; AKP: alkaline phosphatase.
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Gene Primer sequence, 5'-3' Accession  Size (bp)
number

GAPDH  F: GGGTCATCATCTCTGCACCT NM_001034034 176
R: GGTCATAAGTCCCTCCACGA

IL-6 F: TCCTTGCTGCTTTCACACTC NM_173923.2 129
R: CACCCCAGGCAGACTACTTC

IL-1B F: CAGTGCCTACGCACATGTCT NM_174093.1 209
R: AGAGGAGGTGGAGAGCCTTC

TNF-a F: GCCCTCTGGTTCAGACACTC NM_173966.3 192
R: AGATGAGGTAAAGCCCGTCA

Z0-1 F: TCTGCAGCAATAAAGCAGCATTTC XM_010817146.1 187
R: TTAGGGCACAGCATCGTATCACA

Claudin-1 F: CGTGCCTTGATGGTGAT NM_001001854.2 102
R: CTGTGCCTCGTCGTCTT

Occludin  F: GAACGAGAAGCGACTGTATC NM_001082433.2 122
R: CACTGCTGCTGTAATGAGG

MCTH F: CAATGCCACCAGCAGTTG NM_001037319.1 376
R: GCAAGCCCAAGACCTCCAAT

MCT4 F: AGCGTCTGAGCCCAGGGAGG NM_001109980.2 223
R: ACCTCGCGGCTTGGCTTCAC

ACAT1 F: CGGGTGCAGGAAATAAGGTA NM_001046075.1 133
R: TAGTGGCTGGCAGAG

BDH1 F: GACCCTGAGAAAGGCTTGT NM_001034600.2 92
R: TCCTTGTAGGTCTCCATGC

Caspase 3 F: GTGGATGCAGCAAACCTCAG NM_001077840 288
R: TCGGCAGGCCTGAATAATGA

Caspase 9 F: TGTCTTGAATGCAGACCCCT NM_001205504 190
R: CAAAGCCTGGACCATTTGCT

Bcl-2 F: ATGACCGAGTACCTGAACCG NM_001166486 127
R: CCTTCAGAGACAGCCAGGAG

BAX F: GGAGATGAATTGGACAGTAAC NM_173894 120
R: GTTGAAGTTGCCGTCAGA

Cyclin D1 F: GCACTTCCTCTCCAAGATGC NM_001046273 204
R: GTCAGGCGGTGATAGGAGAG

Cyclin D3 F: TCCAAGCTGCGCGAGACTAC XM_005223490 178
R: GAGAGAGCCGGTGCAGAATC

CDK2 F: CTCACTGATCTTGTCTGGTT NM_001014934 170
R: TAAGCAACGACTAAGAGGAG

CDK4 F: ACTCTGGTATCGTGCTCCAGAAG NM_001037594 114
R: CAGAAGAGAGGCTTTCGACGAA

CDK6 F: TTCGTGGAAGTTCAGATGTC NM_001192301 165
R: TGCCTTGTTCATCAATGTCT

Z0-1 F: TCTGCAGCAATAAAGCAGCATTTC XM_010817146.1 187
R: TTAGGGCACAGCATCGTATCACA

GPR41 F: AACCTCACCCTCTCGGATC NM_001145233.1 214
R: GCCGAGTCTTGTACCAAAGC

F, forward; R,

reverse.
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Diets
PLO PL2 PL4 PL6 PL8
Moisture (%) 79.11 77.01 77.70 77.51 77.32
Crude protein (%) 14.22 15.27 156.78 15.60 156.70
Crude lipid (%) 4.32 5.00 4.05 3.78 4.00

“Values are means of triplicate. SEM, standard error of means; n.

., No significant difference was observed.

Pooled SEM

0.25
0.16
0.12

Regression (P/R?)

Linear Quadratic
ns. ns.
0.002/0.539 <0.001/0.796

0.017/0.366 n.s.
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Diets Pooled SEM Regression (P/R?)

PLO PL2 PL4 PL6 PL8 Linear Quadratic
IBW (mg) 9.61 9.61 9.61 9.61 9.61 na. na. na.
FBW (g) 0.28 0.66 0.71 0.79 1.23 0.08 <0.001/0.832 <0.001/0.835
IBL (cm) 0.90 0.90 0.90 0.90 0.90 na. na. na.
FBL (cm) 232 2.93 3.02 3.42 3.82 0.14 <0.001/0.886 <0.001/0.887
SR (%) 9.95 14.63 14.14 19.74 21.04 1.1 <0.001/0.849 <0.001/0.850
SGR (%/day) 12.91 156.62 16.10 16.17 17.81 0.43 <0.001/0.768 <0.001/0.808

*Values are means of triplicate. SEM, standard error of means; n.a., not applicable; IBW, initial body weight; FBW, final body weight; IBL, initial body length; FBL, final body length; SR,
survival rate; SGR, specific growth rate.
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ATCTCAGCAGGGATIOGACG
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TARTCGOTATGGTGGGAGCC
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Reverse sequence (53)

AGGCTGTOGMATATGGGTG
‘GAGATGAATGACCGCAGGC
‘GOCTCCTCTTCCATCTCT
‘GATGOCCAGAGCGAGAGTIC
AACGAGGGANGAGGCTG
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Phylum Genus CF-UC CF-PA CF-CM CF-AF CF-CW CF-

Unknown
Actinobacteria Pseudoclavibacter 0.1576 0.1153 0.1410 0.1396 0.1785 0.2681
Flavifiexus 0.1853 0.0889 0.1272 0.1239 0.1166 0.3582
Sanguibacter 0.0628 0.2233 0.1343 0.0769 0.1279 0.3758
Aeromicrobium 0.0828 0.1627 0.0819 0.1041 0.0892 0.4793
Nocardioides 0.0647 0.0872 0.1585 0.1077 0.0808 0.5011
Arthrobacter 0.0742 0.1197 0.0864 0.0786 0.0951 0.5460
Collinsella 0.0731 0.0800 0.1144 0.0849 0.0954 0.6522
Brevibacterium 0.1080 0.0936 0.0355 0.0788 0.1071 0.5769
Ornithinicoccus 0.1043 0.0536 0.0772 0.0496 0.0612 0.6542
Brachybacterium 0.0673 0.0897 0.0319 0.0834 0.0844 0.6833
Glutamicibacter 0.0458 0.0462 0.0462 0.0474 0.0439 0.7706
Leucobacter 0.0485 0.0363 0.0345 0.0466 0.0473 0.7867
Bifidobacterium 0.0376 0.0821 0.0320 0.0302 0.0314 0.8367
Dietzia 0.0339 0.0384 0.0098 0.0368 0.0428 0.8384
unidentified_Corynebacteriaceae  0.0334 0.0820 0.0195 0.0213 0.0305 0.8633
Bcteroidetes Membranicola 0.0944 0.1764 0.1569 0.1347 0.1431 0.2944
Algoriphagus 0.0957 0.0899 0.2292 0.1112 0.0801 0.3939
unidentified_Prevotellaceae 0.0669 0.0973 0.1003 0.0858 0.0661 0.5837
Moheibacter 0.0713 0.0614 0.0644 0.0829 0.0673 0.6527
Brumimicrobium 0.0578 0.0520 0.0599 0.0346 0.0927 0.7029
Myroides 0.0659 0.0861 0.0184 0.0676 0.0605 0.7116
Alloprevotefla 0.0790 0.0712 0.0125 0.0420 0.0715 0.7237
Pedobacter 0.0432 0.0467 0.0619 0.0563 0.0447 0.7472
Aequorivita 0.0469 0.0417 0.0688 0.0355 0.0269 0.7903
Proteiniphilum 0.0276 0.0354 0.0234 0.0362 0.0489 0.8284
Parabacteroides 0.0385 0.0289 0.0125 0.0381 0.0445 0.8375
Alistipes 0.0359 0.0351 0.0053 0.0289 0.0324 0.8624
Chryseobacterium 0.0191 0.0239 0.0483 0.0176 0.0225 0.8686
Flavobacterium 0.0244 0.0180 0.0014 0.0190 0.0151 0.9220
Bacteroides 0.0102 0.0098 0.0009 0.0080 0.0068 0.9644
Firmicutes Acetitomaculum 0.2396 0.1344 0.0500 0.1002 0.1793 0.2965
Cellulosilyticum 0.1175 0.0950 0.1400 0.1992 0.1117 0.3367
Saccharofermentans 0.0937 0.0421 0.0876 0.1869 0.1815 0.4081
Mogibacterium 0.1053 0.1402 0.0759 0.1308 0.0895 0.4583
Lysinibacillus 0.0713 0.1435 0.0213 0.1472 0.1398 0.4769
Lactococcus 0.0891 0.1525 0.0989 0.0580 0.1056 0.4960
Allobaculum 0.0643 0.1041 0.1176 0.1073 0.1101 0.4965
Fastidiosipila 0.1086 0.1324 0.0875 0.1129 0.1027 0.5058
Roseburia 0.0915 0.1399 0.0639 0.0885 0.1057 05105
Subdoligranulum 0.0975 0.0793 0.1340 0.1014 0.0615 0.6263
Peptostreptococcus 0.0556 0.1166 0.0565 0.1069 0.1355 0.6290
Clostridioides 0.0943 0.0636 0.0899 0.0829 0.1191 0.5502
unidentified_Erysipelotrichaceae  0.0831 0.0817 0.0886 0.0668 0.1069 0.6737
Carnobacterium 0.0718 0.0553 0.1086 0.0858 0.0789 0.5996
Hungatella 0.1011 0.0664 0.0126 0.1284 0.0889 0.6026
Dubosiella 0.0877 0.0538 0.0619 0.1192 0.0648 0.6126
Dorea 0.0590 0.1039 0.0406 0.0828 0.0854 0.6283
Lachnoclostridium 0.0786 0.0747 0.0385 0.1004 0.0676 0.6502
Bacillus 0.0668 0.0596 0.0861 0.0598 0.0569 0.6708
Turicibacter 0.0687 0.0542 0.0485 0.0689 0.0775 0.6922
Proteobacteria Sphingobium 0.0654 0.0712 0.2400 0.1118 0.1672 0.3545
Bradyrhizobium 0.1872 0.0966 0.1607 0.1444 0.1441 0.2670
Thauera 0.0629 0.1047 01111 0.0406 0.1224 05584
Pseudoxanthomonas 0.0879 0.0813 0.2083 0.0855 0.1197 04572
Bosea 0.1500 0.0544 0.1976 0.1019 0.1197 0.3764
Alcanivorax 0.1903 0.1455 0.0500 0.1306 0.1115 0.3721
Neorhizobium 0.0762 0.0786 0.0650 0.0895 0.1016 0.6902
Xanthomonas 0.0789 0.0570 0.1149 0.0764 0.1007 05722
Cellvibrio 0.0399 0.0774 0.1508 0.06893 0.0954 0.6671
Methylobacterium 0.0866 0.0839 0.0721 0.0899 0.0953 0.6122
Novosphingobium 0.1056 0.0668 0.1909 0.1099 0.0934 0.4343
Lysobacter 0.0922 0.0905 0.1736 0.0927 0.0877 0.4634
Massilia 0.0810 0.0855 0.0745 0.0944 0.0863 05783
Achromobacter 0.0970 0.1112 0.1079 0.0891 0.0770 05177
Oceanobacter 0.1126 0.1070 0.0447 0.0763 0.0743 05852
Ruminobacter 0.1089 0.0789 0.0208 0.1394 0.0722 0.6800
Alcaligenes 0.0703 0.0517 01111 0.0627 0.0627 0.6414
unidentified_Rhizobiaceae 0.0763 0.0711 0.1081 0.0811 0.0575 0.6080
Devosia 0.0694 0.1273 0.1612 0.0849 0.0537 0.6236
Paracoccus 0.0411 0.0492 0.1915 0.0450 0.0394 0.6337
Cyanobacteria unidentified_Cyanobacteria 0.0748 0.0701 0.0640 0.0767 0.05356 0.6609
Deinococcus-Thermus Truepera 0.0440 0.0597 0.2087 0.0898 0.0826 05352
unidentified_Bacteria Helicobacter 0.1221 0.1183 0.1295 0.0947 0.1086 0.4268
Arcobacter 0.0785 0.0908 0.00058 0.0803 0.0573 0.7126
Verrucomicrobia Akkermansia 0.0805 0.0828 0.0134 0.0596 0.0732 0.7106

CF-UC, matching ratio of meconium to umbilical cord; CF-PA, matching ratio of meconium to placenta; CF-CM, matching ratio of meconium to colostrum; CF-AF, matching ratio of
meconium to amniotic fluid: CF-CW, matching ratio of meconium to cow feces; CF-Unknown, matching ratio of meconium to unknown pars.
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Ingredients

White fish meal®
Hydrolyzed fish paste®
Sodium caseinate®
Fermented soybean meal®
Blood meal®

Wheat gluten meal®
Shrimp meal®

Bread yeast hydrolysate®
Fish oil

Ca(H2POg)2

Vitamin mixture®

Mineral mixture®
o-Starch®

Soybean phospholipids®
Soybean oil®

PLO

580.0
80.0
40.0
42.0
20.0
25.0
40.0
5.00
15.0
10.0
13.0
10.0
40.0

0.0
80.0

Proximate analysis (Mean values, mg/g dry weight)

Crude protein
Crude lipid
Phospholipids

“Supplied by Xinxin Tian'en Aquatic Feed Co., Ltd (Zhejiang, China).

607.5
139.5
16.9

PL2

580.0
80.0
40.0
42.0
20.0
25.0
40.0
5.00
15.0
10.0
13.0
10.0
40.0
20.0
60.0

603.0
137.4
31.1

Diets

PL4

580.0
80.0
40.0
42.0
20.0
25.0
40.0
5.00
15.0
10.0
13.0
10.0
40.0
40.0
40.0

606.8
133.3
52.3

PL6

580.0
80.0
40.0
42.0
20.0
25.0
40.0
5.00
15.0
10.0
13.0
10.0
40.0
60.0
20.0

605.6
133.0
743

PL8

580.0
80.0
40.0
42.0
20.0
25.0
40.0
5.00
15.0
10.0
13.0
10.0
40.0
80.0
0.00

605.3
136.9
92,9

®Vitamin Premix (mg/kg diet): vitamin A, 16000 IU; vitamin Ds, 8000 IU; vitamin Kg, 14.72; vitamin B, 17.80; vitamin By, 48; vitamin Bg, 29.52; vitamin B, 0.24; vitamin E, 160; vitamin C,

800; niacinamide, 79.20; calcium-pantothenate, 73.60; folic acid, 6.40; biotin, 0.64; inositol, 320; choline chioride, 1500; L-camitine, 100.

°Mineral Premix (mg/kg diet): Cu (CuSO,), 2.00; Zn (ZnSO.), 34.4; Mn (MnSO,), 6.20; Fe (FeSOy), 21.10; I (Ca (I03)2), 1.63; Se (NazSeOs), 0.18; Co (COCly), 0.24; Mg (MgSO4Hz0),

52 70.
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Group

AF-UC
AF-CM
AF-CF
AF-CW
AF-PA
uc-cM
UC-CF
uc-cw
UC-PA
CM-CF
CM-CW
CM-PA
CF-CW
CF-PA
CW-PA

Mean squares

0.4878
0.1707
0.7691
1.7691
0.4215
0.6941

0.5847
1.7668
0.2956
0.8698
19119
0.6088
1.9045
0.8579
1.0281

Variation (R2)

0.1821
0.0549
0.2175
0.5539
0.1557
0.2206
0.2041

0.6531

0.1412
0.2232
05313
0.1930
0.5573
0.2655
0.4991

P_adj BH

0.0256*
0.8530
0.0183*
0.006*
0.0808
0.006*
0.0491*
0.006*
0.1211
0.0131*
0.0129*
0.0563
0.008™
0.01*
0.008*

PA, placenta; UC, umbilical cord; AF, amniotic fluid; CM, colostrum; CW, cow feces; CF,
calf meconium. *p < 0.05, *p < 0.01.
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Observed_species

Group
CF - AF 0,026
CF-CM 0.13

CF-CoW 0.753
CF-PA 0,026
GF-UC 0.026*

PA, placenta; UC, umbilical cord; AF, amniotic fluid; CM, colostrum; CW, cow feces; CF, calf meconium. *p < 0.05, p < 0.01.

‘Shannon

0.041*
0.18
0.003
0.041*
0.13

Simpson

0.15
02
0.014*
0.085
0.31

Chaot

0.026*
0.13
0.82

0.015*

0.026*

ACE

0.026*
0.13
0.82

0.0087*

0.015*
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Items Value
Ingredient %
Corn silage 62.24
Oat grass 18.67
Wheat gluten 091
Soybean meal 363
Rice bran meal 078
Cottonseed meal 46% 395
Corn germ meal (sol) 5.40
DDGS (distiler dried grains with solubles) 391
Powder 0.50
Total 100
Nutrient levels

Dry matter in dairy ration (DM, %) 5142
NE}, Mcal/kg 141
Crude protein (CP, %) 15.30
Crude fat (EE, %) 270
Starch, % 1920
Neutral detergent fiber (NDF, %) 46.90
Acid detergent fiber (ADF, %) 3340
Ash, % 696
Ca, % 046
R % 030
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Item

Rumen

chaot
observed_species
PD_whole_tree
shannon

simpson

Cecum

chaol
observed_species.
PD_whole_tree
shannon

simpson

Ho

2,336.83
1,815.29
140.08
8.30
0.99

1,618.94
1,204.8
94.16
7.1
0.98

Treatment®

His

2,308.84
1,800.24
139.27
8.36
0.99

1,413.36
1,10031
88.24
755
0.98

Hao

2,339.48
1,824.85
139.82
8.37
0.99

1,648.07
1,268.79
96.66
7.96
0.99

SEM®

25.7
211
1.32
0.08
0.001

57.42
52.28
334
0.15
0.002

Linear

0.76
0.76
0.87
0.77
0.62

0.74
0.41
0.61
0.29
022

P-value®

@ Treatments were: Ho, basal diet without MetaSmart®; His, basal diet supplemented with 15 g/d HMBI; Hso, basal dliet supplemented with 30 ¢/d MetaSmart®.

PSEM, standard error of the mean.
<Significant at P < 0.05.

Quadratic

0.156
0.13
0.1
0.12
0.54

0.14
0.08
0.1
0.18
0.64
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Item* Treatment' SEM? P-value®
Ho His Hao Linear Quadratic

ALT, UL 274 203 275 1.58 0983 0.351
AST, UL 723 69.1 68.1 236 0237 0716
TP, umol/L 65.4 66.2 663 1.76 0710 0.858
TC, mmol/L 422 4.16 449 0.18 0927 0.830
TG, mmol/L. 027 025 026 001 0565 0.191
BUN, mmol/L 4472 4812 4180 0.18 0238 0.047
HDLC, mmol/L 147 1.47 1.45 0.06 0.762 0.907
LDLC, mmol/L. 1.18 119 1.19 005 0.906 0.940
NEFA, mmol/L 0.71 0.72 068 0.04 0.661 0.540

" Treatments were: Ho, basal diet without MetaSmart®; His, basal diet supplemented with 15 g/d HMBI: Hzo, basal diet supplemented with 30 ¢/d MetaSmart®.

2SEM, standard error of the mean.
3Significant at P < 0.05.

4ALT, alanine aminotransferase; AST, aspartate aminotransferase; TR, total protein; TC, Cholesterol; TG, Triglyceride; BUN, blood urea nitrogen; HDLC, high-density lipoprotein

cholesterol; LOLC, low-density lipoprotein; NEFA, non-esterified fatty acids.
ab\Means within a row followed by different lower-case letters differ significantly from each other (P < 0.05).
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Item

Rumen
pH (56 d)

pH (105 d)
NHg-N,5 mg/dL
Acetate

Propionate
Butyrate

Valerate
Isovalerate

Total VFA
Acetate/propionate
Cecum

pH

NH3-N,5 mg/dL
Acetate

Propionate
Isobutyrate
Butyrate
Isovalerate
Valerate

Total VFA
Acetate/propionate

1 Treatments were: Ho, basal diet without MetaSmart®; Hys, basal diet supplemented with 15 g/d MetaSmart®; Hao, basal diet supplemented with 30 g/d MetaSmart®.

2SEM, standard error of the mean.
3Significant at P < 0.05.

4VFA, volatile fatty acids.

5NH3-N, Ammonia-nitrogen.

abMeans within a row followed by different lower-case letters differ significantly from each other (P < 0.05).

Ho

5.84
6.09
10.13
60.66
19.39
10.06
112
121
96.55
31

6.92

213
32.98
8.92°
0.97¢
2352
1192
0.90*
47.31
3.73

Treatment'

His

6.05
6.14
1158
55.85
18.80
9.44
1.09
1.19
89.28
291

6.97
1.84%
30.18
7.78%®
0912
183%
107
081
42,59

391

Hao

6.09
6.22
9.61
61.72
20.60
10.46
1.18
1.26
98.20
3.00

688
1.68°
26.77
6.56°
0.76°
1540
0.86°
0.66°
87.14
408

SEM?

0.09
0.09
0.97
3.62
1.43
056
0.11
0.1
5.59
0.10

0.41
0.14
0.45
0.12
001
0.04
0.02
0.01
0.63
0.12

Linear

0.086
0.309
0.711
0.839
0.669
0623
0.700
0.822
0.743
0.444

0.548
0.028
0.103
0.011
0.044
0.009
0.024
0.039
0.031
0.056

P-value®

Quadratic

0.484
0.896
0.175
0.252
0.507
0258
0.647
0.741
0.289
0.275

0.157
0.696
0.912
0.955
0615
0.650
0.687
0.609
0.924
0.98
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Item Treatment®¢ SEMP P-value®

Ho His Hao Linear Quadratic
DM 59.10 61.37 61.90 163 0.249 0672
EE 62.34 61.83 63.18 2.10 0.784 0.724
cP 60.60 62,90 64.63 1.85 0.150 0.905
NDF 5659 56.75 55,67 2.04 0.754 0.808
ADF 5104 51.24 49.18 1.94 0510 0.644

aTreatments were: Ho, basal dliet without MetaSmart®; His, basal diet supplemented with 15 g/d HMB; Hao, basal diet supplemented with 30 g/d MetaSmart®.

PSEM, standard error of the mean.

<Significant at P < 0.05.

9DM, dry matter; EE, ether extract; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber.
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item
Ho
Body weight, kg
Initial 72420
ds6 748.90
d105 768.25°
Dry matter intake (DMI), kg/d
d0-dss 9.87
d56-d 105 10.89
d0-d 105 10.35
Average daily gain (ADG), kg/d
d0-ds6 044
d56-d 105 0.40°
d0-d105 0.42°
Feed conversion ratio (DMI/ADG)
d0-ds6 408
d56-d 105 8.80°
d0-d 105 5.10°

" Treatments were: HO, basal diet without MetaSmar®; H15, basal diet supplemented with 15 g/d MeteSmart®; H30, basal diet supplemented with 30 g/d MetaSmart®.

2SEM, standard error of the mean.
3Significant at P < 0.05.

abMeans within a row followed by different lower-case letters differ significantly from each other (P < 0.05).

Treatment'

His

724.25
749.10
778.30%

9.85
0.98
0.37

0.44
0.60*
052

24.41
19.04%
0.41%

Hao

72325
750.75
781.30%

0.09
1.01
0.52

0.49
0.62*
0.55¢

20.83
17.89°
19.13°

SEM?

0.39
3.08
3.14

0.16
0.12
0.13

0.05
0.04
0.03

3.13
4.01
1.31

Linear

0.122
0.681
0.019

0.371
0518
0.372

0.500
0.003
0.004

0.484
<0.001
0.007

P-value®

Quadratic

0.302
0.852
0.386

0.509
0877
0713

0.726
0.117
0.387

0614
0734
0.308
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AA® Diet*

Ho His Hao

AA flow, MPe, AA flow, MP, AA flow, MP,

g/d % g/d % g/d %

Met 2790 331 34.60 400 41.20 485
Lys 77.50 9.19 7750 915 77.40 9.11
Arg 6890 8.17 68.90 814 68.80 810
His 20.40 3.48 2030 3.46 2030 345
lle 5780 685 57.80 683 57.70 679
Leu 84.40 100 84.40 007 84.30 992
Phe 56.40 668 56.40 6.66 56.30 663
Thr 5390 639 53.90 637 53.90 634
Tip 18.40 218 18.40 247 18.40 247
Val 65.20 7.73 65.20 7.70 65.10 7.66
Lys: Met 29411 258:1 22111

4 Treatments were: Ho, basal diet without MetaSmart®; His, basal diet supplemented with 15 g/d MetaSmart®; Hso, basal diet supplemented with 30 g/d MetaSmart®.
bAA, amino acid. Met, Methionine; Lys, Lysine; Arg, Arginine; His, Histidine; ll, Isoleucine; Leu, Leucine; Phe, Phenylalanine; Thr, Threonine; Tip, Tryptophan; Val, Valine.
¢MP. metabolizable protein.
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Item? Concentrate Rice straw

Ingredients, % of DM

Wheat bran 300
Corn 270

Wheat 220

Barley 17.0

Fried soybean 3.00

NaCl 0.40

Attractant 020

3% Monensin 0.40

Composition, % of DM

cP 13.9 4.10
EE 416 1.61
NDF 205 685
ADF 631 442
Ash 4.40 146
ME, Mcal’kg 295 1.8
AA Composition, % of total AA

Aspartic acid (Asp) 7.53 108
Threonine (Thr) 341 5.05
Serine (Ser) 423 498
Glutamic acid (Glu) 259 16.1
Proline (Pro) 7.45 4.94
Glycine (Gly) 478 5.73
Alanine (Ala) 5.49 7.10
Cysteine (Cys) 1.00 0.42
Valine (Val) 536 6.58
Methionine (Met) 150 076
Isoleucine (lle) 391 4.86
Leucine (Leu) 822 832
Tyrosine (Tyr) 292 363
Phenylalanine (Phe) 508 6.04
Lysine (Lys) 397 585
Histidine (His) 261 1.84
Arginine (Arg) 6.73 7.1

DM, dry matter; EE, ether extract; CF, crude protein; NOF, neutral detergent fiber; ADF;
acid detergent fiber; ME, metabolizable energy; AA, amino acids.
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Sample

Extraction yield (%)

Carbohydrate (¢/100g)
Protein (%)

Uronic acid (mg/g)
Polyphenol (mg/g)

lodine-potassium iodide
reaction (starch)

Fehiing test (reducing sugars)

Ninhydrin reaction (amino acids
and peptides)

Sugar composition (molar ratic)
Xyl

Ara

Rib

Fru

Man

Gie

Gal

Rha

Fuc

W-ccP

47.26 +5.23

34.41:£264

6.37 £0.35

3.47£0.23

4254004
+

+

WA-CCP

2826 +4.71

8852:+7.53

5.45 %042

727 £235

2.48 4007
+

+

DPP

20.34 £2.15

92.43 + 8.41

364 £0.13

7.67 £1.46

1.04 £0.01
+

+

RPP-1

Recovery (%) 75.72 + 4.61
46.85+3.24
98.14 £ 8,67

N.D.
432076
N.D.

+

N.D.
&

1.0
16
N.D.
N.D.
0.4
27
24
21
N.D.

RPP-2

15.43 £2.35
98.28 +3.36
N.D.
11.18£1.27
N.D.

+

N.D.
+

1.0

1.1
N.D.
N.D.
34
3.1
N.D.
29
N.D.

RPP-3

12,02 + 1.38
97.62 + 4.17
0.14 £ 0.03
19.36 + 2.47
N.D.
N.D.

N.D.
+

10
1.7
10
1.4
13
13
241
27
12

RPP-4

6.73 £ 0.46
97.46 + 3.64
0.43 £ 0.06
2314 £256
N.D.
N.D.

N.D.
+

10
26
14
1.4
22
14
18
38
15

N.D., Not detected; W-CPPs, water-extracted crude pumpkin polysaccharides; WA-CPPs, crude pumpkin polysaccharides extracted by water and alcohol; DPPs, deproteinized pumpkin
polysaccharides; RPPs, refined pumpkin polysaccharides. Each value is expressed as the mean + SD (n = 3).
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Item

pH
NHs-N (mg/clL)
MCP (mg/mL)
VFA, mM
TVFA

Acetate
Propionate
Butyrate
Isobutyrate
Valerate
Isovalerate
AP ratio

CON

8.77
10512
1.86

85.97%
58.26%
18.00*
6.222
1.14
0.64
1.63
3.39

Treatments
LPA LPB
684 6.89
3.43° 4.40°
129 138

44.76°  6554°
20.90°  43.90°
956°  14.22%
202¢ 458
085 096
036 050
147 143
3.17 3.15

LPC

7.06
6.53%
1.15

66.27°
44.57°
13.82°
4.64°
1.01
0.54
1.70
3.28

SEM

0.078
0871
0.157

4.040
2.994
0.866
0.395
0.070
0.044
0.146
0.154

P-Value

0.693
0.045
0.441

0.001
0.003
0.001
0.021
0.573
0.158
0.615
0.534

MCP, Microbial crude protein; VA, Volatile Fatty Acid: TVFA (total Volatie Fatty Acic),
acetate + propionate + butyrate + valerate +isobutyrate +isovalerate; A/Pratio, acetate

to propionate ratio.
a~Cyalues within a row with different superscripts difer significantly at p < 0.05.

Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and
LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.
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Item

CON

Nintake (g/c) ~ 25.90°
Fecal N excretion

od 8.69°
% of N intake 33.46°
Urinary N excretion
od 9,070
%of Nintake ~ 85.01°
N retention

gd 8.14°
% of Nintake ~ 31.44°
BVN (%) 47.31°

BVN, biological value of N.

2P yalues within a row with different superscripts difer significantly at P < 0.05.

Treatments

LPA

2357°

7.812
33.15°

8.14%
34.26%

7.61°
32.50°
48.30°

LPB

24.66°

6.420
26.35°

7.48°
30.34°

10.76*
43.622
58.98%

LPC

23.78°

7.18%
30.19°

7.11°
29.91°

9.50%
39.90°
57.20°

SEM

0113

0.164
1.506

0.336
0.953

0.455
1.063
1.051

P-Value

<0.001

<0.001
<0.001

0.012
0.082

<0.001
<0.001
<0.001

Treatments: CON is 16.79% CP based on nutritional requirements, CP of LPA, LPB, and
LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.
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Item

ADF

CON

67.33®
74.74°
66.45°
50.84%
37.98

Treatments
LPA LPB
62.57° 71.94*
72.66° 85.63*
66.85° 73.96*
47345 62.32°
34.82 41.67

LPC

64.84%
7327°
69.81%
52912
4030

SEM

0.931
2132
2.032
3.021
4.584

P-Value

0.008
<0.001
0.044
0.045
0.545

S, Soluble protein; DM, cry matter; OM, organic matter; CP, crude protein; NDF; neutral
detergent fiber; ADF, acid detergent fiber.
a~Cyalues within a row with different superscripts differ significantly at p < 0.05.

Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and
LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.
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Item

Initial BW (kg)
Final BW (kg)
ADG (kg/d)
DMI (kg/d)
FCR

CON

40.56
46.41
021
097
473

Treatments

LPA

40.53
46.59
0.22
0.95
4.40

LrPB

40.80
47.42
0.24
099
414

LPC

39.59
45.72
0.22
0.95
4.28

SEM

0.837
0.753
0.157
0175
0.212

P-Value

0.964
0.527
0.487
0323
0.149

BW, body weight; ADG, average daiy gain; DM, oy matter intake; FCR, feed conversion
ratio. Treatments: CON is 16.7% CP based on nutrtional requirements, CP of LPA,
LPB, and LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and

29.4, respectively.
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Items

Ingredient, % of DM
Mixed silage'
Comn

Soybean meal
Wheat bran

Urea

Corn protein meal
NaHCO3

Premix?

NaCl

Total

Nutritive level, g/kg
DE (MJ/ kg)®

cP

SP (% of CP)

EE

NDF

ADF

Ash

Ca

P

CON

50
34
5
85
1
05
05
05
100

14.73
166.9
235
335
459.9
ona
1233
46
39

Treatments

LPA

0.5
0.5
05
100

14.65
1586.1
212
346
442.4
266.7
1282
4.4
42

LPB

50
35.65
15
1
02
0.15
05
05
05
100

14.81
155.7
259
345
4712
274.9
1196
45
42

LPC

100

14.76
156.5
29.4
348
4787
276.2
1156
45
44

ICabbage and straw were mixed in 6:4 siage ratio with the adtion of 0.035 g/kg
Lactobacillus plantarum and 0.250 g/kg cellulase.
2Formulated to provide [per kg of dry matter (DM)] Vitamin A 130 KIU, Vitamin D3 30 KIU,
Vitamin E 13 KIU, Fe 0.8g, Mn 1.0g, Zn 3.0g, Cu 0.2g, Se 8mg, and NaCl 100g.

3Calculated according to nutrient requirements of fattening sheep.
DE, digestible energy; OF, crude protein; SP, soluble protein; EE, ether extract; NDF,

neutral detergent fiber; ADF; acid detergent fiber; Ca, calcium; P, phosphorus.

Treatments: CON is 16.7% CP based on nutritional requirements, CP of LPA, LPB, and
LPC is decreased by ~10%, SP proportion (% of CP) 21.2, 25.9, and 29.4, respectively.
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Target

p-actin

Z0-1

Occludin

Claudin

Primer sequence (5*-3)

F:GTGCTATGTTGCTCTAGACTTCG
R:ATGCCACAGGATTCCATACC
F:GCGAACAGAAGGAGCGAGAAGAG
R:.GCTTTGCGGGCTGACTGGAG
F:-TGGCTATGGAGGCGGCTATGG
R:AAGGAAGCGATGAAGCAGAAGGC
F:GCTGGGTTTCATCCTGGCTTCTC
R:CCTGAGCGGTCACGATGTTGTC
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EOs Group Dose(mg/kg)  Animals  Mortality  Survival rate

(numbers)
LEO 1 1500.00 10 0.00 1.00
2 2040.00 10 0.10 0.90
3 2774.40 10 030 0.70
4 3773.20 10 0.60 0.40
5 5131.50 10 1.00 0.00
DEO 1 1,600.00 10 0.00 1.00
2 2240.00 10 020 0.80
3 3136.00 10 0.40 0.60
4 4390.00 10 0.80 0.20
5 6146.00 10 1.00 0.00

LEO, lemon essential oil: DEO, d-limonene essential oil
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Peak

nNo=

Total

RI/min

7.096
8.138

8.627
8.673
9.015
9.078
10.149
10.252
10.4956
11.143

11.529
12,077
12.446
13.494
13.968
14.483

14.899
16.068
16.082
43.279

Name

Alpha.-Pinene
Bicyclof3.1.0lhexare,
4-methylene-1-(1-methylethy)
Beta.-Myrcene

Beta.-Myrcene

Octanal

Beta.-Ocimene

D-Limonene

Cis-.beta.-Ocimene
Gamma.-Terpinene

Cyclohexene,
3-methyl-6-(1-methylethy)

Linalool
1R,4R-p-Mentha-2,8-dien-1-ol
Cis-p-Mentha-2,8-dien-1-ol
2-Isopropenyl-5-methylhex-4-enal
Cis-Dihydrocarvone

Alpha.,4-Dimethyl-3-cyclohexene-1-
acetaldehyde

P-Menthane, 1,2:8,9-dlepoxy
(-)-Carvone

Anethole
Tris(2,4-ci-tert-butylpheny)
phosphate

Area%

2.87
207

2.70
41
0.29
136
83.52
0.10
0.38
0.15

0.55
0.14
0.12
0.09
0.13
0.20

0.10
0.52
0.10
0.52
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Peak  RUmin  Name Area%
1 6919 Bicyclo[3.1.0hex-2-ene, 059
2-methyl-5-(1-methylethy)
2 7427 Apha.-Pinene 428
3 7516 Camphene 026
4 8396 p-pinene 14.69
5 8665  Beta-Myrcene 489
6 9036 1,6-Octadien-3-0l, 3,7-dimethyl, formate 1.14
7 9314 (+)-4-Carene 085
8 10.057 D-Limonene 47.48
9 10586 Gamma.-Terpinene 961
10 10.815  Cyclohexene, 4-methyl-1-(1-methylethenyl) 0.21
1 11,159 Cyclohexene, 1-methyl-1-(1-methyletheny) 1.27
12 11.535  Linalool 038
13 13908 Alpha.-Terpineol 039
14 14475 Decanal 029
15 15.000  Beta.-Citral 355
16 15719 Alpha.-Citral 408
17 17718 Nerol acetate 099
18 18.150  Geranyl acetate 087
19 18.409  Oyclohexane, 1-ethenyl-1-methyl-2,4-bi 0.13
20 19.059 Caryophyllene 0.40
21 19.268  Gamma.-Elemenc 067
22 19825  Humulene 020
23 20414 Bicyclo[7.2.0undec-4-ene, 4,11,11-trim 0.15
24 20600  Nephthalene, 1.2,3,5,67 8 8a-octahycro-1,8a-  0.21
dimethyl-7-(1-methylethenyl)-,
[1R-(1.alpha.,7.beta.,8a.alpha.)]
25 20840  Apha.-Famesene 1.16
26 23.779 Triethyl citrate 0.56
27 28548 Cyclohexane, 1-methylene-4-(1-methyle) 0.13
2 28944  M-Camphorene 032
29 29523 P-Camphorene 020
30 31373 (5,6)2,5-Dimethyl-d-vinylhexa-2,5-die 0.12
Total 100
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— Organic form —] Selenomethlonlne Selenocystelne Hy droxyselenomethionine
'— Inorganic form—| Selenite (Se0,2)| | Selenide (Se?’)| | Selenate (Se0,2)| | Selenium element (Se)

(o]
Selenate
Selenite .
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Excreted via Urine
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c Endogen antioxidants l’ Antioxidant enzymes T
E Location-aggregates within the subsarcolemmal space (glutathione, VA, VC, VE) (SOD, CAT, GPX)
%C Structure-swollen, cristae broken, low matrix density | 2
Mitochondria, Histological & morphological abnormalities
\ \ Free radicals / .\
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{ + chain reactions Mitochondrial C @@ ros 1

 Membrane lipids peroxidation%?g Cytochrome damage Antioxidant
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Phylum

Firmicutes
Bacteroidetes
Verrucomicrobia
Proteobacteria
Actinobacteria
Epsionbacteraeota
Cyanobacteria
Tenericutes
Deferribacteres
Elusimicrobia
Others

/B

Control

45.66+11.95

36.49+4.17
0.04+0.02
1.58+0.44
0.104£0.07
0.37£0.25
4.08+0.55
0.24+0.26
0.01£0.01
0.62+0.15
1.81£0.37
1.63+0.00

HFD

68.15:£9.33 14
26.1746.01 L#
002008
11.11.22 14
0240.12
0.28+0.40
0.10+0.11 J###
0.19+0.14
008+0.13
0.00+001
1.4820.80
3.62+0.01 1

siM

49.47+8.40 |

35.66:£3.42 1
036065

6.00+0.77 |
026+0.25
090049
005002
0.15+0.10
005+0.06
0.000.00
147023

1.142£0.02 | (*,#4)

LIDT

55.0248.41
9.38+1.21 |
1.20+1.33
3.47+£0.99 |
1.33+0.89
0.79£1.70
0.07+0.11
0.23+0.28
0.15£0.21
0.00+0.00
0.12+0.22
1.8240.11 §**

HIDT

27744573 | (** )
25.017.13 1 #
41.46414.71 ti#4
3.03:0.48 |**
0.37£0.17
0.1820.19
0224032
0.00:£0.01
0002017
0.00£0.00
0.20£0.19
0.84:£0.00 4 ()

The diferent symbols represent signifcan diferences between groups. HED, SV, LIDT, HIDT vs. control,p < 0.05,1: p < 0.01,##; p < 0005 #it#; SIM, LIDT, HDT vs. HFD, p <

1 stands for up-regulation; | stands for down-regulation.
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pH Treatment' SEM  P-value

BS-0 BS-33 BS-67 BS-100 L Q
Mean 6.26° 606* 585 550° 0093 0010 0.642
Max 7.02 755 688 692 0113 0701 0.268
Min 573 457 457 473 0246 0176 0.183
<56.8,hvd 371> 9.80% 11.95% 16.56° 1.414 0002 0.760
<5.6,vd 092> 586° 7.20° 13.92% 1.302 <0.001 0.674

Area under 5.8, pH x hd 21.51° 56.86% 69.30° 96.04* 8199 0.002 0.760
Area under 5.6, pH x h/d 5.18° 32.77° 40.30° 77.93% 7.29 <0.001 0.674

"Dietary Barley Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Starch in
Diets Were Provided by Barley; BS-33, 33% Starch in Diets Were Provided by Barley;
BS-67, 67% Starch in Dists Were Provided by Barley; BS-100, 100% Starch in Diets
Were Provided by Barley.

abMean in the same row with different superscripts are dliferent (p < 0.05).

SEM, standard error of mear treatment; L, linear; Q, quadratic.
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Bacteria, log10,16S rRNA copy number/g rumen content

Prevotella brevis
Selenomonas ruminantium
Ruminococeus albus
Ruminococeus flavefaciens
Fibrobacter succinogenes
Butyrivibrio fibrisolvens
Total bacteria

BS-0

11.46
9.89°
10.64*
10.07
9.39
9.34
16.37

Treatment'

BS-33

11.33
9970
10.752
10.21
8.29
8.85
16.34

BS-67

11.57
10.66*
9.69%

1026

8.00

9.16

16.53

BS-100

11.31
10.20%
9.20°
987
9.47
858
15.27

SEM

0.089
0.115
0.353
0.148
0173
0.132
0.079

P value

L

0.749
0.049
0.003
0.696
0.992
0.145
0.869

Q

0.622
0.112
0.394
0.363
0.009
0.855
0.445

"Dietary Barley Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Starch in Diets Were Provided by Barley; BS-33, 33% Starch in Diets Were Provided by Barfey; BS-67,
67% Starch in Diets Were Provided by Bartey; BS-100, 100% Starch in Diets Were Provided by Bariey. *®Mean in the same row with different superscripts are different (p < 0.05).

SEM, standard error of mear

treatment; L, linear; Q, quadratic.
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Items

TVFA, mM

VFA, mol/100mol
Acetate (A)
Propionate (P)
Isobutyrate
Butyrate
Isovalerate
Valerate

AP

NHa-N, mg/ dL
Lactic acid, mg/dL

BS-0

9.75

63.43%
22.43°
0.658
11.32
1.16
1.01
3.09*
2.90
037

Treatments'

BS-33

106.55

63.742
19.67°
0.463
14.66
0.75
0.97
3412
3.01
0.40

BS-67

99.55

5559

s2.07°
0532
872
083
1.34
1.85°
3.06
037

BS-100

94.75

50.71°

35.63*
1.287
10.01
0.97
1.39
1.78°
292
034

SEM

5.354

1.792
2.010
0.168
0.763
0.085
0.000
0.233
0916
0.048

P value

L

0.832

0.004
0.006
0.400
0.066
0.301
0.214
0.005
0.923
0.972

Q

0614

0.391
0384
0.163
0.440
0.014
0.835
0.620
0.549
0.725

"Dietary Berley Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Sterch in
Diets Were Provided by Barley; BS-33, 33% Sterch in Diets Were Provided by Barley;
BS-67, 67% Starch in Diets Were Provided by Barley; BS-100, 100% Starch in Diets
Were Provided by Bartey.
@bMean in the same row with different superscripts are different (o < 0.05).
SEM, standard error of the sample means; T, treatment; L, linear; Q, quadfatic; TVFA, total

volatile fatty acids.
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Items. Treatments' SEM P value

BS-0 BS-33 BS-67 BS-100 L Q

DM 72.65° 69.89° 70.70° 64.87° 0744 <0.001 0.293
oM 7430° 7270° 7279 67.39° 0.666 <0.001 0.128
cP 7892 7841 7946 7731 0464 0457 0383
NDF 6626 60.34° 60.81° 53.58° 1.109 <0.001 0.808
ADF 46.25° 39.71° 4169 28.80° 1.618 <0.001 0322
Starch 9228° 9227* 92:84* 9050° 0311 0026 0.062
GE 7452° 70.96° 71.82° 65.59° 0.853 <0.001 0.533
Digestive 1318 1236° 1254° 11.30° 0135 <0.001 0574
energy

(MJ/kg)

"Dietary Bartey Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Starch in
Diets Were Provided by Barley; BS-33, 33% Sterch in Diets Were Provided by Barley;
BS-67, 67% Sterch in Diets Were Provided by Barley; BS-100, 100% Sterch in Diets
Were Provided by Barley.

ab5\Miean in the same row with diferent superscripts are different (o < 0.05).

SEM, standard error of means; T, treatment; L, linear; Q, quadatic; DM, oy matter; OM,
organic matter; CR, crude protein; NDF, neutral detergent fiber; ADF; acid detergent fiber;
GE, gross energy.
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Items Treatments! SEM P value
BS-0 BS-33 BS-67 BS-100 L Q
Initial BW, kg~ 29.88 29.41 30.05 2959 0210 0859 0.821

Final BW, kg ~ 47.36 46.68 47.08 4558 0.308 0.090 0.651
BWgain, kg 17.48% 17272 1698 1598° 0271 0044 0.691

DMI, kg/d 1.62 1.65 1.65 160 0017 0627 0276
ADG, g/d 277.48% 27411 26058% 253.77° 4314 0044 0.690
F/G 58%°  611®  617%  636° 0070 0025 0650

1Dietary Barley Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Starch in
Diets Were Provided by Barley; BS-33, 33% Sterch in Diets Were Provided by Barley;
BS-67, 67% Starch in Diets Were Provided by Barley; BS-100, 100% Starch in Diets
Were Provided by Bartey.

#5Mean in the same row with different superscripts are different (o < 0.05)

SEM, standard error of means; T, treatment; L, linear; Q, quadratic; BW, body weight;
DM, dry matter intake; ADG, average daily gain; F/G, feed to gain ratio.
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Species

Prevotella brevis

Selenomonas
ruminantium

Ruminococcus
albus

Ruminococcus
flavefaciens

Fibrobacter
succinogenes

Butyrivibrio
fibrisolvens

Total Bacteria

Primer sequences((5'-3)

F:GGTTCTGAGAGGAAGGTCCCC
R°:TCCTGCACGCTACTTGGCTG
F:.CAATAAGCATTCCGCCTGGG

R:TTCACTCAATGTCAAGCCCTGG
F:.CCCTAAAAGCAGTCTTAGTTGG

R:CCTCCTTGCGGTTAGAAC

References

(13)

“3)

39

F:.CGAACGGAGATAATTTGAGTTTACTTAGG (13)

R:CGGTCTCTGTATGTTATGAGGTATTACC

F: GGTATGGGATGAGCTTGC

R: GCCTGCCCCTGAACTATC
FTAACATGAGAGTTTGATCCTGGCTC

R:CGTTACTCACCCGTCCCGC
F.-TCCTACGGGAGGCAGCAGT
R:GGACTACCAGGGTATCTAATCCTGTT

AF represents forward primers, PR represents reverse primers.

“2)

@

40)
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Items

Ingredients (% air-dry basis)
Barley straw

Com

Barley

Com bran

Cottonseed meal

Soybean meal

Caloium bicarbonate

Corn gluten feed

Molasses

Limestone

Salt

Expanding urea

Promix®

Total

Nutrient content®(% DM basis)
oM

ADF
Starch
GE (MJ/kg)

BS-0

15.00
36.00
0.00
15.00
6.00
8.00
0.60
12.00
4.00
1.20
0.70
0.50
1.00
100.00

91.48
93.33
17.04
44.43
13.42
2558
17.62

Treatments®

BS-33

15.00
25.00
16.00
15.00
6.00
8.00
0.60
7.00
4.00
1.20
0.70
0.50
1.00
100.00

91.40
93.15
17.08
41.54
13.04
25.59
17.42

BS-67

15.00
12.00
33.00
15.00
6.00
8.00
0.60
3.00
4.00
1.20
0.70
0.50
1.00

100.00

91.32
93.05
16.94
40.31
14.20
25.50
17.47

BS-100

15.00
0.00
48.00
15.00
6.00
8.00
0.60
0.00
4.00
1.20
0.70
0.50
1.00
100.00

91.81
93.14
1713
41.61
14.00
25.54
17.23

Dietary Bariey Levels Defined by Its Proportion of Starch in Diets: BS-0, 0% Starch in
Diets Were Provided by Barley; BS-33, 33% Starch in Diets Were Provided by Barley;
BS-67, 67% Starch in Diets Were Provided by Barley; BS-100, 100% Starch in Diets

Were Provided by Barley.

The Premix Provided the Following per kg of Diets:Fe 25mg,Mn 40mg,zn 40mg,Cu
8mg,10.3mg, Se 0.2mg, Co 0.1mg, Vs 940 1U, Vp 111 1U, VE 20 1U.
DM, cry matter; OM, organic matter; CR. crude protein; NDF, neutral detergent fiber;
ADF, acid detergent fiber; GE, gross energy.
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vd Ratio of alkaline phosphatase Activity (U/g protein)

5 1.63 & 0.00° 22.36 & 2.32°
9 298 +0.25° 2138 + 2,64
13 6.73 £ 0.58° 21.79 £ 2.83°
17 14.27 £ 1.35° 62.34 & 5.58°
21 16.41 + 0.79° 68.92 + 6.47°

Alkaline phosphatase is a marker enzyme of the brush border differentiated during the
formation of Caco-2 cell monolayer. Akaline phosphatase activity can merk the degree
of diferentiation of cells to a certain extent. With the increase in culture time, alkaline
phosphatase activity i the cells increases, and the cells form polar diferentiation. Each
value was represented as mean  SD of three independent experiments (a <b < <d,
allp < 0.01).
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Papp(x10-%cm/s) Uptake Ratio AP-BL permeation (% of control) BL-AP permeation (% of control)

AP-BL BL-AP
Control 34.56 + 2.46° 4.68 + 0.54* 7.39 £ 0.77¢ 100° 100*
RPP-1 21.79 + 158> 5.58 + 0.45% 3.91 £ 0.27¢ 63.05 + 8.43° 119.23 + 9.36*
RPP-2 34.89 + 2.48° 457 + 0.63* 7.63 + 0949 100.96 + 9.38° 97.65 + 8.24*
RPP-3 12.79 + 1.28° 7.37 +£0.63° 1.74 +£0.15% 37.01 + 259° 157.48 + 14.53°
RPP-4 17.21 £ 2.04% 6.54 + 0.47% 263 +021° 69.8 + 80° 189.74 + 12.62°

Each point represents the mean = SD for at least three independent monolayers (a < b < ¢ < d, allp < 0.01). The uptake ratio (UR) i the ratio of absorption permeabilty to secretion
permeabilty, which can be expressed as (Papp, p—a1/Papp, B1-4p). AP-BL, apical-to-basolateral: BL-AP, basolateral-to- apical.
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Gut microbiome

Clostridiurm lepturn (59)

Faecalibacterium
prausnitzii (60, 61)

Roseburia (60, 61)

Bifidobacterium (62)
Lactobacillus (62)
Clostridlu buytricum

(62)
Akkermansia (63)

Ruminococcaceae (64)

Years

2013

2014
2011

2014
2011

2013

2013

2013

2010

2021

Country

Indian

Belgium

Belgium

UK
UK
UK

Australia

China

Sample size

17 HC; 20CD; 22 UC

127 UG and 87 HC
68CD and 139 HC

127 UC and 87 HC
68CD and 139 HC

33UG; 18 HC

33UC; 18 HC

33UC; 18 HC

20 HC; 20 UC; 26 CD

89UC; 33 HC

Age

CD:31.2y; UC: 384y
HC:31.1y

HC: 415y (30-58);

UC: 43 y (32-65)

CD: 45 y (25-76)
Unaffected relatives: 52
y (14-86)

Control: 50'y (28-78)
HC: 415y (30-58);

UC: 43 y (32-65)

CD: 45 y (25-76)
Unaffected relatives: 52
y (14-86)

Control: 50y (26-78)
UC: 53y (19-81); HC:
57.5y(19-81)

UC: 53y (19-81); HC:
57.5y(19-81)

UC: 53y (19-81)

HC: 575y (19-81)
HC: 53y (22-84); UC:
48y (24-71)

CD: 38y (19-74)

HC: 865 y; UC: 43 + 3
y

Microbiology
assessment

Real-time PCR; TTGE

DGGE; Real-time PCR

DGGE; Real-ime PCR

Real-time PCR

Real-time PCR

Real-time PCR

Real-time PCR

16s sequencing

Abundance in
1BD

Active
UC/quiescence
uc

NS

Active
CD/quiescence
cD

NS

NA

NA

NA

NA

UC, patients with UC; CD, patients with CD; HC, healthy people; TTGE, temporal temperature gradient electrophoresis; DGGE, denaturing gradient gel electrophoresis; Real-time PCR, Real-time Quantitative polymerase chain reaction;
NS, no significance; NA, not available; |, decline in quantity.
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Samples Biomarkers Changes
in1BD

Plasma CRP (11, 12) 1

ESR (1) 1

NLR (13) 1
Stool Fecal Calprotectin 1

(14-16)

Calgranulin C (17-20) 1

Stool lactoferrin 1

8,21-23)

Advantages

1. Rapid increase in a short period.
2. Sensitive to inflammation
3. The half-fife is relatively short (about 19 h).

Evaluation verification degree.

1. Used to predict loss of response to IFX in
patients with both CD and UG 2. Has utiity at
nearly every point in IBD management

1. High negative predictive value
2. High sensitivity, helps to determine whether
an endoscopy is needed, which is
cost-effective

3. Good stabilty (~7 days at room
temperature).

1. Similar diagnostic accuracy to FC

2. Only expressed in neutrophils, thus having
better diagnostic performance in IBD

3. Compared with IBD, fecal lactoferrin may be
abetter predictor of IBS.

1. Strong stability, not affected by multiple:
freeze-thaw cycles

2. Strong relationship between SL
concentration and degree of mucosal
inflammation.

Disadvantages

1. Lack of specificity
2. Assays vary in their sensitivity and
definitions of normal cut-off values

3. Expression of CRP is affected by many
factors.

Low sensitivity and specifiity

1. Normal range of NLR has not been
precisely defined

2. Inconsistent with ESR, FC and CRP in
magnitude and significance

3. Impacted by other reasons: age, sex,
menopausal status, and so on.

1. Lower specificty of FG for IBD and other
inflammatory and infectious conditions

2. disease type (CD vs. UC) and disease
location (colitis vs. enteritis) may be
associated with distinct levels of FC.

1. Little research on potential applications
2. Poor at predicting or monitoring responses
10 1BD treatment

3. Weak correlation to ciinical and histological
severity scores of UC patients.

1. Use is mainly limited to research

2. There is alack of the assessment of
responsiveness to disease changes.

CRR, C-reactive protein; ESR, Erythrocyte sedimentation rate; NLR, Neutrophil-lymphocyte ratio; FC, Fecal Calprotectin; IFX, infliximab; SL, stool lactoferrin; IBS, Iritable bowel syndrome;

18D, Inflammatory bowel disease; UC, ulcerative colitis; CD, Crohn's disease.
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Items

SCFAs of ileum, mg/g
Acetate

Propionate

Butyrate

SCFAs of colon, mg/g
Acetate

Propionate

Butyrate

CON

4.48 +0.26°
226 £0.20°
0.18£0.01

4.29 £ 0.06°
2.37 £0.05°
173 £0.11°

Treatment

Zno

436+£021°
2540120
018+ 002

4.39 4 0.08°
2,61+ 0.04°
1.04 & 0.02°

€_Zno

5.92 £0.34%
3.81+£0.30%
0.24 £0.04

6.01:£007°
3.79 £ 006°
1.06 £0.10°

Data were shown as mean % SEM (1 = 6). Different superscriot within 2 row means

significantly different (P < 0.05).

SCFA, short chain fatty acio; CON, basal diet; ZnO, basal diet supplemented with ZnO
2,000 mg Zn/kg); C_ZnO, basal diet supplemented with C_ZnO (500 mg Zn/kg).
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Item Treatment®

! T2 T3
Ingredient, % of DM

Normal corn 830 a5 00
High amylose-corm® 00 415 830
Soybean meal 120 120 12.0
CaHPO, 2H,0 15 15 15
CaC0s 07 07 07
Salt 08 08 08
Premix® 20 20 20
Chemical composition, % of DM

DM 876 872 87.4
DE (KJ/Kg) 155 16.0 16.2
=3 1.4 12,0 120
Total starch 55.1 503 503
Amylose/Total starch 20.83 37.94 64.70
Amylopectin/Total starch 79.17 62.06 35.30
Amylose/amylopectin 0.26 0.61 1.81
Ca (%) 07 07 08
P (%) 03 03 03

Nutritional composition of alfalfa: DM 95.9%, GP 14.5%, NDF 37.2%, ADF 28.1%.

271 (normal com 100%, high amylose com 0%); T2 (normal com 50%, high amylose
com 50%); T3 (normal com 0%, high amylose com 100%). DM, Dry matter; DE, Digestive
energy; CR, Crude protein; TR, total phosphorus.

bHigh amylose-com was provided by Hainan Shanlang Technology Co., Ltd.
(Heikou, Hainar).

©The premix provided the following per kiogram of the diet: MnSO4-H;0 15.33g,
FeS04-7H,0 30g, CuSO4-5H0 26.33g, ZnSO4H,0 15.33g, iodine 0.667 g, selenium
0.67g, cobalt 0.67g, Vitamin A 32,500 U, Vitamin Ds 10,000 1U, Vitamin £ 80 U, Vitamin
Ks 10mg, Vitamin B1 10mg, Vitamin B 25 mg, Vitamin B6 8mg, Vitamin By2 0.075 mg,
biotin 0.600 mg, folic acid 5mg, nicotinamide 100 mg, pantothenic acid 50 mg.
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Items
CON
Growth performance
IBW, kg 704050
EBW, kg 24.30 £0.51°
ADG, g 41210 £85.28°
ADFl, g 70469 + 54.02
F/G 1.71£025°
Diarthea incidence, %
1-3 week 31.90+0.15%
3-6 week 25,10 +0.09°
M 0599 +0.02°

Treatment

Zno

7.0£050
25,67 £ 0,54

444,50 + 33.76°

733.43  46.19
1.65 +0.24°

23.10 4 0.10°
17.30 £0.11°
0.249 £ 0.07°

€_zZnOo

7.0£0.50
26.8 +0.66%
471.50 +29.32*
749.69 + 34.46
1.59 £ 0.22°

22104 0.11°
1550 £ 0.10°
0.234 £0.01°

Data of growth performance and diarthea incicence were shown as mean & SEM (n =
42). Data of /M were shown as mean & SEM (n = 6). Different superscript within a row

means significantly different (P < 0.05).

IBW, initial bodly weight; EBW, end bodyweight; ADG, average daily gein; ADF, average
daily feed intake; F/G, feed to gain ratio; L/M, lactulose/mannitol; CON, basal diet; ZnO,
basal diet supplemented with ZnO (2,000 mg Zrkg); C_ZnO, basal dlist supplemented

with C_ZnO (500 mg Zn/kg).
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Ingredients Content (%) Analyzed nutrient composition Content (%)

Phase 17 Phase 2 Phase 1 Phase 2
Com 61.00 63.25 DE, MJ/kg® 14.79 14.64
Soybean 13.30 15.50 CP, % 17.96 18.10
Pufed full-fat soybeans 1210 8.00 Lysine, % 1.48 138
Fish meal (64.6%) 3.00 4.00 Met, % 0.43 0.41
Whey powder (3.8%) 415 4.00 Thr, % 0.89 085
Soybean oil 278 227 TP, % 0.24 024
Dicalcium phosphate 1.20 066 Ca, % 0.80 070
Limestone 0.85 0.80 ™% 061 054
Salt 0.15 030 AP % 0.41 033
Liys 0.60 045
DL-met 0.12 008
Thr 021 015
Tp 0.04 004
Premix® 050 050
Total 100.00 100.00

Phase 1 referred to the weight of piglets renging from 7 to 11 kg and phase 2 referred to the weight of piglets ranging from 11 to 25 kg. bPremix provided the following per kg of diet:
vitamin A, 12,000 IU; vitamin D3, 3,000 IU; vitamin E, 30 IU; vitamin K3, 2.5 mg; vitamin 812,20.0 g riboflavin, 4.0mg; pantothenic acid, 12.5mg; niacin, 40mg; choline chioride,
400mg; folacin, 0.7 mg; thiamine 2.5 mg; pyridoxine 3.0mg; biotin, 70 ug; Mn, 30mg; Fe, 100mg; Zn, 80mg Zn0); Cu, 90mg; I, 0.25mg; Se, 0.15mg. Digestible energy content of
the diet wes calculated using energy values for the ingredlients obtained from NRC.

DE, digestible energy; CP. crude protein; Met, methionine; Thr, threonine; Trp, tryptophan; Ca, calcium; TP total phosphorus; AR, available phosphorus.
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Effect Model Drugs

Fall blood sugar Patients with type 2 DHM
diabetes

Anti-inflammatory Patients with non-alcoholic ~ DHM

fatty liver disease

, stands for down-regulation.

Dose and time

Oral 970 mg/day
4 weeks

Oral 300 mg/day
12 weeks

Results

GLU, GA, Cystatin G, RBP4

ALT, AST, Y-GT, LDL-c, ApoB, TNF-a, FGF21 §

References
©1)

(92)
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Effect Model Drugs Dose and time Results References

Relieves atherosclerosis ~ Atherosclerotic  DHM Intragastric gavage with 250, TNF-, IL-6, MDA §; GSH-x, CAT T (16)
mice lacking LDL 500 mg/kg/day
receptors 8 weeks
Reduce hematic fat Hyperiipideria  Vine tea flavonoids Intragastric gavage with 100, Cholesterol synthesis ¥; TC, TG, MDA ¥; GSH, SOD, (56)
rats of alcohol 200, 400 mgrkg CAT T; Lipid vacuole area in hepatocytes T;
extraction 30 days Phospholipids ¥
ApoE(-/-Jmice  98% DHM Intragastric gavage with 50,  Hepatic steatosis §; ALT, AST, MDA ¥; CAT, oD T; 57)
100 mg/kg/day p-AMPK
12 weeks
Reduce hematic fat Fat mice 989% DHM Intragastric gavage with 100, TG, TG, LDL-G, MDA ¥; HDL-C, s0D T ©9)
300, 500 mg/kg/day
6 weeks
Reduce hematic fat High-fatmice  98% DHM Intragastric gavage with 125, TG, TG, LDL-G, ALT, AST, MDA ¥; Lipid droplets §; ©9)
250 mg/kg/day HDL-C, SOD &; IL-6, IL-8, TNFa T; SIRT1 §;
16 weeks AMPKmRNA T
sresr1 §; Acct, FAs §; PPARacPT1 T
Promote the reverse ApOE(-/Jmice  DHM Intragastric gavage with 250, - Lipid deposition and cholesterol §; TG, TG in ver ¥; (©0)
transport of cholesterol 500 mg/kg/day ABCGS, ABCGS, CYP7AIMRNA T; ABCGS, Acas T
8 weeks
Relieves atherosclerosis  Atheroscleroic  97.65% DHM  Intragastric gavage with 10, TG, TC, LDL I; HDL-C, MDA ¥; 50D T ©1)
rats 40 mg/kg 24 weeks
High lipid induces DHM Intragastric gavage with 10, HDL, LDL, TC ¥; AS plaque ¥; Beciin—1, LC3-Il, ©2)
atherosclerosis in 40 mg/kg/day Lea-mca T pez ¥
rabbits 24 weeks
Reduce hematic fat Fat mice DHM Intragastric gavage with 125, UCP1 I; WAT brown 1 (63)
250 mg/kg/day
16 weeks
Promotes Browning of Fat mice DHM Intragastric gavage with 125, UCP1, Prdm16 '; AMPK, PGC1a, SitimRNA 1 (64)
adipose tissue 250 mg/kg/day
16 weeks
Improve alcoholic fatty liver High-fat SIRT3 ~ DHM Intragastric gavage with Hepatic steatosis, Inflammation, fat cavitation §; SOD2 (65)
disease knockout mice 300 mg/kg/day 1
12 weeks
Reduce blood sugar Diabetic mice  95.1% DHM Intragastric gavage with 50, Blood sugar ¥; Insuiin T, 7C, 76, LoL &; HOL T (©6)
100, 150 mg/kg/day
4 weeks
Increased insulin sensitivty Diabetic mice  DHM Intragastric gavage with 50, Insulin level T; Serum adiponectin level T; p-PPARy ©7)
100, 200 mg/kg/day level ¥
8 weeks
Alleviate diabetic cognitive  Diabetic mice DHM Intragastric gavage with 125, Oxidative stress in the hippocampus of T2DM mice & ©7)
dysfunction 250 mg/kg/day
16 weeks
Improves insulin resistance  Type 2 diabetic  98% DHM, Vine  Intragastric gavage with Blood sugar ¥; Serum insulin, HOMA-IR ¥; p-Akt, ©3)
mice teaextractof  DHM(100 mg/kg/day), Vine  FGF21, p-AMPK in iver tissue T; Serum insuiin G
decocting tea(50, 100, 200 mg/kg/day) peptide T
cconcentrated 4 weeks
Increased insulin sensitivty High fat induced  DHM Intragastric gavage with 100, Insulin sensitivity T; Liver fat accumulation & ©9)
SDrats 200, 400 mg/kg/day
8 weeks
Increased insulin sensitivity Type 2 diabetic  98% DHM Intragastric gavage with p-IRS-1, p-AKT T Insulin sensitvity T; Loa-1 T, pe2 8 (70)
mice. 50 mg/kg/day
12 weeks
Alleviate diabetic cognitive  Diabetic mice  DHM Intragastric gavage with 125, PI3K, Akt, CREB, BDNF I; Cognitive function T 1)
dysfunction 250, 500 mg/kg/day
16 weeks
Streptozotocin  DHM Intragastric gavage with 125, BDNF T; Blood sugar ¥; Cognitive function in type 2 (@)
(ST2) -induced 250 mg/kg/day diabetic mice T
diabetic mice 16 weeks
Diabetic and DP DHM Intraperitoneal 30 mg/kg/day  Hippocampal P2X7 receptor § (72)
mice 14days
Reduce the inflammatory  Mice with focal  DHM Intragastric gavage with TNF-a §; 5-LOX, LTB4, CysLTs § 73)
response of focal brain /R~ brain I/R injury 500 mg/kg/day
injury 10 days
Relieves cognitive Lead poisoned  DHM Intragastric gavage with 125, CAT, SOD T; Caspase3, Bax ¥; Bot-2 T; TNFo, IL-1B,  (74)
impairment and mouse 250 mg/kg/day NF-xB p65 ¥; Inhibition of p38 signaling
inflammation 12 weeks
Improve the inflammation ~ High fat obese  DHM Intragastric gavage with 50,  MRNA expression of TNF-g, IL-18, IL-6 and IL-10 in (75)
mice 100 mg/kg/day 16 weeks  colon tissue ¥
Reduces oxidative stress  Diabetic rat DHM Intragastric gavage with 160, Blood sugar, BN, SCr §; SOD, HO-1, GsH-Px ; (76)
and inflammation 320, 480 mg/kg/day 16 MDA, Nri2 trans-nuclear ¥; TNF-q, IL-6, IL-18 ¥;
weeks NF-kB ¥; Expression of IKBa protein in kidney T
Aleviate diabetic Streptozotocin  DHM Intragastric gavage with 125, 24 h-Pro, (BUN), Scr ¥; TGF-B1, Smad2, Smad 7 & @
nephropathy and renal (ST2) -induced 250, 500 mg/kg/day 12
fiorosis diabetic mice weeks
Relieves acute inflammation Acute DHM Intraperitoneal 57.5, 115, 230, TNF-«, IL-6, IL-18 4 1L-10 T @7
induced by LPS inflammatory mice 460 mg/kg
Relieved TPA induced ear ~ Ear sweliing DHM External application 230, 460  Inflammatory symptoms ¥ @7
sweling mouse mg/kg

1, stands for up-regulation; Y, stands for down-regulation.
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Effect Model

Protect vascular endothelial  Vascular endothelia-I cell
cells

Improves insulin resistance  Insulin resistant cell
Insulin resistance
HepG2 cells
Enhance glucose uptake i Embryonic fibroblast
adipooytes 3T3-L1 cells
Improved inflammation PCI2

induced by high glucose

Relieves acute inflammation  RAW264.7
induced by LPS

1, stands for up-regulation; Y, stands for down-reguiation.

Drugs
DHM

90% DHM
DHM

DHM

DHM

DHM

Dose and time
37.5, 75, 150, 300uM

110-2-110-5 uM
5,10, 20, 40uM

1,3,10uM
15uM

37.5, 75, 150, 300pM

Results

Protect the Vascular endothelial cell ¥; Blood
cots §; Bawsel-2 1

GLUT4, Aki2 expression T; Adiponectin T
vDA ¥; GAT, ATP, sOD T

p-PPARy273, p-ERK §; Adiponectin T; Insuiin
sensitivity T

PCA2 apoptosis ¥; Bax, caspase-3, p-JNK §;
a2 T

NO release ¥; TNF-a, IL-6, IL-1p ¥; IL-10 T

References

(32)

(33)
(34)

(35)

(36)

@7
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Gene names

Primer sequence/(5'—3’)

Product length/bp

Annealing temperature/°C

GenBank accession number

p62

Nrf2

HO-1

GSH-Px

SOD1

SoD2

Claudin 1

Claudin 8

Occludin

Z0-1

GAPDH

F: CAACTGTTCAGGAGGAGACGA
R: CTGGTGGCAGATGTGGGTA

F: CAGTGCTCCTATGCGTGAA

R: GCGGCTTGAATGTTTGTC

F: CAAGGAGGTACACATCCAAGCC
R: TACAAGGAAGCCATCACCAGCT
F: GAAGTGCGAAGTGAATGG

R: TGTCGATGGTACGAAAGC

F: AACCAGTTGTGTTGTGAGGAC
R: CCACCATGTTTCTTAGAGTGAGG
F: ACGCCACCGAGGAGAAGTACC
R: CGCTTGATAGCCTCCAGCAACTC
F: GAGTCTCCGGTGCATCATTT

R: CAGCTTGCTAGGGAACTTGG

F: GTGCTGCGTCCGTCTTGGCT

R: TCGTCCCCCGTGCATCTGGT

F: CCTTCTGCTTCATCGCTTCCTTA
R: CGTCGGGTTCACTCCCATTAT
F: GGGAGGGTCAAATGAAGACA
R: GGCATTCCTGCTGGTTACAT

F: GCACAGTCAAGGCCGAGAAT
R: GCCTTCTCCATGGTGGTGAA

F, shows forward primer: R, shows reverse primer.

179

109

102

224

139

181

143

79

164

145

151

62

56

56

56

56

62

56

62

56

56

56/62

XM_036156414.1

NM_010902.4

NM_010442.2

X03920.1

NM_011434.2

NM_013671.3

NM_001379248.1

NM_018778.3

NM_001360538.1

XM_036152895.1

XM_036165840.1
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Genus

Bacteroides

Akkermansia
Ruminococcaceae_UCG-005
Clostridlales

Muribaculaceae
Rikenellaceae_RC9_gut_group
Ruminiclostridium_9
Firmicutes

Lachnospiraceae
Parabacteroides
Alloprevotella

Biophila

Intestinimonas

Blautia

Ruminococcaceae
Lachnospiraceae_NKAA136_group
Roseburia

Romboutsia
Ruminococcus_1
Prevotellaceae_UCG-001
Phascolarctobacterium
Desulfovibrionaceae
Bacteroidetes
Subdoligranulum
Erysipelatoclostridium
Ruminococcaceae_UCG-014

Ruminococcaceae_NK4A214_group

Negativibacilus
Lachnospiraceae_UCG-010
Clostridium_sensu_stricto_1
Others

Control

2.44+0.59
0.02+0.01
6.86+4.60
0.65+0.68
12.8246.30
4.76+£0.59
0.84+0.33
4.44£1.10
1.44£0.45
0.55+0.20
4.38+1.15
0.41£0.42
1.656+0.83
0.06+0.01
0.46+0.20
3.43+2.21
0.88+0.56
0.22+0.15
1.86+0.84
5.11£1.30
1.20£0.71
1.33+1.14
5.76+4.28
0.07+0.07
0.22+0.16
3.28+0.80
0.61+£0.01
0.18+0.07
0.16+0.15
0.01£0.02
27.9242.09

HFD

0.66:+1.46 1
0.02+0.02
19.34:4.45 it
9.25:1.46 i
4.28+1.46 L##
0.36:0.10 4 ###
360060 14
4914132
271126 14
0.73+0.07
3.4640.65
3374151 i
1.90:£0.40
1.08£0.41
0.72:0.23
3.1440.38
1.63£0.45
0.79+0.06
3914274 1
0.38:+0.24 | ###
1.40+£0.62
0.3040.20
0.40+0.07 4 ##
0.33+0.07
0.340.16
1.42:£0.30 L
1.04£0.13
0.43+0.16
1.86:£0.52 144
0.3420.11
19.28+5.23

siM

22,6045.60 1
0.36:0.65
6.002.40 |
452348 1"
3.60+0.95 | ###
654:£0.48 1
2614221
2374073 4(#,")
1.99£0.24
1.45:£0.68
4.42+1.33
3.89+1.16 1###
1.37£031
2244086
0.76+0.32
0.74+0.63 4" )
1.26+0.66
1.08£0.58
0.63:£0.54 |*
0.75:0.14 | ##it
2.00+0.46
046050
0.50+0.11 | ##
0.42+0.19
0.14£0.12
091036 4
056024
0.25+0.12
1.54+0.62 1#4#
05120.18
17.38+2.45

LDT

7.6741.35 14
0.430.11
3.60£0.84 4"
2.64£0.77
1.7242.78 |t
0.68:£0.48 | i
2884125
0.69:£0.28 4(###,"™")
2.67£0.49 14
1.500.66
1.0641.55 L
230069
220035
270£2.73 14
1.26:£0.23 14
0.33+£0.43 J(*,#)
1224038
2.671.33 1, #itH)
0.01£001 §***
0.02+£0.02 | ###
0.74:0.56
056:£0.40
0.2020.06 | ##
2.95::1.94 i
2.08:+2.68 14
0.20£0.09 4 #it#
1274059
1.64£1.38 1
1.54+051 t###
3.904.91
21.6646.16

HIDT

12.1240.28 t###
4971502 10 )
2154079 4™
8724252
2.79+1.31 [###
3.42:1.40
1.34+0.42 |*
1.50£1.67 L (#,)
065021 4
1.46:£0.68
2374116
2334132
1.91£0.43
0.34:0.20
1.38£0.72 t#
059059 4" #)
068033
0.96:£0.49
0.01£1.01 ™
0.31:£0.00 | ###
1.22£0.46
0754023
0.44+0.01 J##
0.43+0.47
1.07£0.64
0.05:£0.05 Lt
191416
0.69:£0.40
0.33+0.38 |
089096
15.58+10.12

The different symbols represent significant dfferences between groups. HFD, Sil, LIDT, HIDT vs. control, p < 0.05,; p < 0.01,#; p < 0.005,###; SIM, LIDT, HIDT vs. HFD, p <

0.05,; p < 0.01,

< 0.005,**". 1 stands for up-regulation; | stands for down-regulation.
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Compound

Acetone crude
leaf extracts of
Syzygium and
Eugenia
(Myrtaceae)
Anethole

Aqueous neem
fruit extracts
Astragalus
polysaccharide

Astragalus
polysaccharide

Baicalin-aluminum
complexes

Baicalin

Bamboo vinegar
powder

Betaine

Black pepper
extract

Cactus (O. ficus-
indica)

Chicory root inulin
extract

Dried chicory root
inulin extract
Cultured wild
ginseng root
extracts
Curcumin

Dihydromyricetin

Dried Jerusalem
artichoke
Forsythia
suspensa extract
Chito-
oligosaccharide
Garcinol

Ginseng
polysaccharides
Grape seed meal

Lentinan

Linseed oil

Murtilla extract

Oleum cinnamomi

Oregano essential
oil
Phytosterols

Puerarin

Radix isatidis
polysaccharide

Resveratrol
Scutellaria
baicalensis
extracts
Selenizing
astragalus
polysaccharide
Tea polyphenols

Tea tree oil

Thymol

Tomatidine

Wakame seaweed
powder
Xanthohumol

Animal
category/cell

Intestinal
epithelial cells

Weaning piglets

Grower pigs

Boar sperm

PAM cell line,
3D4/21 cells

Piglets

Piglet peripheral
blood
monocytes,
Haemophilus
parasuis cell
Growing-
finishing pigs

Finishing pigs

Finishing pigs

Lactating sows

Growing pigs

Boar sperm

Marc-145 cells
and porcine
alveolar
macrophages
IPEC-J2 cells

‘Young pigs

‘Younger pigs

Sows in late
gestation and
lactation

Late pregnancy
and lactation
Weaning piglets

Weaning piglets

Sows in late
gestation and
lactation
Boar sperm

Weaning piglets

Pig(41.87 +
1.23 kg
Weaning piglets

Piglets

Swine testicle
cells

IPEC- J2 cells
Weaning piglets

PK-15 cells

Haemophilus
parasuis cell

Weaning pigs

Piglets

Vero, ST, Marc-
145, BHK-21,
IPEC-J2 cells
From 20-30 kg
to 70 kg
Marc-145 cells
and porcine
alveolar
macrophages

Dosage

10 mg/mL

300 mg/kg

25%

0.25, 0.5,
0.75, 1 mg/
mL

in vitro 20
ug/mL, in
vivo 200 mg/
kg

5mL
contained
BBA 1.36
grams

12.5, 25, 50,
100 pg/mL

1.50%

1250 mg/kg,
2500 mg/kg
0.025%,
0.05%,
0.1%, 0.2%,
0.4%

1%

2%
4%

2.0 mg/mL

5,10, 15
mM

40 uM

4%

100 mg/kg
160 mg/kg
200 or 600
mg/kg
200 mg/kg

8%

84 mg/kg

3.50%

0.0001 to
100 pg/mL

50 mg/kg
0.2%
0.2 grkg

0.5 mg/kg
BW

0.625-
0.078125
mg/mL

0, 25, 50 uM
1000 mg/kg

20, 40 and
60 pg/mL

80, 160 and
320 pg/mL

100 mg/kg

255,51,
153, 510
mg/kg
25,510
uM

1%

1 uM to 20
um

Supplemented ways

Added to cells directly

Coating with corn starch

Spraying extracts with
organic liquid soap
Added to the basal
medium

Administered APS in 0.5%
CMC-Na by gavage

Huangginsulv capsules

Dissolved in and diluted
with RPMI-1640 medium
to treat cells

Diets are mixed with
bamboo vinegar powder

Diets are supplemented
with betaine directly
Diets are supplemented
with extracts directly

Diets are supplemented
directly
Diets are supplemented
directly

Added to sperm directly

Dissolved in DMSO to treat
cells

Dissolved in PBS to treat
cells

Diets are prepared as
pellets of 4 mm diameter
Diets are supplemented
with extracts directly

Diets are supplemented
with extracts directly

Diets are supplemented
with extracts directly
Diets are supplemented
with extracts directly

Added by replacing the
same amount of corn
starch in basal diet
Diets are supplemented
with extracts directly

Added to sperm directly

OCM is well mixed with the
basal diet

Diets are supplemented
with extracts directly

Diets are supplemented
with extracts directly
Dissolved in the liquid milk
replacer

Added to cells directly

Added to cells directly
Prepared with maize starch
and mixed in diet

Prepared by the HNOg-
Na,SeOz method, then is
added to plates directly
Tea polyphenols is diluted
with culture medium.

Prepared with TTO,
coating material and
carrier, then added to diet
Microencapsulated in a
lipid matrix

Dissolved in DMSO and
added to plates

Diets are supplemented
with powder
Added to cells directly

Major biological functions

Antibacterial, protecting intestinal epithelial cells
against enterotoxigenic E. coli bacterial adhesion

Anti-inflammatory, attenuating intestinal barrier
disruption, enriching the abundance of beneficial
flora, improving growth performance

Antiparasitic

Preserving sperm motility, acrosome integrity and
mitochondrial membrane potential, improving

antioxidant capacities,
enhancing ATP levels

Attenuating the immune stress

Altering the overall structure of the gut
microbiomes, reducing the diarrhea rate

Reducing the release of HMGB1 in peripheral
blood monocytes induced by H. parasuis

Promoting the growth and development,
enhancing the ability of the host to absorb food
energy and store more body fat, improving

bacteria abundance

Promoting muscle fatty acid uptake, up-
regulating genes related to fatty acid oxidation
Enhancing the growth performance, nutrient
digestibility, fecal microbial, fecal gas emission,

and meat quality

Increasing LIV in jejunum of weaning piglets,

improving live weight

Modulating energetic metabolism, increasing

anti-oxidative capacity

Improving male reproductive function,
suppressing ROS production

Blocking PRRSV internalization and PRRSV-

mediated cell fusion

Antioxidant, anti-inflammatory, regulate metabolic
pathways, alleviating cell injury induced by DON
Modifying the microbiota ecology in the large

intestine

Modulating intestinal permeability, antioxidant
status and immune function, increasing

performance

Improving the maternal health, antioxidative
status, enhancing growth performance

Improving immunity

Ameliorating histological liver injuries and
oxidative stress exposed to AFB1, improving

bacteria abundance

Antioxidant, reducing apoptosis, improving gut
barrier, relieving RV-induced diarrhea

Increasing immunoglobulins, modifying the fatty

acid composition

Preserving sperm motility, acrosome integrity and
mitochondrial membrane potential, improving

antioxidant capacities,
enhancing ATP levels

Modulating intestinal microbiota, improving

intestinal function

Help pigs tolerate the stress related to harsh,

outdoor, rearing conditions

Improving immunity and anti-inflammatory
activity, ameliorating diarrhea
Exerting antiviral and anti-inflammatory effects

infected with PEDV

Inhibiting PRV replication, preventing infection,

kiling PRV

Attenuating intestinal barrier injury
Attenuating diarrhea, decreasing inflammatory
cytokine expressions, attenuating E.coli K88-
induced acute intestinal injury

Attenuating oxidative stress-induced PCV2

replication

Inhibiting the biofilm formation and the
expression of H. parasuis virulence-related
factors, reducing pathological tissue damage
Benefits on growth performance, nutrient
digestibility, antioxidative capacity and microbial

community profile

Regulating the integrity of the intestinal mucosa,
anti-inflammatory, antioxidant

Inhibiting PEDV replication by targeting 3CL

protease

Improving bacteria abundance, improving the gut

health and immunity

Inhibiting PRRSV proliferation, alleviating
oxidative stress induced by PRRSV

Experimental
duration

60 min

19d

Once a week for 6
weeks
4°C, 10d

60h,20d

Intragastric
administration for 3
d, twice a day

24, 36,48 h

37d

42d

10 weeks

21d

40d

1h

1h

24 h
40d

28d

From the 90" day
of pregnancy to day
21 postpartum
Late pregnancy and
lactation

28d

30d

19d

Gestation of 107" d

to the lactation of
28" d
17°C, 30 minto 6 h

20d

T1,120d
T2,190d
27d

5dand9d

4h,24h,68h

6h
14d

60 h

5h,16h

0-28d

14d

30 minto 16 h

24d,28d,48d

48 h

Reference

(120)

(119)

(185)

(186)

(149)

(122)

(124)

(©8)

®2)

(44)

67)

(103)

(148)

(100)

(74)

(69)
(123)

(112)

(125)

(187)

64)

(107)

(©9)

(104)
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Score Weight loss (%) Stool consistency Occult/gross bleeding

0 None Normal Normal

1 1-5 Normal Normal

2 5-10 Loose stool Hemoccult positive
3 10-20 Loose stool Hemoccult positive
4 >20 Diarrhoea Gross bleeding

Scores were tallied for each category and then divided by 3 to obtain the DAI.
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FRILOTIe Onrs

ADH4

Promoter-PDCT

Terminator-PDC1

Ura3-PDCT

Part of the ORF-
POCT

LOH-
APDCH::LOH

Promoter-ADH

Terminator-ADH1

Urad-ADH1

Part of the ORF-
ADH!

LOH-
AADH1::LOH

“TICTGTTCGGAGATTACCGAATCATGTCTICCGTTACTG
GaTTT

Roverse: GBGGCGGOCGCTGGCAMCCAMCATGGTAGA
Forvard: COOGCGGCCGOCTGACTTTTOGTGTGATGAGG
Roverse:
GATCAATTGGTCCTTCAMGTAGCCATITTGATTG
ATTTGACTGTGT

Forvard:
TCOAAAAGGAATTGCAATTCTAAGCGATTTAATCTG
TANTTATTAGTTAAAGT

Roverse:
CTICAATTTAATTATATCAGTTATTACCCACAACTAGCTTGT
CTTGAGCA

Forvard:
TGCTCAAGACMGCTAGTTGTGGGTAATAACTGATATAA
TTAAATIGAAG

Roverse:
TTACCCAAAGTAATTTCAGACATGATTCGGTAATCTCCGA
ACAGA

Forvard:
TCTGTTCGGAGATTACCGAATCATGTCTGAAKTTACTTTGG
GTAA

Reverse:
GGGGCGGCCGCTAAGTGGTTCTGATACATCTGTCA
Forvard-
ACACAGTCAAATCAATCAAAATGGCTACTTTGAAGGA
CCAATTGATC

Roverse:
ACTTTAACTAATAATTAGAGATTAAATCGCTTAGAATTG
GAATTCCTTTTGGA

Forvard: CCOGCGGCCGCTCCATTTGCCATCTATIGAAGT
Roverse:
“TIGGTCCTICAMGTAGCCATTGTATATGAGATAGTT
GATTGT

Forvard:
TCCAAAAGBAATTGCAATTCTAAGTTGACACTTCTA
AATAAGCGAA

Roverse:
GTICAATTTAATTATATCAGTTATTACCCAACGTCTTGAAG
CTCAGGTAMG

Forveard:
CTTACCTGAGCTTCAAGACGTTGGGTAATAACTGATATAAT
TAAMTIGAAG

Roverse:
AGACCTTTTTGAGTTTCTGGGATAGACATGATTOGGTAAT
CTCCGAACAGA

Forvard:
TCTGTICGGAGATTACCGAATCATGTCTATCCCAGARACT
CAAMAAGGTGT

Roverse: GBGGCGGOCGCGTGATACCAGCACACAAGATG
Forvard:
AGAATCAACTATCTCATATACAATGGCTACTTTGAAGG
ACCAA

Roverse:
TICGCTTATITAGAAGTGTCAACTTAGAATTGCAATT
CCTTTIGGA
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Gene.
Part of the ORE-

ADHA

Promoter-PDCT

Terminator-PDC1

Ura3-PDC

Part of the ORF-
POCH

LOH-
APDC1:

Promoter-ADH1

Terminator-ADH1

Ure3-ADH

Part of the ORF-
ADHI

LOH-
AADH::LOH

Sequence (5'~3)

Forvard:
TICTGTTCGGAGATTACCGAATCATGTCTICCGTTACTG
GGTIT

Roverse: GBGGCGGCOGCTGGCAMCCAMCATGGTAGA
Forvard: CCOGCGGCCGCCTGACTTTTCGTGTGATGAGG
Roverse:
GATCAATTGGTCCTTCARAGTAGCCATITTGATTG
ATTTGACTGTGT

Forward:
TCOAAMMAGGAATTGCAATICTAAGCGATTTAATCTC
TAATTATTAGTTAAAGT

Roverse:
CTICAATITAATTATATCAGTTATTACCCACAACTAGCTTGT
CTIGAGCA

Forvard:
TGCTCAAGACAAGCTAGTTGTGGGTAATAACTGATATAA
TTAMATIGAAG

Roverse:
TTACCCAAAGTAATTTCAGACATGATTCGGTAATCTCOGA
ACAGA

Forvard:
TCTGTTCGGAGATTACCGAATCATGTCTGAAATTACTTTGG
GTAA

Roverse:
GGGGOGGCOGCTAAGTGGTTCTGATACATCTGTCA
Forvard-
AGACAGTCAAATCAATCAAAATGGCTACTTTGAAGGA
CCAATTGATC

Roverse:
ACTTTAACTAATAATTAGAGATTAAATCGCTTAGAATTG
CAATTCCTTTTGGA

Forvard: COOGCGGCCGCTCOATTTGOCATCTATIGAAGT
Roverse:
TIGGTCCTTCAMGTAGCCATTGTATATGAGATAGTT
GATTGT

Forvard:
TCOAAMGGAATTGCAATICTAAGTTGACACTICTA
AATAAGCGAA

Roverse:
CTICAATTTAATTATATCAGTTATTACGCAACGTCTTGAAG
CTCAGGTAAG

Forvard:
CTTACCTGAGCTTCAAGACGTTGGGTAATAACTGATATAAT
TAATIGAAG

Roverse:
ACACCTTTITGAGTTTCTGGGATAGACATGATTCGGTAAT
CTCCGAACAGA

Forvard:
TCTGTTCGGAGATTACCGAATCATGTCTATCCCAGAMACT
CAAMMAGGTGT

Roverse: GBGGCGGCCGCGTGATACCAGCACACAAGATG
Forvard:
ACAATCAACTATCTCATATACAATGGCTACTITGAAGG
ACCAA

Roverse:
TICGOTTATITAGAAGTGTCAACTTAGAATTGCAATT
CCTTTTGGA
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Characteristics ITB(n=9)

Male, n (%) 7 (69.9%)
Median age at diagnosis 44.22 (23-70)
Smoking status
Current, n (%) 7 (77.78%)
Never, n (%) 1(11.11%)
Ex-smoker, n (%) 1(11.11%))
Disease location
Terminal lleal, n (%) 0
Colonic, n (%) 7 (77.78%)
lleocolonic, n (%) 1(11.11%)
Upper gastrointestinal, n (%) 1 (11.11%)
Disease behavior
Non-stricturing, non-penetrating, n (%) 9 (100%)
Stricturing, n (%) 0
Penetrating, n (%) 0

Perianal disease, n (%) 0
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Characteristics

Male, n (%)
Median age at diagnosis
<16 years [A1], n (%)
17-40 years [A2], n (%)
240 years [A3], n (%)
Smoking status
Current, n (%)
Never, n (%)
Ex-smoker, n (%)
Disease activity
Active, n (%)
Mild, n (%)
Moderate, n (%)
Sever, n (%)
Inactive, n (%)
Surgery, n (%)
Disease location
Terminal lleal [L1], n (%)
Colonic [L2], n (%)
lleocolonic [L3], n (%)
Upper gastrointestinal [L4], n (%)
Small bowel, n (%)
Small bowel with lleocolonic, n (%)
Small bowel with Terminal lleal, n (%)
Upper gastrointestinal with lleocolonic, n (%)
Disease behavior
Non-stricturing, non-penetrating [B1], n (%)
Stricturing [B2], n (%)
Penetrating [B3], n (%)
Perianal disease, n (%)
Non-stricturing, non-penetrating with Perianal disease, n (%)
Stricturing with Perianal disease, n (%)
Penetrating with Perianal disease, n (%)

CD (n =103)

72 (69.9%)
28.7 (14-64)
9 (8.7%)
77 (74.8%)
17 (16.5%)

29 (28.2%)
20 (19.4%)
54 (52.4%)

94 (92.3%)
33 (32%)
41 (39.8%)
20 (19.4%)
9 (8.7%)
44 (42.7%)

8 (7.8%)
28 (27.2%)
35 (34%)
3(2.9%)
27 (28.2%)
9 (8.7%)
3(2.9%)
3(2.9%)

55 (53.4%)
34 (33%)
14 (13.6%)
28 (27.2%)
18 (17.5%)
6 (5.8%)
1(1%)

CD-ITB (n = 10)

5 (50%)
28.9 (14-51)
1(10%)

7 (70%)

2 (20%)

2 (20%)
2 (20%)
6 (60%)

Controls (n = 68)

40 (58.8%)
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