

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-959-2
DOI 10.3389/978-2-83251-959-2

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Food, nutrition and microecological health

Topic editors

Xingbin Yang – Shaanxi Normal University, China

Xin Liu – Xi’an Jiaotong University Health Science Center, China

Guifang Tian – Hebei Agricultural University, China

Hong-Bao Li – Xi’an Jiaotong University, China

Citation

Yang, X., Liu, X., Tian, G., Li, H.-B., eds. (2023). Food, nutrition and microecological health. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-959-2





Table of Contents




Editorial: Food, nutrition and microecological health

Xingbin Yang, Xin Liu, Guifang Tian and Hongbao Li

Bifidobacterium animalis subsp. lactis BB-12 Has Effect Against Obesity by Regulating Gut Microbiota in Two Phases in Human Microbiota-Associated Rats

Kemin Mao, Jie Gao, Xianghong Wang, Xiyu Li, Shuo Geng, Tuo Zhang, Faizan Ahmed Sadiq and Yaxin Sang

Prevotella histicola Mitigated Estrogen Deficiency-Induced Depression via Gut Microbiota-Dependent Modulation of Inflammation in Ovariectomized Mice

Furong Huang, Xiujie Liu, Sheng Xu, Sitao Hu, Sisi Wang, Dibang Shi, Kaicheng Wang, Zhongxiang Wang, Qiongqiong Lin, Shan Li, Siyuan Zhao, KeKe Jin, Chuang Wang, Lei Chen and Fangyan Wang

Dynamics of the Gut Bacteria and Fungi Accompanying Low-Carbohydrate Diet-Induced Weight Loss in Overweight and Obese Adults

Dan Yu, Libin Xie, Wei Chen, Jin Qin, Jingjing Zhang, Min Lei, Yue Wang, Hongge Tang, Sujuan Xue, Xinxiu Liang, Zelei Miao, Congmei Xiao, Meishuang Shang, Jie Lu, Hailing Di and Yuanqing Fu

Intestinal Microbiota Contributes to the Improvement of Alcoholic Hepatitis in Mice Treated With Schisandra chinensis Extract

Jun-Yan Xiang, Yan-Yu Chi, Jin-Xin Han, Xinyu Shi, Yong Cai, Hongyu Xiang and Qiuhong Xie

Green Banana Flour Contributes to Gut Microbiota Recovery and Improves Colonic Barrier Integrity in Mice Following Antibiotic Perturbation

Ping Li, Ming Li, Ying Song, Xiaochang Huang, Tao Wu, Zhenjiang Zech Xu and Hui Lu

An Overlooked Prebiotic: Beneficial Effect of Dietary Nucleotide Supplementation on Gut Microbiota and Metabolites in Senescence-Accelerated Mouse Prone-8 Mice

Ting Ding, Meihong Xu and Yong Li

Dietary Nutrition and Gut Microbiota Composition in Patients With Hypertensive Disorders of Pregnancy

Jinran Yu, Bo Zhang, Tingting Miao, Haiting Hu and Yongye Sun

Lactobacillus rhamnosus Encapsulated in Alginate/Chitosan Microgels Manipulates the Gut Microbiome to Ameliorate Salt-Induced Hepatorenal Injury

Zheng Zhang, Jiajian Liu, Mengjie Li, Binbin Yang, Wei Liu, Zhuangzhuang Chu, Bo Cui and Xiao Chen

Oat β Glucan Ameliorates Renal Function and Gut Microbiota in Diabetic Rats

Ruoyu Wang, Zhaofeng Zhang, Sumiya Aihemaitijiang, Chen Ye, Mairepaiti Halimulati, Xiaojie Huang and Haoyuan Qin

Gut Microbiota-Derived Resveratrol Metabolites, Dihydroresveratrol and Lunularin, Significantly Contribute to the Biological Activities of Resveratrol

Fang Li, Yanhui Han, Xian Wu, Xiaoqiong Cao, Zili Gao, Yue Sun, Minqi Wang and Hang Xiao

Xylitol-Containing Chewing Gum Reduces Cariogenic and Periodontopathic Bacteria in Dental Plaque—Microbiome Investigation

Yi-Fan Wu, Eisner Salamanca, I-Wen Chen, Jo-Ning Su, Yu-Che Chen, Sin Yu Wang, Ying-Sui Sun, Nai-Chia Teng and Wei-Jen Chang

Integrated Analysis Reveals the Targets and Mechanisms in Immunosuppressive Effect of Mesalazine on Ulcerative Colitis

Rong Li, Xue Huang, Lu Yang, Xiao Liang, Wenjun Huang, Keng Po Lai and Liming Zhou

A Black Raspberry-Rich Diet Protects From Dextran Sulfate Sodium-Induced Intestinal Inflammation and Host Metabolic Perturbation in Association With Increased Aryl Hydrocarbon Receptor Ligands in the Gut Microbiota of Mice

Pengcheng Tu, Liang Chi, Xiaoming Bian, Bei Gao, Hongyu Ru and Kun Lu

The Effect of Whole-Grain Diet on the Gut Microbiota of the Elderly Individuals

Zeying Cui, Jingtai Li, Yuting Zhen, Pingming Fan and Guankui Du

Reno-Protective Effect of Low Protein Diet Supplemented With α-Ketoacid Through Gut Microbiota and Fecal Metabolism in 5/6 Nephrectomized Mice

Yifan Zhu, Haidong He, Yuyan Tang, Yinshun Peng, Ping Hu, Weiqian Sun, Ping Liu, Meiping Jin and Xudong Xu

The Antidepressant Effect of Deoiled Sunflower Seeds on Chronic Unpredictable Mild Stress in Mice Through Regulation of Microbiota–Gut–Brain Axis

Xiaomeng Lu, Ce Qi, Jie Zheng, Mei Sun, Long Jin and Jin Sun

Dietary compounds in modulation of gut microbiota-derived metabolites

Wuwen Feng, Juan Liu, Hao Cheng, Dandan Zhang, Yuzhu Tan and Cheng Peng

Effect of a diet rich in galactose or fructose, with or without fructooligosaccharides, on gut microbiota composition in rats

Nor Adila Mhd Omar, Johan Dicksved, Johanita Kruger, Galia Zamaratskaia, Karl Michaëlsson, Alicja Wolk, Jan Frank and Rikard Landberg

A cohort study of vitamins contents in human milk from maternal-infant factors

Weicang Qiao, Jingyao Chen, Minghui Zhang, Yaling Wang, Baoyu Yang, Junying Zhao, Tiemin Jiang and Lijun Chen

Different oral and gut microbial profiles in those with Alzheimer’s disease consuming anti-inflammatory diets

Lili Chen, Bixia Wang, Jinxiu Liu, Xiaoqi Wu, Xinhua Xu, Huizhen Cao, Xinli Ji, Ping Zhang, Xiuli Li, Zhaoyi Hou and Hong Li

Effects of addition of 2-fucosyllactose to infant formula on growth and specific pathways of utilization by Bifidobacterium in healthy term infants

John C. Wallingford, Pernille Neve Myers and Cynthia M. Barber

Metagenomic insights into the modulatory effects of kelp powder (Thallus laminariae)-Treated dairy milk on growth performances and physiological lipometabolic processes of kunming mice

Fuguang Xue, Qingnan Mo, Pengyun Ma, Jian Zhang, Shuzhen Wang, Chuanxia Zheng, Yuqin Sun, Minze Liu, Zhengang Yang and Hao Bai

Effects of iron deficiency and iron supplementation at the host-microbiota interface: Could a piglet model unravel complexities of the underlying mechanisms?

Munawar Abbas, Zeynep Hayirli, Hal Drakesmith, Simon C. Andrews and Marie C. Lewis

Folic acid ameliorates alcohol-induced liver injury via gut–liver axis homeostasis

Huaqi Zhang, Yuwei Zuo, Huichao Zhao, Hui Zhao, Yutong Wang, Xinyu Zhang, Jiacheng Zhang, Peng Wang, Lirui Sun, Huizhen Zhang and Hui Liang

Selenium-containing polysaccharide from Spirulina platensis alleviates Cd-induced toxicity in mice by inhibiting liver inflammation mediated by gut microbiota

Ning Zhou, Hairong Long, Lian Yu, Xianghua Xia, Zhenjun Zhu and Xiaoling Liu

Effects of arabinoxylan and chlorogenic acid on the intestinal microbiota in dextran sulfate sodium–treated mice

Minhao Xie, Xianzhu Zhang, Xiaoxiao Wang, Guijie Chen, Jianhui Liu, Xiaoxiong Zeng and Wenjian Yang












	
	TYPE Editorial
PUBLISHED 06 March 2023
DOI 10.3389/fnut.2023.1129273






Editorial: Food, nutrition and microecological health

Xingbin Yang1*, Xin Liu2, Guifang Tian3 and Hongbao Li4


1Shaanxi Engineering Laboratory for Food Green Processing and Safety Control, and Shaanxi Key Laboratory for Hazard Factors Assessment in Processing and Storage of Agricultural Products, College of Food Engineering and Nutritional Science, Shaanxi Normal University, Xi'an, China

2Department of Epidemiology and Biostatistics, School of Public Health, Xi'an Jiaotong University, Xi'an, China

3Department of Food Nutrition and Safety, College of Food Science and Technology, Hebei Agricultural University, Baoding, China

4Department of Physiology and Pathophysiology, Xi'an Jiaotong University, Xi'an, China

[image: image2]

OPEN ACCESS

EDITED AND REVIEWED BY
Clara G. De Los Reyes-Gavilan, Spanish National Research Council (CSIC), Spain

*CORRESPONDENCE
 Xingbin Yang, xbyang@snnu.edu.cn

SPECIALTY SECTION
 This article was submitted to Nutrition and Microbes, a section of the journal Frontiers in Nutrition

RECEIVED 21 December 2022
 ACCEPTED 16 February 2023
 PUBLISHED 06 March 2023

CITATION
 Yang X, Liu X, Tian G and Li H (2023) Editorial: Food, nutrition and microecological health. Front. Nutr. 10:1129273. doi: 10.3389/fnut.2023.1129273

COPYRIGHT
 © 2023 Yang, Liu, Tian 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.



KEYWORDS
gut microbiota, dietary intakes, microecological homeostasis, bioactive ingredients, gastrointestinal health



Editorial on the Research Topic
 Food, nutrition and microecological health




Food nutrition and microecological status play important roles in maintaining physical and psychological health throughout the entire human life. Daily food intake provides us with nutrients, which are processed in the digestive tract and absorbed by intestinal epithelial cells (IECs). Some of the nutrients and the corresponding metabolites interact with the gut microbiota, a key factor for the homeostasis of gastrointestinal microenvironment, and are assimilated by the human body for the energy to run cellular processes and for the building blocks of proteins, lipids, nucleic acids, and carbohydrates. Therefore, understanding bioactive components from food and their influence on microecological health via the crosstalk with gut microbiota has attracted worldwide attention in recent years and has become one of the hotspots in food nutrition, biomedicine, and metabonomics research. Given the importance of this, we have launched this Research Topic named “Food, Nutrition and Microecological Health.” The topic is aimed at addressing the effects of specific food intake and specific food-derived compounds on microbiota alterations in human body, and their potential role in optimizing human health status, preventing and improving non-communicable diseases such as cardiac-cerebral vascular malfunctions, immunosuppression, hyperlipidemia, and hyperglycemia, hopefully to present some examples of “food dependent healthy microecological system.”

After 8 months' call for contributions, 26 papers of pertinence to the topic were accepted as publications on Frontiers in Nutrition, including 24 research articles and two comprehensive reviews. All the reported scientific discoveries addressed the gist of the topic from multiple aspects, ranging from bioactive natural products to toxic chemicals, with the purpose to elucidate the mechanisms of the network where food, nutrition, and microecological health are intensively interlacing. These contributions have provided new evidence on food-related changes in microbiota and the ensuing malfunctions and diseases, which will further promote the scope of precision nutrition and related studies. Here, we selected several papers with outstanding scientific discoveries, in hope of sharing the viewpoints with vast audience from the perspective of microecological health.

Nucleotides (NTs), the building blocks constituting DNA and RNA that account for more than 30% dry weight of human cells, are once considered as the conditional nutrients specially for infants, elderly, and patients in recovery. However, a new discovery has been made by Ding et al. that dietary NTs are able to slow down the senescence progress of SAMP8 mouse by promoting the constitution of gut microbiota. They added NTs to the basal diet of mice, and analyzed the intestinal microbiome and metabolites after 10 months when aging was observed. The findings showed that the supplementation of NTs enhanced the diversity of gut microbiota, while inhibited the bad bacteria (e.g., Verrucomicrobia) and increased the good (e.g., Lactobacillus) ones. As a result, the risk of intestinal microbiota dysbiosis that usually happens to senescent mice was reduced by the intervention of dietary supplementation. Further metabonomics studies revealed that the metabolism processes of histidine, vitamin B6, and linoleic acid were involved in the NT-mediated microecological improvement. Those biological events were closely related to the vitality of Lactobacillus casei, a well-characterized probiotic, and its antagonism against intestinal pathogens. Finally, they concluded that NTs is an overlooked prebiotic, which is able to regulate the imbalance of gut microbiota caused by aging.

A clinical study led by Wallingford et al. discussed the effects of oligosaccharides on healthy infants born in the USA and Honduras. The project was conducted jointly by researchers from Denmark and the US, who added the 2-fucosyllactose (2′ FL), a type of oligosaccharides rich in breast milk, to the infant formula to check if there was any changes in the intestinal microbiome of the infants. They found that, although the addition of 2′ FL failed to promote the growth of the infants, no adversary effects were observed on the formula-fed infants supplemented with level physiologic of 2′ FL. The oligosaccharides mediated modest changes in gut microbiome of the formula-fed infants, toward the direction of the infants fed with breast milk. Bifidobacterium, which has genes that allow intracellular metabolism of 2′ FL, was selectively enriched with the addition of 2′ FL, supporting the prebiotic property of 2′FL when used as a supplementation in infant formula. This study elucidated the nutritional functions of 2′ FL in infants lacking of breastfeeding, shedding the light on the importance of exogenous and endogenous provision of oligosaccharides that could be used as prebiotics.

Another clinical study by Yu et al. including researchers coming from several institutions across China dissected the low-carbohydrate diet-induced weight loss from the perspective of microecological nutrition. They applied 16S rRNA and ITS rRNA sequencing techniques to analyze the changes of gut bacteria and fungi of overweight and obese adults before and after being subjected to the low-carbohydrate dietary intervention (e.g., Atkins diet). More than 90% of the participants achieved weight loss of at least 5% over the course of the diet. The diversity of gut bacteria and fungi increased after a weight loss of 5% and kept stable thereafter, featured by depletion of Lachnoclostridium and Ruminococcus from Firmicutes phylum and increasing of Parabacteroides and Bacteroides from Bacteroidetes phylum. The inter-kingdom analysis found an intensive covariation between gut fungi and bacteria, more than half of them associated with weight loss. The study discovered the links between fungi and bacteria in the diet-caused weight loss, confirming the fact that gut microbiota is a key player in the development of dietary-related metabolic disorders such as obesity.

Schisandra chinensis, a berry fruit native to far east region including the territories of China, Japan, Korea, and Russia, has long been used as tea or prescription of decoctions in traditional Chinese medicine. In alcohol-caused liver diseases featuring with liver steatosis and fibrosis, alcoholic hepatitis (AH) is of high incidence and accounts for more than 50% of short-term mortality. Xiang et al. characterized the components of Schisandra chinensis extract (SCE) using UHPLC-QE-MS, and assayed their hepatoprotective effects on AH mice. They found that SCE significantly ameliorated inflammation and oxidative stress of AH mice, along with fortifying the intestinal barrier function by improving gut microbiota and the corresponding metabolites. Specifically, the abundance of Lactobacillus plantarum and Bifidobacterium breve, serving as the producers of short-chain fatty acids (SCFAs) were increased by the administrations of SCE both in vitro and in vivo. Meanwhile, Escherichia-Shigella, which was markedly enriched in AH mice, was inhibited by SCE, partially contributing to the mitigation of hepatic inflammation, lipid accumulation, and intestinal dysfunction. This study suggested that S. chinensis might be an effective dietary supplement for prevention and treatment of alcohol-caused liver diseases. Another investigation on the alcohol-related liver disease by Zhang et al. was also selected under the current topic in terms of microecological health. They found that folic acid (FA), also known as vitamin B9, is able to mitigate alcohol-induced liver injury via gut-liver axis. FA accelerated lipid deposition, and inhibited alcohol-caused inflammation as evidenced by the decreased the levels of LPS (Lipopolysaccharide), ALT (Alanine aminotransferase), AST (Aspartate transaminase), and TG (Triacylglycerol) in the serum of mice. Besides, Verrucomicrobia, Lachnospiraceae_NK4A136_group, and Akkermansia, which significantly decreased in the mice exposed to the alcohol consumption, were increased when FA was applied. Further correlation analysis showed that the levels of the inflammation-inducing cytokines in liver were highly related to the alteration of gut bacteria that were responsive to the FA supplementation. Bacteroidota, Firmicutes, and unclassified_Lachnospiraceae mainly accounted for the FA-mediated liver restoration, suggesting the pivotal role of gut-liver axis in the progress of alcohol-induced liver damage.

Apart from gut-liver axis, gut-brain axis is also an emerging hotspot for researchers dealing with micronutrition and psychological health. Two papers that fall into this category were enrolled by the current topic. One of them is coming from Lu et al., who contributed a paper titled “The antidepressant effect of deoiled sunflower seeds on chronic unpredictable mild stress in mice through regulation of microbiota-gut-brain axis”. In their study, the deoiled sunflower seeds (DSFS) which are rich in tryptophan, a precursor of serotonin with antidepressant potential, were used as the supplementation to the chow diet of the mice. The results showed that the elevated plasma corticosterone and the reduced hippocampal serotonin, two indexes for the depression-related symptoms, were recovered by the DSFS diet. Besides, DSFS significantly elevated the abundance of the bacteria that were inversely associated with depressive behaviors. Some of them, such as R. flavefaciens, C. scindens, and O. massiiensis were positively related to the production of indoleacetaldehyde, contributing to the delayed consumption of L-tryptophan in the microenvironment of gut. The other work discussing the gut-brain axis in this topic was contributed by Huang et al. from China. They found that P. histicola, an emerging probiotic by recent studies, was able to ameliorate the depression state of the ovariectomized mice by improving the structure of intestinal microbiota. P. histicola significantly increased the abundance of gut microbiota, especially Lactobacillus and Akkermansia. Meanwhile, the cohoused mice were observed with better emotional state and neutral structure compared with the ovariectomized mice, suggesting the estrogen deficiency-induced depression was related to gut-brain axis. Further in-depth investigations showed that P. histicola helped repair intestinal leakage and promoted the expression of neurotrophic factors (BDNF and Ki-67) for hippocampal neurogenesis. The two studies have provided new insights of using nutrients or probiotics to relieve psychiatric disorders without resorting to the chemotherapies that are often accompanied by unpredictable side effects.

Tu et al. from the US investigated whether a black raspberry (BRB)-rich diet could ameliorate the inflammatory bowel disease in mice. Using a mouse model of DSS-induced intestinal inflammation, they found that the intervention of BRB was able to delay and even reverse the inflammation progression in the small intestine. The anti-inflammatory effects were closely related to the modulation of the gut microbiota, especially to those bacteria that could produce AHR ligands in response to the BRB dietary intervention. This study demonstrated again that nutrients from natural products have great potentials to relieve inflammations by restoring the imbalanced gut microecology. Apart from the study on inflammatory bowel disease, two independent research groups both discussed the protective effects of food ingredients on renal damage. Wang et al. found that Oat β glucan, one of the major bioactive substances from oat, was able to modulate the composition of intestinal flora by regulating several metabolism processes, in turn alleviate the inflammatory response, and finally contribute to the postponed progression of nephropathy caused by diabetes. Zhu et al. from Fudan University of China used α-ketoacid as a supplement to low protein diet to assay the effects on the nephrectomized mice. The results showed that the low protein supplemented with α-ketoacid diet (LKD) could delay the adverse effects caused by the renal failure. The mice fed with LKD were observed with increased α-diversity and decreased F/B ratio of gut microbiota compared with that of mice in the control group. Further multi-omics analysis revealed that specific metabolites involving in multiple biosyntheses (such as glycerophospholipid, purine and vitamin B6) were associated with the amelioration effects of LKD on renal damage, which could be ascribed to the regulation of affecting the gut microbiome and fecal metabolic profiles. Results from the three studies put forward a notion of using food-derived interventions to exert prophylactic and therapeutic effects on chronic diseases via affecting intestinal flora and gut homeostasis.

Green banana flour (GBF) is a powder made of unripe bananas that are peeled, chopped, dried, and then ground. GBF has been used as a cheaper alternative to wheat flour in Africa, Jamaica, and some countries in South America. Recent studies show that GBF can be used as a gluten-free replacement for wheat flour, as well as a source of resistant starch, which has been promoted as a prebiotic to exert beneficial effects on gut microbiota. Li et al. found that, the addition of GFB in daily diet contributes to the restorations of gut microbiota and colonic barrier integrity of mice subjected to antibiotic perturbation. The mice were exposed to certain amount of ciprofloxacin and metronidazole once a day for 2 weeks, followed by GBF intervention for another 2 weeks. Compared with the natural recovery, GBF decreased the antibiotic-induced gut permeability by increasing the secretion of mucin, and promoted the growth of Bacteroidales S24-7, Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae that have beneficial effects on gastrointestinal homeostasis. The current study demonstrated that GBF could be used to alleviate the negative effects of antibiotics on gut microenvironment, paving the way of using GBF as a functional food ingredient to shield the gut microbiota and the intestinal barrier from being perturbed by antibiotics. Cui et al. from China contributed a paper investigating the effects of whole-grain diet (WGD) on gut microbiota of elderly individuals. Although they did not observe any changes in the α-diversity of the gut microbiota, WGD affected the abundance of Verrucomicrobia and Firmicutes. The influence of WGD varied significantly in terms of weight and gender, yet the decreased Firmicutes/Bacteroidetes ratio, which is conducive to the homeostasis of the gut microbiota, was observed. Hence, they concluded that WG could improve the microbial composition and promote the growth of beneficial microbes, which may be beneficial to the elderly individuals.

In summary, the studies above-mentioned provided enormous amount of emerging findings on the cross-talk between food components and gut microbe, contributing to beneficial effects on human health and guidelines and further research perspective in terms of precise nutrition. Granted, bad effects from both plant- and animal-derived food should also be discussed and investigated by taking microecological nutrition into consideration. The total 26 papers are certainly not able to cover all the aspects of the current topic. More and more good works with robustness and novelty are expected from researchers worldwide, some of which might be designed and conducted in the following angles:

a. Interactions between specific diet and gut microbiota and the corresponding effects on cardiac-cerebral vascular health, immune activation, arthrosis, hyperlipidemia, hyperglycemia, and hypertension.

b. Bioactive food compounds and their derivatives over the course of digestion, and their functions on gut microbiota and related metabolic processes.

c. Regional speciality food, the particular functional compounds inside and the interplays with gut microbiota.

d. Bioactive substances in food delivery systems, targeting specific intestinal bacteria and the in-depth molecular mechanism.
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Bifidobacterium animalis subsp. lactis BB-12 (BB-12) is an extensively studied probiotics species, which has been reported to improve the human gut microbiota. This study aimed to confirm the effects of BB-12 on high-fat diet (HFD)-induced gut microbiota disorders. The probiotic BB-12 was consumed by human microbiota-associated rats and changes in gut microbiota were compared using next generation sequencing of the fecal samples collected from the normal chow group, the HFD group, and the BB-12-supplemented group. The enterotypes switched from Prevotella dominant to Akkermansia dominant as a result of switching diet from normal chow to HFD. BB-12 conferred protection on the gut microbiota composition of the rats by increasing the abundance of Prevotella and decreasing the abundance of Clostridium, Blautia, and Bacteroides in 0–3 weeks. In addition, Prevotella-dominant enterotype was maintained, which provides improve obesity effects. A decrease in body weight and the Firmicutes/Bacteroidetes ratio were also observed at week 3. While in 4–8 weeks, the enrichment of short-chain fatty acids-producing bacteria such as Eubacterium and Parabacteroides and probiotics such as Bifidobacterium was observed. The results revealed that BB-12 against obesity by regulating gut microbiota in two phases. After a short-term intervention, BB-12 supplementation suppressed the transition from the healthy to obesity state by protecting Prevotella-dominant enterotype, whereas after a long-term intervention, BB-12 ameliorates obesity by enriching beneficial bacteria in the gut.

Keywords: Bifidobacterium animalis subsp. lactis BB-12, gut microbiota, obesity, Prevotella, enterotypes


INTRODUCTION

Obesity is one of the major health crises, especially among children and adults, at the global level. Obese people are at increased risk of morbidity and obesity-related comorbidities such as diabetes, metabolic syndrome, and cardiovascular diseases (1). Human gut microbiota is considered as a key element of good health, as it has marked influence on immune homeostasis and body physiology and functionality. There are multitude of studies, which have provided evidence of its correlation with health and diseases, especially obesity and metabolic disorders (2, 3). Many studies have shown dysbiosis of the human gut microbiota in obese individuals (4). In many previous studies, when germ-free (GF) mice were inoculated with feces or the microbiota of obese human subjects, they developed symptoms such as increased weight and many obesity-associated metabolic phenotypes (5, 6). Dietary elements have the ability to alter the community structure of gut microbiota. A complicated “three-way” connection among gut microbiota, host health, and the environmental inputs has been proposed. Dietary pattern is one of the environmental inputs modifying the composition of the gut microbiota (7). A study showed that dietary change may alter the structure of human gut microbiota up to 57% (8). High-fat diet (HFD) may exacerbate obesity by changing the structure of gut microbiota and by promoting obesogenic bacteria (9, 10); dietary intervention with probiotics may attenuate adipocyte size in mice fed a HFD and control weight gain (11). Thus, improving the gut microbiota is an effective strategy for the prevention and management of diet-induced obesity.

The use of probiotics is one of the main dietary strategies to modulate gut microbiota, as they are generally recognized as safe for human use (12, 13). Most studies have shown that probiotics maintain the intestinal microbiome homeostasis and redress particular disease states associated with microbiota dysbiosis (3, 14). Members of the genus, Bifidobacterium, are widely used as probiotics because of their ability to prevent and treat a wide spectrum of animal and human gastrointestinal disorders such as colonic transit disorders and intestinal infections (15). Bifidobacterium animalis subsp. lactis BB-12 (BB-12) is the most documented probiotic species among all the members of the genus Bifidobacterium because they exhibit excellent gastric acid and bile tolerance, contain bile salt hydrolases, and have strong mucus adherence properties—all the valuable probiotic characteristics (16). BB-12 has been used in a plethora of successful clinical trials on a range of people including infants, children, adults, and elderly and a lot of beneficial effects have been reported such as management of infantile colic (17), improvement of immune system (18), reduction of the risk of infections in early childhood (19), and balancing of the disturbed gut microbiota as a result of severe acute malnutrition (20). Besides, BB-12 has been used in dietary supplements, fermented milk products, and infant formula worldwide (21). There are only a few studies, which have reported the effect of BB-12 in ameliorating obesity. The effects of many other probiotic strains on obesity have been verified and reported; for instance, the influence of probiotic supplementation on reducing body weight, body mass index (BMI), and fat percentage (22–25). Some special probiotics belonging to the genus Lactobacillus [such as L. casei strain Shirota (LAB13), L. gasseri, L. rhamnosus, and L. plantarum] and Bifidobacterium (such as B. infantis, B. longum, and B. breve B3) species have been successfully used to improve obesity and its medical complications in animals (23). Lactobacillus rhamnosus GG supplementation has been reported to reduce the body weight gain in children (26). These studies support that probiotics may ameliorate obesity as a safe and effective methods.

In this study, female GF Sprague-Dawley (SD) rats were used to build human microbiota-associated (HMA) rats, which were used to explore changes in gut microbiota following a feeding response to HFD. The impact of administration of BB-12 on obesity was studied as a dietary intervention strategy. 16S ribosomal RNA (16S rRNA) sequencing was used to evaluate the changes of gut microbiota composition. The purpose of this study is to investigate how BB-12 supplementation could further influence host obesity via modification of the gut microbiota structure and composition.



MATERIALS AND METHODS


BB-12 Preparation

The probiotic strain BB-12 was purchased from Chr Hansen, Denmark and prepared by suspending lyophilized powdered bacteria in sterile water. All the suspensions of BB-12 for oral gavage were freshly prepared.



Human Fecal Microbiota Preparation

Fresh fecal samples were collected from a 49-year-old female volunteer after receiving a written informed consent. The volunteer was a metabolically healthy obese person with BMI 29.3 kg/m2 (27); in addition, the volunteer had no special diet requirements or lifestyle, normal blood lipid profile, normotension, euglycemia and no chronic diseases, and had not taken any antibiotics/probiotics for the last at least 3 months. Then, first feces of the volunteer were collected in the morning and suspended into 0.1 M phosphate-buffered saline (PBS) buffer (pH 7.2), before it was fed to rats.



Rat Models and Sample Collection

All the experimental procedures involving animals in this study were performed according to the principles and guidelines established by the Centers for Disease Control and Prevention, China. GF female SD rats (n = 16, 8 weeks old) were purchased from the Institute of Laboratory Animal Science of Chinese Academy of Medical Sciences (CAMSs) and Peking Union Medical College (PUMC) and raised in sterile microisolators. After a 5-day acclimatization period, the fecal suspension was administered via oral gavage every 2 days for three times to build HMA-rats model. Then, the rats were randomly divided into 3 groups: the normal chow (NC) group (n = 5), the HFD group (n = 5), and the group receiving probiotic supplement (BB-12) (n = 6). HFD was D12492 (containing 60% fat; Research Diets Incorporation, New Brunswick, NJ, USA), while the NC was D1245B (containing 10% fat, Research Diets Incorporation) and the gavage volume of BB-12 was 9 × 107 colony-forming unit (CFU)/kg·body weight (bw). More details are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Group information of HMA-SD rat models. After 5 days of adaptation, human fecal suspension was intragastrically administered every 2 days three times to build the HMA-rats model. Then, the 16 HMA-SD rats were randomly divided into 3 groups for a 8-week trial. The normal chow (NC) group, 8 weeks of NC and daily administration of sterile water gavage, as negative control; the high-fat diet (HFD) group, 8 weeks of HFD and sterile water gavage; the BB-12 group, 8 weeks of HFD and BB-12 gavage. HMA-SD, human microbiota-associated-Sprague-Dawley; SW, sterile water; TKM, Tibet kefir milk; 16S rRNA, 16S ribosomal RNA. Yellow triangle up solid, sampling sites for 16S rRNA sequencing; red triangle up solid, sampling sites for serum lipid profile.


We recorded the body weight and collected feces once a week during this study. All the rats were sacrificed with lethal dose of diethyl ether at the end of 8 weeks and orbital blood samples and colonic contents were collected. All the samples were stored at −80°C until further use, except orbital blood. The blood was centrifuged (3,000 rpm, 20 min) to obtain serum and serum levels of triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were determined using an automatic blood chemical analyzer, Roche Applied Science, Rotkreuz, Switzerland (COBAS INTEGRA 800, Roche).



Analysis of Gut Microbiota by Next Generation Sequencing (NGS)

Microbial DNA was extracted from fecal samples and colonic contents using the DNA Stool Mini Kit (BGI Corporation Ltd., Beijing, China). The V4 hypervariable region of the bacterial 16S rRNA gene was amplified using aliquots of the isolated DNA from each sample using the primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) on an Illumina MiSeq PE250 Platform (Illumina, San Diego, United States). Paired-end reads were first merged to tags and then all the tags were clustered to operational taxonomic unit (OTU) at the 97% sequence similarity level. OTUs were taxonomically classified by the Ribosomal Database Project (RDP) classifier (2.2), which was trained on Greengenes database using 0.18 confidence values as the cutoff.



Statistical Analyses

Statistical analyses were performed using R programming language. The methods described by Arumugam et al. (28) were used for enterotypes (ETs) analysis of gut microbiome. Bacterial functional gene redundancies were predicted with Tax4Fun2 with R package (29). The linear discriminant analysis effect size (LEfSe) algorithm was used to identify the differential abundance of bacterial taxa. The differential Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed with the online interface Galaxy (http://huttenhower.sph.harvard.edu/galaxy). Co-occurrence relationships between the gut microbiota and the different KEGG orthology or gene pathways were determined based on the Pearson's correlation coefficients. A parametric test (one-way ANOVA followed by the Tukey's post-hoc test) was applied when normality assumptions and homogeneity of variance were satisfied. Non-parametric data were assessed using the Wilcoxon rank-sum test. p < 0.05 was considered as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). Graphic presentations were generated using the R package “ggplot 2” (30).




RESULTS


Effect of BB-12 Supplementation on the BW and Blood Lipids

The BW gains of the rats in the HFD group (364.2 ± 11.1 g) were significantly higher than the BW of the rats in the NC group (307.6 ± 12.6 g), which showed that the model of obesity was successfully constructed (Supplementary Figure 1A). The BW of BB-12-fed rat (355.5 ± 4.8 g) was similar to the body weight of HFD rats at week 8. However, at the third week, the body weight was decreased in BB-12-fed rats (298.0 ± 4.7 g) compared with the rats in the HFD group (317.8 ± 8.1 g). As shown in Supplementary Figures 1B–E, there was no significant difference in blood lipid profile as a result of either feeding with a HFD or NC, with or without BB-12.



Effect of BB-12 Supplementation on the Community Structure of Gut Microbiota

16S ribosomal RNA gene sequencing of 159 samples (143 fecal samples and 16 colonic samples) from 16 SD rats was performed. Species richness and alpha diversity were determined with OTUs, which were identified in the fecal samples (Supplementary Figure 2). Observed species and Chao1 indices reflect species richness, while Shannon and Simpson indices represent microbial alpha diversity. The Wilcoxon analysis revealed no significant difference in alpha diversity among the three groups after 8 weeks of feeding period. However, the alpha diversity increased in the BB-12-fed rat group compared with the HFD group at the third week.

Relative abundances of the gut microbiota at the phylum level are given in Figure 2A. A total of 9 bacterial phyla were identified by NGS. Among them, Bacteroidetes, Firmicutes, and Verrucomicrobia were the three most dominant phyla in all the groups. In the NC group, all the three dominant phyla were relatively stable during the feeding period. In the HFD group, Verrucomicrobia increased in the first week, while Bacteroidetes decreased and then remained relatively stable in the following feeding period. In the BB-12-fed rats group, Bacteroidetes showed an increasing trend in the first week and then started decreasing until 4 weeks and became stable afterward. Verrucomicrobia increased in the first 4 weeks and remained stable during the following feeding periods. The correlation analysis between BW and Firmicutes/Bacteroidetes (F/B) ratio is shown in Figure 3, where a weak but significantly positive correlation was found between BW and F/B ratio.


[image: Figure 2]
FIGURE 2. Gut microbiota taxonomic profiles. (A) Relative abundances of microbial composition at the phylum level and relative abundances of top 10 genera; 0–8 represents 0–8 weeks and C represents colonic content samples. (B) Absolute abundances of microbial taxa (genera level) compared between the NC, HFD, and BB-12 groups. Different letters (a or b) above the box indicate significant difference (p < 0.05) or (p < 0.01).



[image: Figure 3]
FIGURE 3. Correlation analysis between body weight and Firmicutes/Bacteroidetes ratio. The graph shows arbitrary data for the NC group (gray circles and density curves), the HFD group (light yellow circle and density curves), and the BB-12 group (light blue circle and density curves).


At the genus level (Figure 2A), a total of 68 bacteria genera were identified in all the groups. Among them, Prevotella, Akkermansia, Bacteroides, Oscillospira, Parabacteroides, Ruminococcus, Clostridium, Phascolarctobacterium, Blautia, and Eubacterium were the top 10 dominant genera in all the groups. In the NC group, bacterial community composition of all the top 10 genera was relatively stable during the feeding period. In the HFD group, changes in bacterial community structure were noticed only a week following feeding. For example, the abundance of Bacteroides and Akkermansia increased in the first week and then remained stable at a high level. An opposite trend was noticed for the abundance of Prevotella, which decreased in the first week and then remained stable at the same low level over the following feeding weeks. In the group, where rats were fed with the BB-12 group, the abundance of Prevotella increased in the first week and then started decreasing until 4 weeks and remained stable whereas the abundance of Akkermansia, Bacteroides, Parabacteroides, Blautia, and Clostridium increased after 4 weeks of BB-12 supplementation.

The absolute abundance analysis (Figure 2B) of bacterial community composition showed distinct abundance profiles of rats as a result of HFD and BB-12 supplementation. Compared with the NC group rats, the absolute abundance of Clostridium, Akkermansia, Blautia, and Bacteroides increased in the HFD group rats, while the abundance of Prevotella decreased in the HFD group rats. Compared with the HFD group rats, changes of gut microbiota in the BB-12-fed rats group could be divided into two parts: (1) period from weeks 1 to 3, in which BB-12 supplementation resulted in a decrease in the absolute abundance of Clostridium, Akkermansia, Blautia, and Bacteroides whereas it resulted in an increase in the abundance of Prevotella and (2) period from weeks 4 to 8, in which there was no significant difference between the HFD group and BB-12 group in terms of these bacterial groups.

Principal component analysis (PCA) is shown in Figure 4. The gut microbiota communities of the rats belonging to the NC group remained relatively stable during the 8 weeks feeding period (Figure 4A). In the HFD group, samples from all the 8 weeks clustered together except for 0 week before feeding test (Figure 4B). In the BB-12-fed rats group (Figure 4C), samples could be divided into 4 clusters from 0 to week 3 and then clustered together in one group from weeks 4 to 8. Weekly distributions between 3 groups were shown in Figures 4E–M. All the samples were clustered together at 0 week (Figure 4D). In all the 8 weeks of the feeding period, rats of the HFD and NC groups could be divided into two clusters. Bacterial absolute abundance pattern in the BB-12-fed rats group was closely related to the NC group rats from weeks 1 to 3 whereas it was close to bacterial absolute abundance pattern in HFD rats from weeks 4 to 8.
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FIGURE 4. Principal component analysis (PCA) of bacterial community composition based on relative abundances of 16S rRNA from 159 samples. (A–C) Show the NC, HFD, and BB-12 group, respectively; letters A–I in the figures represent the fecal samples from 0 to 8 weeks and J represents colonic content samples. (D–L) represent the fecal samples at 0–8 weeks, respectively and (M) represented the colonic contents samples; the numbers 1–3 in (D–M) represent the NC, HFD, and BB-12 group, respectively.


Linear discriminant analysis effect size of colonic contents microbiota is shown in Figure 5. At the genus level, Anaerofustis, Butyricicoccus, Lactonifactor, Oceanobacillus, Prevotella, and Turicibacter were enriched in rats of the NC group. Anaerofilum, Anaerotruncus, Blautia, Butyricimonas, Collinsella, Holdemania, Lactococcus, Morganella, Oscillospira, Planomicrobium, and Proteus were enriched in the HFD group whereas Bacteroides, Bifidobacterium, Clostridium, Eggerthella, Eubacterium, and Parabacteroides were enriched in rats of the BB-12 group.
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FIGURE 5. Linear discriminant analysis (LDA) effect size (LEfSe) analysis of bacterial community composition based on relative abundances of 16S rRNA from 16 colonic contents samples. (A) LEfSe cladogram representing different abundant taxa; and (B) LDA scores as calculated by LEfSe analysis. Only taxa with LDA scores of more than 2 were presented.




Effect of BB-12 Supplementation on ETs

All the 159 samples were divided into 2 clusters: enterotype 1 (ET1) and enterotype 2 (ET2) (Figure 6A). ET1 was dominated by Prevotella as the most enriched genus (Figure 6B) and included 77 samples (Figure 6E). As shown in Figure 6C, Akkermansia was the core genus in ET2, which included 82 samples (Figure 6E). All the samples in the NC group belonged to ET1. In the HFD group, rats could first be characterized as belonging to ET1 at week 0 and then to ET2 at week 1. In the BB-12-fed rats group, rats belonged to ET1 at weeks 0 to 3 could be characterized as belonging to ET2 at week 4. F/B ratio of the ET2 groups was higher than the samples in the ET1 group (Figure 6D). The BW of rats in the two ET groups was analyzed and no significant difference in first 4 weeks was noticed. The BW of rats in the ET2 group was higher than the ET1 group from weeks 4 to 8 (Figure 6F). Manhattan plots were used to examine differences between ET1 and ET2 at the OTU level (Figure 6G). Compared with ET2, 308 OTUs were enriched in ET1 and 283 OTUs were diminished and the differences in OTUs mainly spanned 9 phyla, with the phyla Bacteroidetes and Firmicutes accounting for the majority of the differences.


[image: Figure 6]
FIGURE 6. Enterotype (ET) analysis based on the genus-level bacterial composition of the gut microbiota. (A) 159 samples were divided into two different ETs; (B,C) represent the relative abundance of Prevotella and Akkermansia in each ETs, respectively; (D) represents the Firmicutes/Bacteroidetes ratio into two different ETs; (E) distribution of ETs by each group; (F) represents the body weight in different ETs; (G) Manhattan plot showing OTUs being enriched in ET1 or ET2; each dot or triangle represents a single OTU. OTUs enriched in ET1 or ET2 are represented by filled or empty triangles, respectively (FDR adjusted p < 0.05). OTUs are arranged in taxonomic phylum. OTUs, operational taxanomic units; FDR, false discovery rate; CPM, counts per million; ET1, enterotype 1; ET2, enterotype 2. *p < 0.05; **p < 0.01; ***p < 0.001.




Effect of BB-12 Supplementation on Functional Properties of Bacterial Community

Tax4Fun2 was used to infer functional biological pathways associated with the ETs in bacterial communities. We performed the KEGG analysis of the microbial contents of colon and fecal samples. Tax4Fun2 predicted a total of 7,201 KEGG Orthology (KO) genes from the microbial communities associated with the two ETs. In gut microbiota, the KEGG functions (pathway level 3) of rats in ET1 differed from those in ET2 (Figure 7A). Samples could be grouped into two clusters: cluster 1 and 2, which corresponded to ET1 and ET2, respectively. LEfSe analysis revealed significant differences in pathways in the two ETs. Glycan biosynthesis and metabolism, metabolism of cofactors and vitamins, lipid metabolism, amino acid metabolism, and biosynthesis of other secondary metabolites enriched in the ET2 group and metabolism of terpenoids and polyketides, metabolism of other amino acid, energy metabolism, nucleotide metabolism, xenobiotics biodegradation and metabolism, and carbohydrate metabolism enriched in the ET1 group (Figure 7B).
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FIGURE 7. Prediction of the function of bacterial communities based on 16S rRNA sequencing. (A) The third level of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was shown in the heatmap. (B) Analysis for the KEGG pathway (level 2) using LEfSe.


Correlation between genus (relative abundance >1%) and metabolic pathways was analyzed as shown in Figure 8. Bacteroides, Clostridium, and Parabacteroides showed a strong positive correlation with lipid metabolism (r > 0.7, p < 0.001). Amino acid metabolism, glycan biosynthesis and metabolism, lipid metabolism, and metabolism of cofactors and vitamins showed a strong negative correlation with Prevotella (r < −0.7, p < 0.001).


[image: Figure 8]
FIGURE 8. Heatmap of the Pearson's rank correlation coefficient between the KEGG pathway (level 2) and gut microbiota.





DISCUSSION

Rodent models of HFD-induced obesity are widely used in a plethora of studies, as they mimic human obesity and gut microbiota dysbiosis as a result of consuming fats (31). In this study, the composition of the initial gut microbiota was found to be similar to that of most mammalian gut microbiota with Bacteroidetes and Firmicutes as dominant bacterial groups (32). HFD perturbs the gut microbiota and develops a stable microbial overwhelmed by low levels of Prevotella and a high level of Akkermansia, Bacteroides, Blautia, and Clostridium, which has negative implications on host phenotype, as an example, this microbial consortia lead to an increase in body weight (33). As a major genus in the phylum Bacteroidetes, Prevotella has a direct correlation with die, as more consumption of carbohydrates and fiber leads to an increase in Prevotella content whereas fat and amino acids reduce it (34). In agreement with previous findings, we found a higher level of Prevotella in the NC group rats compared with the HFD group rats. Gut microbiota changes in rate as a result of BB-12 intervention that could be divided into two phases: At 0–3 weeks, structure of the gut microbiota was similar to the microbiota structure of the NC group rats whereas structure of the gut microbiota was similar to the microbiota structure of the HFD group rats from weeks 4 to 8. Some studies have shown that long-term HFD can alter the overall gut microbiota and shape the structure of the gut microbiota (35). So, it can be deduced the similar gut microbiota between the HFD group and the BB-12 group at weeks 4 to 8 may be due to the long-term HFD, which may be difficult for BB-12 to regulate. A higher abundance of Prevotella was observed in the BB-12-supplemented group compared to the HFD group from weeks 0 to 3. One important characteristic of Prevotella is to produce high levels of short-chain fatty acids (SCFAs), which against obesity by increasing energy expenditure in the liver (36, 37). So, increasing the abundance of Prevotella may be attributed to BB-12 supplementation as an effective strategy to improve obesity. In addition, some harmful bacterial contents were also decreased in BB-12-fed rats compared with HFD rats at 0–3 weeks. For instance, Blautia, which is associated with obesity as a result of its ability to produce acetate (38, 39), Clostridium difficile, which leads to healthcare-associated diarrhea by producing virulence determinants (40), and Bacteroides, which is associated with an increasing risk of obesity (41). At the end of the feeding period, the community structure of gut microbiota in the BB-12-fed rats group was similar with the HFD group rats and the similar community structure may be shaped by a long-term HFD induction (42). We also found some beneficial bacteria being enriched in rats of the BB-12-fed group. For example, Eubacterium, which is known for producing butyrate and can attenuate diet-induced obesity, insulin resistance, and hyperlipidemia (43, 44), Parabacteroides species, which have been reported as SCFAs-producing bacteria and exert anti-inflammatory effects (45), and Bifidobacterium, which is beneficial in general health and well-being (46). All the three genera enriched in the BB-12-fed group rats can help to improve obesity and its related disorders. Abundance of Akkermansia increases in the HFD group rats in agreement with previous studies (47, 48) and the increased Akkermansia abundance induced by HFD may help to improve inflammation (49). Most studies have shown a positive association of Akkermansia with the improvement of metabolic disorders (32), especially, Akkermansia muciniphila, which is known as one of the next generation probiotics (50). In fact, the relationship between Akkermansia and obesity is complicated and there are many other factors, such as aging and health status, which affect the abundance of this species in a gut (51). Thus, more mechanistic studies are needed to study the role of this species in obesity.

Enterotypes is one of the important microbial clustering techniques to investigate gut microbiota. ET1, ET2, and ET3 have been identified as the three dominant ETS in the human gut by metagenome sequencing with the dominance of Bacteroides, Prevotella, and Ruminococcus, respectively (28). Studies have shown that ETs are strongly related to long-term dietary habits (52). In this study, we found that the ETs are diet-dependent factors. Microbiota of rats belonging to the NC group with control diet was regarded as ET1 with Prevotella as the dominant genus and rats of the HFD groups had ET2 microbiota with Akkermansia as the dominant genus. BB-12 supplementation protected the Prevotella-dominant ET to against HFD induced. Recent studies have shown that Prevotella-dominant ET shows greater responses than other ETs for the administration of probiotics including the greater reduction of obesity-related markers (53). This suggested that ET was able to maintain a fine interaction with BB-12 supplementation and showed a correlation with HFD-induced obesity.

The F/B ratio proved to be another mean to instigate the gut microbiota of rats. Most studies have shown that the host adiposity is related to an increase in the ratio of F/B because Firmicutes and Bacteroidetes play an important role in metabolism of carbohydrates, lipids, and amino acids (10). In this study, a weak but significantly positive correlation was found between BW and F/B ratio. Besides, it was higher in the HFD group rats than the NC group rats due to the higher abundance of Bacterioides in the NC group. Differences in F/B ratio also existed in the two ETs; the ET2 group had higher F/B ratio than the ET1 group. Previous studies have shown that the F/B ratio is higher in obese individuals than in lean individuals (54). Thus, the changes in ETs corresponded well with changes in the F/B ratio.

Understanding of disruption of the gut microbiota functions is important in the pathogenesis of obesity. 16S rRNA functional annotation and correlation analysis have shown that bacteria from the phyla Firmicutes and Bacteroidetes are associated with carbohydrate metabolism, lipid metabolism, and amino acid metabolism. Studies have shown that gut microbiota can alter amino acids metabolism (aromatic and branched-chain amino acids metabolism), which is associated with insulin resistance and type 2 diabetes (55). Disturbance of lipid metabolism has also been associated with human obesity (56). In this study, we found a difference in the metabolic patterns of the two ETs. Prevotella-dominant ET has been proved to be associated with carbohydrate-rich diet (57). The same results have been achieved in this study, as carbohydrate metabolism was enriched in ET1 as well as it showed a strong positive correlation with Prevotella abundance. It is further illustrated that diet may be an influencing factor for the gut metabolism because of its influence on ETs and BB-12 supplementation provides protection of Prevotella-dominant ETs.

Overall, ET changed from ET1 to ET2 by HFD intervention and marked by a decrease in beneficial bacteria such as Prevotella. For antiobesity, it is necessary to suppress the transition from healthy to obesity as well as to improve from the obese state. BB-12 treatment ameliorated obesity in two different phases; in the first period (weeks 0–3), BB-12 protected the gut microbiota community structure to counteract obesity by promoting the growth of beneficial bacteria (such as Prevotella) and by decreasing the growth of harmful bacteria (such as Clostridium, Blautia, and Bacteroides), which clearly means a suppression of the transition from the healthy state to the obese state. An increase in alpha diversity and a decrease in BW were observed at week 3. In the second period (weeks 4–8), some beneficial bacteria were enriched (such as SCFAs-producing bacteria Eubacterium and Parabacteroides and probiotics Bifidobacterium) in the BB-12-fed rats group compared to the rats of the HFD-fed group, despite similar gut microbiota community structure. Our results provided further evidence of the role of BB-12 in maintaining gut microbiota and in ameliorating obesity through gut microbiota balance.
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Supplementary Figure 1. Body weight and serum lipid levels. (A) The body weight changes during 8 weeks feeding period (mean ± SE), *indicates a statistically significant difference (p < 0.05) between the HFD and NC groups; (B) Total cholesterol (TC), mmol/L; (C) Triglyceride (TG), mmol/L; (D) high-density lipoprotein cholesterol (HDL-C), mmol/L; (E) low-density lipoprotein cholesterol (LDL-C), mmol/L. *p < 0.05, analysis in the Wilcoxon signed-rank test.

Supplementary Figure 2. Gut microbiota richness and diversity. 16S rRNA gene sequencing of 159 samples (143 fecal samples and 16 colonic contents samples) from 16 HMA rats were performed. Observed species and Chao1 indices reflect the richness of species, while he Shannon and Simpson indexes represent microbial alpha diversity.



REFERENCES

 1. Liu J, He Z, Ma N, Chen Z-Y. beneficial effects of dietary polyphenols on high-fat diet-induced obesity linking with modulation of gut microbiota. J Agric Food Chem. (2020) 68:33–47. doi: 10.1021/acs.jafc.9b06817

 2. Wankhade UD, Zhong Y, Kang P, Alfaro M, Chintapalli SV, Piccolo BD, et al. Maternal high-fat diet programs offspring liver steatosis in a sexually dimorphic manner in association with changes in gut microbial ecology in mice. Sci Rep. (2018) 8:16502. doi: 10.1038/s41598-018-34453-0

 3. Sadiq FA. Is it time for microbiome-based therapies in viral infections? Virus Res. (2021) 291:198203. doi: 10.1016/j.virusres.2020.198203

 4. Penrose HM, Heller S, Cable C, Nakhoul H, Baddoo M, Flemington E, et al. High-fat diet induced leptin and Wnt expression: RNA-sequencing and pathway analysis of mouse colonic tissue and tumors. Carcinogenesis. (2017) 38:302–11. doi: 10.1093/carcin/bgx001

 5. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science. (2013) 341:1241214. doi: 10.1126/science.1241214

 6. Jiang S, Huo D, You Z, Peng Q, Ma C, Chang H, et al. The distal intestinal microbiome of hybrids of Hainan black goats and Saanen goats. PLoS ONE. (2020) 15:e0228496. doi: 10.1371/journal.pone.0228496

 7. Zhou J, Tang L, Shen C-L, Wang J-S. Green tea polyphenols modify gut-microbiota dependent metabolisms of energy, bile constituents and micronutrients in female Sprague–Dawley rats. J Nutr Biochem. (2018) 61:68–81. doi: 10.1016/j.jnutbio.2018.07.018

 8. Khan MS, Ikram M, Park JS, Park TJ, Kim MO. Gut microbiota, its role in induction of Alzheimer's disease pathology, and possible therapeutic interventions: special focus on anthocyanins. Cells. (2020) 9:853. doi: 10.3390/cells9040853

 9. Jain A, Li XH, Chen WN. Similarities and differences in gut microbiome composition correlate with dietary patterns of Indian and Chinese adults. AMB Express. (2018) 8:104–104. doi: 10.1186/s13568-018-0632-1

 10. Luo Q, Cheng D, Huang C, Li Y, Lao C, Xia Y, et al. Improvement of colonic immune function with soy isoflavones in high-fat diet-induced obese rats. Molecules. (2019) 24:1139. doi: 10.3390/molecules24061139

 11. Heo J, Seo M, Park H, Lee WK, Guan LL, Yoon J, et al. Gut microbiota modulated by probiotics and garcinia cambogia extract correlate with weight gain and adipocyte sizes in high fat-fed mice. Sci Rep. (2016) 6:33566. doi: 10.1038/srep33566

 12. Reid G, Sanders ME, Gaskins HR, Gibson GR, Mercenier A, Rastall R, et al. New scientific paradigms for probiotics and prebiotics. J Clin Gastroenterol. (2003) 37:105–18. doi: 10.1097/00004836-200308000-00004

 13. Sanders ME, Akkermans LMA, Haller D, Hammerman C, Heimbach J, Hörmannsperger G, et al. Safety assessment of probiotics for human use. Gut Microbes. (2010) 1:164–85. doi: 10.4161/gmic.1.3.12127

 14. Krumbeck JA, Maldonado-Gomez MX, Ramer-Tait AE, Hutkins RW. Prebiotics and synbiotics: dietary strategies for improving gut health. Curr Opin Gastroenterol. (2016) 32:110–9. doi: 10.1097/MOG.0000000000000249

 15. Picard C, Fioramonti J, Francois A, Robinson T, Neant F, Matuchansky C. Review article: bifidobacteria as probiotic agents - physiological effects and clinical benefits. Alimen Pharmacol Ther. (2005) 22:495–512. doi: 10.1111/j.1365-2036.2005.02615.x

 16. Jungersen M, Wind A, Johansen E, Christensen JE, Stuer-Lauridsen B, Eskesen D. The science behind the probiotic strain Bifidobacterium animalis subsp. lactis BB-12®. Microorganisms. (2014) 2:92–110. doi: 10.3390/microorganisms2020092

 17. Nocerino R, De Filippis F, Cecere G, Marino A, Micillo M, Di Scala C, et al. The therapeutic efficacy of Bifidobacterium animalis subsp. lactis BB-12(®) in infant colic: a randomised, double blind, placebo-controlled trial. Alimen Pharmacol Ther. (2020) 51:110–20. doi: 10.1111/apt.15561

 18. Rizzardini G, Eskesen D, Calder PC, Capetti A, Jespersen L, Clerici M. Evaluation of the immune benefits of two probiotic strains Bifidobacterium animalis ssp. lactis, BB-12® and Lactobacillus paracasei ssp. paracasei, L. casei 431® in an influenza vaccination model: a randomised, double-blind, placebo-controlled study. Br J Nutr. (2012) 107:876–84 doi: 10.1017/S00071145110042X

 19. Taipale TJ, Pienihäkkinen K, Isolauri E, Jokela JT, Söderling EM. Bifidobacterium animalis subsp. lactis BB-12 in reducing the risk of infections in early childhood. Pediatr Res. (2016) 79:65–9. doi: 10.1038/pr.2015.174

 20. Castro-Mejía JL, O'ferrall S, Krych Ł, O'mahony E, Namusoke H, Lanyero B, et al. Restitution of gut microbiota in Ugandan children administered with probiotics (Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis BB-12) during treatment for severe acute malnutrition. Gut Microbes. (2020) 11:855–67. doi: 10.1080/19490976.2020.1712982

 21. Gao J, Li X, Zhang G, Sadiq FA, Simal-Gandara J, Xiao J, et al. Probiotics in the dairy industry—advances and opportunities. Compreh Rev Food Sci Food Safety. (2021) 20:3937–82. doi: 10.1111/1541-4337.12755

 22. Borgeraas H, Johnson L, Skattebu J, Hertel J, Hjelmesaeth J. Effects of probiotics on body weight, body mass index, fat mass and fat percentage in subjects with overweight or obesity: a systematic review and meta-analysis of randomized controlled trials. Obes Rev. (2018) 19:219–32. doi: 10.1111/obr.12626

 23. Abenavoli L, Scarpellini E, Colica C, Boccuto L, Salehi B, Sharifi-Rad J, et al. Gut microbiota and obesity: a role for probiotics. Nutrients. (2019) 11:2690. doi: 10.3390/nu11112690

 24. Cerdó T, García-Santos JA G, Bermúdez M, Campoy C. The Role Of Probiotics And Prebiotics In The Prevention And Treatment Of Obesity. Nutrients. (2019) 11:635. doi: 10.3390/nu11030635

 25. Mazloom K, Siddiqi I, Covasa M. Probiotics: how effective are they in the fight against obesity? Nutrients. (2019) 11:258. doi: 10.3390/nu11020258

 26. Luoto R, Kalliomäki M, Laitinen K, Isolauri E. The impact of perinatal probiotic intervention on the development of overweight and obesity: follow-up study from birth to 10 years. Int J Obes. (2010) 34:1531–7. doi: 10.1038/ijo.2010.50

 27. Eftekharzadeh A, Asghari G, Serahati S, Hosseinpanah F, Azizi A, Barzin M, et al. Predictors of incident obesity phenotype in nonobese healthy adults. Eur J Clin Invest. (2017) 47:357–65. doi: 10.1111/eci.12743

 28. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174–80. doi: 10.1038/nature09944

 29. Wemheuer F, Taylor JA, Daniel R, Johnston E, Meinicke P, Thomas T, et al. Tax4Fun2: prediction of habitat-specific functional profiles and functional redundancy based on 16S rRNA gene sequences. Environ Microbiome. (2020) 15:11. doi: 10.1186/s40793-020-00358-7

 30. Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York City, NY: Springer (2016). doi: 10.1007/978-3-319-24277-4

 31. Bilski J, Mazur-Bialy A, Wojcik D, Magierowski M, Surmiak M, Kwiecien S, et al. Effect of forced physical activity on the severity of experimental colitis in normal weight and obese mice. Involvement of oxidative stress and proinflammatory biomarkers. Nutrients. (2019) 11:1127. doi: 10.3390/nu11051127

 32. Zhang N-N, Guo W-H, Hu H, Zhou AR, Liu Q-P, Zheng B-D, et al. Effect of A Polyphenol-rich Canarium album extract on the composition of the gut microbiota of mice fed a high-fat diet. Molecules. (2018) 23:2188. doi: 10.3390/molecules23092188

 33. Fassarella M, Blaak EE, Penders J, Nauta A, Smidt H, Zoetendal EG. Gut microbiome stability and resilience: elucidating the response to perturbations in order to modulate gut health. Gut. (2020) 70:595–605. doi: 10.1136/gutjnl-2020-321747

 34. Fehlner-Peach H, Magnabosco C, Raghavan V, Scher JU, Tett A, Cox LM, et al. Distinct polysaccharide utilization profiles of human intestinal Prevotella copri isolates. Cell Host Microbe. (2019) 26:680–90.e5. doi: 10.1016/j.chom.2019.10.013

 35. Bibbò S, Ianiro G, Giorgio V, Scaldaferri F, Masucci L, Gasbarrini A, et al. The role of diet on gut microbiota composition. Eur Rev Med Pharmacol Sci. (2016) 20:4742–9. Available online at: http://hdl.handle.net/10807/92885

 36. Jiang W, Wu N, Wang X, Chi Y, Zhang Y, Qiu X, et al. Dysbiosis gut microbiota associated with inflammation and impaired mucosal immune function in intestine of humans with non-alcoholic fatty liver disease. Sci Rep. (2015) 5:8096–6. doi: 10.1038/srep08096

 37. Okouchi R, E S, Yamamoto K, Ota T, Seki K, Imai M, et al. Simultaneous intake of Euglena gracilis and vegetables exerts synergistic anti-obesity and anti-inflammatory effects by modulating the gut microbiota in diet-induced obese mice. Nutrients. (2019) 11:204. doi: 10.3390/nu11010204

 38. Perry RJ, Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, et al. Acetate mediates a microbiome-brain-β-cell axis to promote metabolic syndrome. Nature. (2016) 534:213–7. doi: 10.1038/nature18309

 39. Li B, He X, Lei S-S, Zhou F-C, Zhang N-Y, Chen Y-H, et al. Hypertensive rats treated chronically with N(ω)-Nitro-L-Arginine Methyl Ester (L-NAME) induced disorder of hepatic fatty acid metabolism and intestinal pathophysiology. Front Pharmacol. (2020) 10:1677. doi: 10.3389/fphar.2019.01677

 40. Kuehne SA, Cartman ST, Heap JT, Kelly ML, Cockayne A, Minton NP. The role of toxin A and toxin B in Clostridium difficile infection. Nature. (2010) 467:711–3. doi: 10.1038/nature09397

 41. Urbaniak C, Mcmillan A, Angelini M, Gloor GB, Sumarah M, Burton JP, et al. Effect of chemotherapy on the microbiota and metabolome of human milk, a case report. Microbiome. (2014) 2:24. doi: 10.1186/2049-2618-2-24

 42. Bibbò S, Ianiro G, Giorgio V, Scaldaferri F, Masucci L, Gasbarrini A, et al. The role of diet on gut microbiota composition. Eur Rev Med Pharmacol Sci. (2016) 20:4742–9.

 43. Liu M-T, Huang Y-J, Zhang T-Y, Tan L-B, Lu X-F, Qin J. Lingguizhugan decoction attenuates diet-induced obesity and hepatosteatosis via gut microbiota. World J Gastroenterol. (2019) 25:3590–606. doi: 10.3748/wjg.v25.i27.3590

 44. Lourenço C, Kelly D, Cantillon J, Cauchi M, Yon MA, Bentley L, et al. Monitoring type 2 diabetes from volatile faecal metabolome in Cushing's syndrome and single Afmid mouse models via a longitudinal study. Sci Rep. (2019) 9:18779. doi: 10.1038/s41598-019-55339-9

 45. Liu Y, Du T, Zhang W, Lu W, Peng Z, Huang S, et al. Modified Huang-Lian-Jie-Du decoction ameliorates Aβ Synaptotoxicity in a murine model of Alzheimer's disease. Oxid Med Cell Longev. (2019) 2019:8340192. doi: 10.1155/2019/8340192

 46. Feng Y, Duan Y, Xu Z, Lyu N, Liu F, Liang S, et al. An examination of data from the American Gut Project reveals that the dominance of the genus Bifidobacterium is associated with the diversity and robustness of the gut microbiota. Microbiologyopen. (2019) 8:e939. doi: 10.1002/mbo3.939

 47. Gao Y, Yang L, Chin Y, Liu F, Li RW, Yuan S, et al. Astaxanthin n-octanoic acid diester ameliorates insulin resistance and modulates gut microbiota in high-fat and high-sucrose diet-fed mice. Int J Mol Sci. (2020) 21:2149. doi: 10.3390/ijms21062149

 48. Gao J, Mao K, Wang X, Mi S, Fu M, Li X, et al. Tibet Kefir milk regulated metabolic changes induced by high-fat diet via amino acids, bile acids, and equol metabolism in human-microbiota-associated rats. J Agric Food Chem. (2021) 69:6720–32. doi: 10.1021/acs.jafc.1c02430

 49. Becker SL, Chiang E, Plantinga A, Carey HV, Suen G, Swoap SJ. Effect of stevia on the gut microbiota and glucose tolerance in a murine model of diet-induced obesity. FEMS Microbiol Ecol. (2020) 96:fiaa079. doi: 10.1093/femsec/fiaa079

 50. Cani PD, De Vos WM. Next-generation beneficial microbes: the case of Akkermansia muciniphila. Front Microbiol. (2017) 8:1765. doi: 10.3389/fmicb.2017.01765

 51. Zhou Q, Zhang Y, Wang X, Yang R, Zhu X, Zhang Y, et al. Gut bacteria Akkermansia is associated with reduced risk of obesity: evidence from the American Gut Project. Nutr Metab. (2020) 17:90. doi: 10.1186/s12986-020-00516-1

 52. Hills RDJr, Pontefract BA, Mishcon HR, Black CA, Sutton SC, Theberge CR. Gut microbiome: profound implications for diet and disease. Nutrients. (2019) 11:1613. doi: 10.3390/nu11071613

 53. Song E-J, Han K, Lim T-J, Lim S, Chung M-J, Nam MH, et al. Effect of probiotics on obesity-related markers per enterotype: a double-blind, placebo-controlled, randomized clinical trial. EPMA J. (2020) 11:31–51. doi: 10.1007/s13167-020-00198-y

 54. Mohr AE, Jäger R, Carpenter KC, Kerksick CM, Purpura M, Townsend JR, et al. The athletic gut microbiota. J Int Soc Sports Nutr. (2020) 17:24. doi: 10.1186/s12970-020-00353-w

 55. Neis EPJG, Dejong CHC, Rensen SS. The role of microbial amino acid metabolism in host metabolism. Nutrients. (2015) 7:2930–46. doi: 10.3390/nu7042930

 56. Jo YH, Choi K-M, Liu Q, Kim SB, Ji H-J, Kim M, et al. Anti-obesity effect of 6,8-diprenylgenistein, an isoflavonoid of cudrania tricuspidata fruits in high-fat diet-induced obese mice. Nutrients. (2015) 7:10480–90. doi: 10.3390/nu7125544

 57. De Moraes AC, Fernandes GR, Da Silva IT, Almeida-Pititto B, Gomes EP, Pereira ADC, et al. Enterotype may drive the dietary-associated cardiometabolic risk factors. Front Cell Infect Microbiol. (2017) 7:47. doi: 10.3389/fcimb.2017.00047

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 Mao, Gao, Wang, Li, Geng, Zhang, Sadiq and Sang. 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: 26 January 2022
doi: 10.3389/fnut.2021.805465






[image: image2]
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Background: Estrogen deficiency-induced depression is closely associated with an imbalance in intestinal microbiota and inflammation. Prevotella histicola (P. histicola), an emerging probiotic, apparently improves inflammatory responses. This study aims to verify the antidepressant-like effects of P. histicola and clarify its potential mechanisms.

Methods: Mice were treated with P. histicola and cohousing after ovariectomy (OVX). The changes in depression-like behaviors among mice were examined by behavioral tasks, and alterations in the microbiota were detected through 16S rRNA sequencing. Changes in neuronal injury, protein synthesis, inflammatory factors, intestinal permeability, and nerve proliferation were observed by H&E, Nissl staining, qRT-PCR, western blotting, and immunofluorescence.

Results: P. histicola significantly reduces depression-like behaviors and neuronal damage induced by estrogen deficiency. Additionally, P. histicola significantly increases the abundance of intestinal flora, especially Lactobacillus and Akkermansia. Meanwhile, the cohoused mice also had a better emotional state and neutral structure compared with OVX mice. P. histicola was also found to upregulate tight junction proteins ZO-1, occludin, claudin-1, and MUC2 in the ileum and colon and reduce the levels of inflammatory factors VCAM, MCP-1, IL-6, IL-8, and TNF-α, mainly in the ileum, colon, and decrease the expression of COX-2, TLR4, Myd88, JNK, MCP-1, IL-6, IL-8, and TNF-α in the hippocampus. Moreover, significant downregulation of apoptosis (caspase-3 and caspase-8) and upregulation of neurotrophic factors (BDNF and Ki-67) were observed after P. histicola treatment.

Conclusion: Our data show that P. histicola significantly mitigates depression of OVX mice through improvement in intestinal microbiota to repair intestinal leakage and inhibit central inflammation to promote the expression of BDNF for hippocampal neurogenesis. P. histicola may be therapeutically beneficial for PMD.

Keywords: Prevotella histicola, inflammation, depression, BDNF, microbiota, tight junction protein


INTRODUCTION

Menopause, characterized by the permanent cessation of menstruation, is associated with a series of diseases such as osteoporosis, cardiovascular disease, and breast cancer (1–3). In addition to physical symptoms, many patients suffer from a wide range of psychological impairments, especially depressive disorders, which can aggravate physical injuries. Depression is considered among the most serious diseases in the 21 st century and is listed as the second major cause of disability among humans (4). Estrogen therapy is currently the main treatment for postmenopausal depression (PMD), which can significantly reduce related mental problems (5). However, the long-term use of estrogen is limited, as it may increase the risk of breast cancer, ovarian cancer, stroke, and cardiovascular diseases (6, 7). Therefore, there is an urgent need for an optimal alternative form of therapy with fewer side effects.

In recent years, the role of intestinal microbiota in the “gut–brain” has been increasingly recognized (8) and has been shown to be closely related to depression (9, 10). Previous related studies suggest that dysbiosis can disrupt the intestinal mucosal barrier (11), hypothalamic–pituitary–adrenal axis (12) and neurogenesis (13) to aggravate depression. Although the involvement of gut microbes in the pathogenesis of depression has been well-documented, studies on microbiota in PMD are still in the primary stage. Based on a recent study that reported significant changes in the intestinal flora with hypoestrogenic, Fuhrman et al. (14) found that postmenopausal women with elevated urinary ratio of hydroxylated estrogen metabolites to parent estrogen showed a more diverse gut microbiome. The data of Li et al. (15) showed that the relative abundance of Cyanobacteria which is related to toxin (16) was higher in the ovariectomy (OVX) group compared with the sham group. Therefore, dysbiosis might be a pathogenic factor that exacerbates estrogen deficiency depression.

Neuroinflammation is among the most significant contributing risk factors of depression (17). Proinflammatory cytokines such as interleukin (IL)-1β, IL-8, and tumor necrosis factor-α (TNF-α) among patients with depression have been reported to be significantly upregulated (18, 19). The dysfunction of the intestinal mucosal barrier induced by dysbiosis is involved in the proinflammatory response in depression (20), suggesting that dysbiosis-induced gut leakage contributes to neuroinflammation in depressed animals (21). In addition to neuroinflammation, brain-derived neurotrophic factor (BDNF), an important member of the neurotrophic family, plays a critical role in the regulation of synaptic plasticity and the expression level of monoamine neurotransmitters (22–24). Increasing evidences show that BDNF exerts an antidepressive effect mainly by promoting neuronal proliferation (25). The decreased level of hippocampal BDNF in a rat model of depression was found to inhibit neuronal proliferation (26). Moreover, central inflammation was associated with reduced BDNF, as confirmed by the series of studies on animals and humans (27, 28). Systemic administration of proinflammatory cytokines IL-1β or LPS induced a notable reduction in hippocampal BDNF content in depressive rats (29, 30), with similar results that found in depressive patients exhibiting a decrease in neuroinflammation-induced BDNF (31). Intestinal microbiota studies indicate that dysbiosis may be a contributing factor to the decreased expression of BDNF among depressive mice through inflammatory activation caused by dysbiosis-induced gut leakage (32, 33).

Moreover, a recent OVX animal study showed that ovarian progesterone reduced depression-like behaviors driven by intestinal flora disorder (34). Therefore, it is worth seeking effective methods of PMD therapy based on intestinal microbiota optimization. Prevotella histicola (P. histicola), a gram-negative obligate anaerobic bacterium of the Prevotella genus, was shown to downregulate the proinflammatory cytokine interferon-γ (IFN-γ) and IL-17, reducing the activation of microglia and astrocytes in a model of multiple sclerosis (35). Our recent study showed that the oral application of P. histicola significantly attenuated osteoporosis in an OVX mouse model (1). However, it is not clear whether P. histicola can mitigate estrogen deficiency-induced depression.

This study explores whether P. histicola mitigates estrogen deficiency-induced depression dependent on microbiota-mediated neuroinflammation and neuroprotective effects among OVX mice. Our findings provide a new therapeutic target and an entry point for understanding the biological mechanisms of PMD.



MATERIALS AND METHODS


Animals

All experimental procedures were approved by the Experimental Animal Center of Wenzhou Medical University. Female C57BL/6 mice weighing 20–22 g at 10–12 weeks of age were purchased from Beijing Weitonglihua Experimental Animal Technology Co. Ltd. (Beijing, China). The mice were contained at a constant temperature (22°C ± 2°C), maintained a 12-h light/dark cycle, and allowed free access to food and water. All mice were acclimated for 1 week before the experiment. All experiments were conducted according to the Animal Health Care and Use Guidelines of the Wenzhou Medical University.



Incubation Culture of P. histicola

Anaerobic P. histicola (strain number: DSM19854) from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) was cultured in modified PYG medium (the media component is shown in Supplementary Table 1) at 37°C for 24 h under anaerobic conditions.



Ovariectomy

The mice were randomly divided into Sham, OVX, OVX + P. histicola, and OVX + cohousing (n = 7–8/group) groups. After disinfection with 10% povidone iodine, the skin was exposed to aseptic surgery under anesthesia with an intraperitoneal injection of 4% chloral hydrate (10 mg/kg). An abdominal incision through the skin and muscle of the abdomen was made to remove the bilateral ovaries. In the sham group, similar to the experimental groups, incision to gain access to the abdominal cavity was made. However, only the corresponding volume of fat around the ovary was removed. All the mice were injected with penicillin 50,000 U/D for 3 days and were left to recover for 1 week.



Experimental Design

The open field test (OFT) was conducted every 4 weeks after the operation, and the mice were exposed to a series of behavioral tests and sacrificed 12 weeks later (Figure 1A). To reduce the stress response, the mice were acclimated for at least 30 min after being transported to the laboratory. The experimental apparatus was wiped with 75% ethanol solution before each behavioral test. After all the experiments, the mice were anesthetized with chloral hydrate, after which plasma and tissues were collected for subsequent investigation. The mice were further euthanized upon exhibiting a 20% weight loss or debilitating signs, such as arched back, less movement, and head shrinkage.


[image: Figure 1]
FIGURE 1. P. histicola alleviated the depression-like behaviors in OVX mice. The mice were ovariectomized or sham operated and then given 1 × 109 CFU P. histicola medium per 2 days for 12 weeks. The sham group and OVX group were given the same volume of sterile medium. The depression-like behavior was measured by OFT, EPM, TST, and FST. (A) Schematic diagram of the experimental procedures. (B) Central area time of OFT. (C) Transition times of OFT. (D) Total time in open arms of EPM. (E) Transition times in open arms of EPM. (F) Immobility time of TST. (G). Immobility time of FST. Data are presented as means ± SEM (n = 7–8/group). *p < 0.05, **p < 0.01, ****p < 0.0001.




Cohousing

Three treated and three untreated OVX mice were cohoused in a single cage and maintained for 12 weeks (three cages in total, n = 18).



Behavioral Tests


Open Field Test

The experiment was conducted in a square box (40 cm × 40 cm × 40 cm). The floor was further divided into the central (15 cm × 15 cm) and surrounding areas. All the mice were placed in the surrounding area and allowed to move freely for five min. The time spent in the central area and the frequency of entering the central area were used as indicators to evaluate the degree of depression.



Elevated Plus-Maze Test

An elevated plus-maze (length, 35 cm; width, 5 cm; closing arm height, 20 cm; ground height, 61 cm) was used for this test. Each mouse was placed at the end of the closed arm, with the head facing the center. The time and frequency of the mouse entering the open arm within five min were recorded only when the mouse extended all its limbs into any given arm.



Forced Swimming Test

The forced swimming test (FST) is also a behavior despair-based test. Each mouse was placed in a glass cylinder (diameter, 20 cm; height, 50 cm) containing water at a depth of 30 cm (25°C) and trained to swim for 15 min. After 24 h, the mouse was subjected to a 5-min forced swimming test, during which the immobility time was recorded.



Tail Suspension Test

Under dim light conditions (~40 lx), the mice were suspended using duct tape from a metal bar 1 cm from the start of the tail. The behavior of the mice was recorded using a video camera for five min.




Gut Microbiota Analysis

Mice fecal samples collected at the end of the animal experiments were frozen at −80°C for storage. The gut microbiota was detected using 16S ribosomal ribonucleic acid (16S rRNA) sequencing. Amplification of the 16S rRNA gene extracted from fecal samples was performed using the Illumina MiSeq platform. The alpha diversity index of the intestinal flora was analyzed using Ace, Chao. Principal component analysis (PCA) plots for visualization of UniFrac dissimilarity were generated using the QIIME pipeline. The characteristics of differences were assessed through linear discriminant analysis effect size (LEfSe).



Quantitative Real-Time PCR

Total RNA from hippocampal and intestinal tissues was extracted using TRIzol (Yamei, Shanghai, China). The isolated RNA was reverse-transcribed to cDNA using a kit (Vazyme, Nanjing, China). The cDNA obtained was subjected to PCR using primers designed for interleukin-6 (IL-6), interleukin-8 (IL-8), IL-17, tumor necrosis factor-α (TNF-α), macrophage chemoattractant protein 1 (MCP-1), cysteinyl aspartate-specific proteinase 3 (caspase-3), cysteinyl aspartate-specific proteinase 8 (caspase-8), BDNF, zonula occludens-1 (ZO-1), occludin, claudin-1, recombinant mucin 2 (MUC2), 5-hydroxytryptamine receptor 1A (5-HT1A), 5-hydroxytryptamine receptor 1 B (5-HT1B), dopamine receptor 1 (DA-1), dopamine receptor 2 (DA-2), and β-actin (primer sequences are listed in Supplementary Table 2). Gene expression was determined using the SYBR Green kit (Vazyme, Nanjing, China). All the results were normalized against β-actin expression using the Thermal Cycler Dice Real Time system (TaKaRa Company, Japan).



Western Blotting Analysis

Total protein samples were extracted by treating tissues with RIPA lysis buffer (Biosharp, China). Protein concentration was determined using a Pierce BCA protein detection kit (Beyotime Institute of Biotechnology, Shanghai, China). The protein was separated using 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. After blocking in 5% skimmed milk, it was incubated with the primary antibodies occludin (Proteintech, 27260-1-AP, 1:1000), cyclooxygenase-2 (COX-2) (Proteintech, 66351-1-Ig, 1:1000), BDNF (Proteintech, 28205-1-AP, 1:1000), vascular cell adhesion molecule (VCAM) (Huabio, SA05-04, 1:1000), TLR4 (Bioworld, BS3489, 1:1000), Myd88 (Bioworld, BS3521, 1:1000), phospho c-Jun N-terminal kinase (p-JNK) (Proteintech, 80024-1-RR, 1:1000), JNK (Proteintech, 24164-1-AP, 1:1000), caspase-3 (Cell Signaling Technology, 9662S, 1:1000), and β-Tubulin (Proteintech, 10068-1-AP, 1: 50,000) at 4°C overnight. After washing with TBST three times, the bands were incubated with appropriate antirabbit or antimouse secondary antibodies at room temperature for 1 h. The imprinting was observed via chemiluminescence (Pierce) and an Odyssey imaging system (Li-Cor-Biosciences, NE).



Immunofluorescent Staining

Dewaxed paraffin-embedded sections were hydrated, washed in PBS for 5 min, and placed in boiling citric acid buffer (0.01 mol/L, pH 6.0) to repair the antigens. The sections were incubated with primary antibodies against Iba1 (Novus, NB100-1028, 1:500), ZO-1 (Proteintech, 66378-1-IG, 1:100), Occludin (Proteintech, 27260-1-AP, 1:100), CD68 (Proteintech, 28058-1-AP, 1:100), and Ki-67 (Affinity, AF0198, 1:100) at 4°C overnight. After washing with PBS, the sections were incubated with the secondary antibody at room temperature for 1 hour and washed with PBS. The nuclei were stained with 4', 6-diamino-2-phenylindole (Beyotime Biotechnology, China). Immunofluorescence images were taken using a fluorescence microscope (Olympus, Japan) and analyzed using ImageJ software (National Institute of Mental Health, Bethesda, MA, USA) to obtain the mean fluorescence intensity.



Nissl Staining

Widely performed to identify neuronal injury, Nissl staining was used to detect Nissl bodies in neuronal cytoplasm and dendrites, which was conducted according to the conventional method in instruction (Solarbio, Beijing, China). The hippocampus was observed carefully using an optical microscope (Olympus, Tokyo, Japan). The results were quantified as (Nissl-positive cells)/(total cells) × 100%.



Statistical Analysis

All statistical analyses were performed using SPSS version 19.0 (IBM, Armonk, NY, USA). Data are expressed as mean ± SEM. The expression of occludin in the ileum was analyzed using an unpaired t-test, and the total center time and frequency in the OFT were analyzed using a two-way ANOVA with Bonferroni's multiple comparisons post hoc test. The rest of the statistical analysis was applied for one-way ANOVA tests. Differences were considered statistically significant at p < 0.05.




RESULTS


P. histicola Alleviated Depressive Behaviors Caused by Estrogen Deficiency

The OVX mice showed significant uterine atrophy, indicating that their ovaries had been successfully removed (Supplementary Figure 1A). Meanwhile, our results found that the mice continued to gain weight after OVX, and P. histicola had no significant effect on the weight of OVX mice (Supplementary Figure 1B). To investigate the effects of P. histicola on estrogen deficiency-induced depression, a series of behavioral tests including the EPM, OFT, TST, and FST were conducted. EPM and OFT are used to evaluate the exploratory behaviors of mice and ascertain their depression or anxiety levels. Our experimental results showed that mice in the OVX group had significantly reduced time and frequency to enter the open arm and also the central area compared with those in the sham group (p < 0.05, Figures 1B–E). However, these effects were significantly alleviated with the intervention with P. histicola (Figures 1B–E). Correspondingly, the total distance and speed of OVX mice in OFT were also significantly increased (Supplementary Figures 2A,B). To evaluate desperate behaviors, TST and FST were adopted. The extension of immobility time indicated the weakening of the survival consciousness of animals. Our data showed that the increased immobility time of OVX mice in the TST and FST was significantly reduced after P. histicola treatment, indicating that the survival consciousness of mice was improved by P. histicola (p < 0.05, Figures 1F,G). These results suggest that P. histicola treatment effectively improves estrogen deficiency-induced depressive behaviors in mice.



P. histicola Reduced the Hippocampal Neuronal Damage Caused by Estrogen Deficiency

Since pathological damage to neurons was the key link of depression, H&E and Nissl staining of the hippocampus were performed to evaluate the effects of P. histicola treatment on estrogen deficiency-induced neuronal structure injury. As shown by H&E staining, pyknosis was observed in the nuclei of dentate gyrus (DG) granule cells and hippocampal CA3 pyramidal neurons in OVX mice, which was attenuated by P. histicola treatment (p < 0.05, Figure 2A). Nissl staining showed that treatment with P. histicola restored the reduction of Nissl bodies in OVX mice (p < 0.05, Figure 2B). Moreover, the expression of caspase-3 and caspase-8 was also decreased after P. histicola treatment in OVX mice (p < 0.05, Figures 2C–E). These data indicate that P. histicola prevents estrogen deficiency-induced neuronal structure injury and promotes neuronal protein synthesis in mice.


[image: Figure 2]
FIGURE 2. P. histicola reduced hippocampal injury and neuronal apoptosis in OVX mice. (A) H & E staining and its quantifications. Magnification 100 × and 400 ×. Scale bar = 20 μm. (B) Nissl staining and its quantifications. Magnification 100 × and 400 ×. Scale bar = 20 μm. (C) Cleaved caspase-3 protein level and the ratio of cleaved caspase-3 to caspase-3 in hippocampus. (D,E). The mRNA expression of caspase-3 (C) and caspase-8 (D) detected by qRT-PCR. Data are presented as means ± SEM (n = 4/group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




P. histicola Recovered the Intestinal Flora Disorder Caused by Estrogen Deficiency

The microbiota was evaluated using 16S rRNA sequencing and bioinformatics analysis. The Ace and Chao analysis showed a significant reduction in the abundance of intestinal flora in OVX mice, which was reversed by gavage of P. histicola (p < 0.0001, Figures 3A,B). However, there were no differences in the Shannon and Simpson indices among the three groups (Supplementary Figures 3A,B), indicating that the OVX and P. histicola treatment affected the abundance of intestinal flora rather than diversity. As shown in the PCA analysis, the intestinal flora of OVX mice showed a noticeable change compared with the sham group. However, P. histicola reversed this microbiome disorder (Figure 3C). Different biomarkers between groups were compared using LEfSe (Figures 3D,E). It is worth noting that OVX mice showed a decrease in Lactobacillus, Alloprevotella, Akkermansia, and Allobaculum and an increase in the abundance of Muribaculaceae, which were reversed by P. histicola (Figure 3F). The KEGG pathway of PICRUSt2 demonstrated distinct differences in transport and catabolism, the metabolism of terpenoids and polyketides, immune system, tight junction, cell growth and death, and biosynthesis of other secondary metabolites (p < 0.05, Figure 3G), suggesting that P. histicola might influence these pathways by regulating the microbiome to mitigate estrogen deficiency-induced depression.
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FIGURE 3. P. histicola restored the intestinal flora disorder of OVX mice. (A,B) Alpha diversity index ACE (A) and Chao (B). (C) PCA on gene level of beta diversity analysis. (D,E) LDA effect size analysis and LDA discrimination results of each level. (F) Intergroup difference test at genus level. (G) The KEGG metabolic pathways of PICRUSt2. Data are presented as means ± SEM (n = 4/group). ****p < 0.0001.




P. histicola Reduced the Inflammation of the Intestinal Wall Caused by Estrogen Deficiency

Intestinal inflammation resulting from disrupted intestinal microbiota is critical for systemic inflammation. Therefore, we employed qRT-PCR, western blotting, and immunofluorescence to analyze the proinflammatory factors MCP-1, IL-6, IL-8, TNF-α, adhesion molecule VCAM, and macrophage marker CD68. Compared with the sham group, the expression of ileal and colonic inflammation factors IL-8 and TNF-α and the level of MCP-1 in the ileum were significantly increased in OVX mice, which were downregulated by P. histicola treatment. P. histicola also reduced IL-8 levels in the duodenum significantly (Figures 4A–D). Immunofluorescence and western blotting showed that the expression of the colon macrophage marker CD68 and macrophage adhesion factor VCAM protein in OVX mice were significantly higher than those in the sham group, and P. histicola downregulated the levels of VCAM and CD68 (p < 0.05, Figures 4E–G). These results suggest that P. histicola reversed the activation of intestinal macrophages, hence inhibiting the release of inflammatory factors caused by estrogen deficiency.


[image: Figure 4]
FIGURE 4. P. histicola inhibited the activation of intestinal macrophage and downregulated the inflammation factors level in OVX mice. (A) The mRNA expression of MCP-1, IL-6, IL-8, TNF-α in duodenum. (B) The mRNA expression of MCP-1, IL-6, IL-8, TNF-α in jejunum. (C) The mRNA expression of MCP-1, IL-6, IL-8, TNF-α in ileum. (D) The mRNA expression of MCP-1, IL-6, IL-8, TNF-α in colon. (E,F) Immunofluorescence (E) and quantification (F) of colon macrophage marker CD68. Magnification 400 ×. Scale bar = 20 μm. (G) VCAM protein level and the ratio of VCAM to β-Tubulin in colon. Data are presented as means ± SEM (n = 3–4/group). *p < 0.05 vs. sham, **p < 0.01 vs. sham, ***p < 0.001 vs. sham, #p < 0.01 vs. OVX, ##p < 0.01 vs. OVX, ###p < 0.001 vs. OVX, ####p < 0.0001 vs. OVX, ns p > 0.05, ****p < 0.0001.




P. histicola Improved Intestinal Permeability Caused by Estrogen Deficiency

The increase in intestinal permeability played a key role in the upregulation of inflammatory level. To evaluate the effects of P. histicola treatment on estrogen deficiency-induced gut leakage, H&E was used to analyze the structure of the intestine. qRT-PCR, western blotting, and immunofluorescence were used to detect the expression of tight junction protein ZO-1, occludin, claudin-1, and MUC2. H&E staining showed no typical histological damage to the intestinal wall structure in OVX mice (Supplementary Figure 4A). However, the results of the qRT-PCR indicated that P. histicola significantly increased the levels of ZO-1 and occludin in the jejunum, claudin-1 and MUC2 in the ileum, and ZO-1, occludin, and claudin-1 in the colon (Figures 5A–D). Immunofluorescence and western blotting (Figures 5E–G) also confirmed the qRT-PCR data, indicating that P. histicola mitigated intestinal leakage in OVX mice.


[image: Figure 5]
FIGURE 5. P. histicola restored intestinal leakage in OVX mice. (A) The mRNA expression of ZO-1, occludin, claudin-1, MUC2 in duodenum. (B) The mRNA expression of ZO-1, occludin, claudin-1, MUC2 in the mRNA expression of ZO-1, occludin, claudin-1, MUC2 in jejunum. (C) The mRNA expression of ZO-1, occludin, claudin-1, MUC2 in ileum. (D) The mRNA expression of ZO-1, occludin, claudin-1, MUC2 in colon. (E) Western blotting analysis of occludin in colon. (F) Immunofluorescence of occludin in colon. Magnification 400 ×. Scale bar = 20 μm. (G) Immunofluorescence of ZO-1 in colon. Magnification 400 ×. Scale bar = 20 μm. Data are presented as means ± SEM (n = 3–4/group). * p < 0.05 vs. sham, ** p < 0.01 vs. sham, *** p < 0.001 vs. sham, #p < 0.01 vs. OVX, ##p < 0.01 vs. OVX, ####p < 0.0001 vs. OVX.




P. histicola Reduced Hippocampal Inflammation Caused by Estrogen Deficiency

The increase in the level of hippocampal inflammatory is mainly attributed to microglial activation; therefore, the expression of microglia marker Iba1, microglia activate stimulus molecules COX-2, TLR4, Myd88, JNK, and inflammatory factors IL-6, IL-8, IL-17, MCP-1, and TNF-α in the hippocampus was examined to evaluate the effects of P. histicola on central inflammation. Immunofluorescence results showed that the increased content of microglia marker Iba1 of DG area in OVX mice was significantly reduced by P. histicola (p < 0.05, Figure 6A). Moreover, western blotting showed that P. histicola decreased the levels of COX-2, TLR4, and its downstream protein Myd88, JNK (p < 0.05, Figure 6B), hence downregulating the levels of inflammatory factors MCP-1, IL-6, IL-8, and TNF-α induced by OVX (p < 0.05, Figures 6C–F). However, the expression of IL-17a among the three groups differed insignificantly (Supplementary Figure 5A). These results suggested that P. histicola reversed estrogen deficiency-induced microglial activation and inflammatory responses in OVX mice, which might be achieved by inhibiting TLR4/Myd88/JNK MAPK signaling pathway.
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FIGURE 6. P. histicola inhibited the hippocampal inflammation in OVX mice. (A) Immunofluorescence of microglia marker Iba1 of DG area and the quantification of the number and size of Iba1 positive cells. Magnification 400 ×. Scale bar = 20 μm. (B) The ratio of COX-2, TLR4, Myd88 to β-tubulin and p-JNK to JNK in hippocampus. (C) IL-6 mRNA level in hippocampus. (D) IL-8 mRNA level in hippocampus. (E) MCP-1 mRNA level in hippocampus. (F) TNF-α mRNA level in hippocampus. Data are presented as means ± SEM (n = 3–4/group). *p < 0.05, **p < 0.01, ***p < 0.001.




P. histicola Increased the Expression of Neurotrophic Factor BDNF Rather Than Monoamine Neurotransmitters

Although monoamine neurotransmitters play a critical role in depression, our qRT-PCR results did not show significant changes in receptors 5-HT1A, 5-HT1B, DA-1, and DA-2 in OVX mice (Figures 7A–D), suggesting that monoamine neurotransmitters may not contribute to the pathogenesis of estrogen deficiency-induced depression. Interestingly, P. histicola treatment did not change the expression of 5-HT and DA receptors (Figures 7A–D), suggesting that this pathway was not involved in the action of P. histicola. Similarly, the change in the level of BDNF was not found in OVX mice. However, its expression increased significantly after the administration of the P. histicola treatment (Figures 7E,F). Further analysis showed that the expression of Ki-67 in the hippocampus of the P. histicola group was significantly increased (Figure 7G). Collectively, these data suggest that P. histicola increases the level of BDNF to promote neuronal proliferation.


[image: Figure 7]
FIGURE 7. P. histicola increased the level of BDNF for nerve proliferation. (A) 5-HT1A mRNA level in hippocampus. (B) 5-HT1B mRNA level in hippocampus. (C) DA-1 mRNA level in hippocampus. (D) DA-2 mRNA level in hippocampus. (E) BDNF protein level and the ratio of BDNF to β-tubulin in hippocampus. (F) BDNF mRNA level in hippocampus. (G) Immunohistochemistry of hippocampal proliferation marker Ki-67. Magnification 50 × and 400 ×. Scale bar =20 μm. Data are presented as means ± SEM (n = 3–4/group). *p < 0.05, **p < 0.01, ns p > 0.05.




The Depression of OVX Mice Was Attenuated After Cohousing With P. histicola-Treated Mice

To confirm that the antidepressant effect of P. histicola was mediated by regulating intestinal microbiota, we randomly selected nine OVX mice and integrated them with P. histicola-treated mice. The results of EMP and OFT showed that the time and frequency of entering the open arm and also the central area were significantly increased compared with those in the OVX group (Figures 8A–D). Moreover, the immobility time of OVX mice in TST and FST was significantly reduced in the cohoused mice (p < 0.05, Figures 8E,F). As shown by H&E staining, we also found that pyknosis in the nuclei of DG granule cells and hippocampal CA3 pyramidal neurons of OVX mice were attenuated by CH treatment (p < 0.05, Figure 8G). Moreover, Nissl staining suggested that CH enhanced protein synthesis in OVX mice (p < 0.05, Figure 8H). These data indicated that the antidepressant effect of P. histicola was mainly achieved by adjusting the intestinal microbiota.


[image: Figure 8]
FIGURE 8. Cohousing with P. histicola-treated mice alleviated the depression-like behaviors in OVX. (A) Central area time of OFT. (B) Transition times of OFT. (C) Total time in open arms of EPM. (D) Transition times in open arms of EPM. (E) Immobility time of TST. (F) Immobility time of FST. (G) H & E staining and its quantifications. Magnification 100 × and 400 ×. Scale bar = 20 μm. (H) Nissl staining and its quantifications. Magnification 100 × and 400 ×. Scale bar = 20 μm. Data are presented as means ± SEM (n = 4/group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





DISCUSSION

Estrogen deficiency is considered as an important risk factor for depression (36). In this study, the mice that underwent OVX exhibited significant depression-like behaviors and cognitive impairment, accompanied by intestinal flora disorders. However, following treatment with P. histicola, the depression-like behaviors of OVX mice were significantly attenuated. In consistent with the results of P. histicola-treated mice, the cohoused OVX mice exhibited the similar antidepressant effects. At the molecular level, the results showed that P. histicola treatment reduced central inflammation and upregulated BDNF expression in the hippocampal subregions, which may explain the mechanisms of the antidepressant-like effects of P. histicola.

The OVX mice is one typical experimental model for PMD research. Consistent with the previous preclinical studies, our current data revealed that the hippocampal neuronal damage in depression is characterized by apoptosis, which involves the activation of the key proapoptotic caspase-3 and caspase-8 (37, 38) in glial cells and neurons of OVX mice (3). Clinical studies have also confirmed the increased number of apoptotic neurons in hippocampus region in patients with depression (39). Notably, this study found that P. histicola significantly reduces the structural damage of neurons and downregulated the caspase-3 and caspase-8 in hippocampal area, suggesting that the antiinjury effect in neurons was achieved by regulating the expression of proapoptotic proteins.

More evidences show that the overproduction of proinflammatory cytokines in the brain results in the neural apoptosis and is central to the development of depression symptoms (40). The increased level of proinflammatory cytokines such as IL-1β, IL-6, and IFN-γ that found in the peripheral circulation and hippocampus of depressive patients (41) has been shown contributing to the development of depression-like behaviors in animal models with estrogen deficiency (42). Microglia, the central nervous system-resident macrophages, are rapidly activated and move toward the site of injury when threatened signals, such as bacterial invasion or signs of injury, are encountered (42–44). Related studies showed that activated microglia acquire neurotoxic and depressive functions owing to the upregulation of proinflammatory cytokines, including IL-6, IL-1β, IL-18, IL-12, IL-23, and TNF-α (45). Our results indicated that the expression of hippocampal proinflammatory factors MCP-1, IL-6, IL-8, and TNF-α was significantly increased as a result of microglial aggregation. These parameters were recovered after the administration of P. histicola, suggesting that P. histicola intervention reversed the central inflammatory activation in OVX mice.

The pattern recognition receptor toll-like receptors (TLRs), especially TLR4, are critical to initiate the inflammatory response for microglia to promote the occurrence of depression (46, 47) and characterized by increased proinflammatory cytokines TNF-α, IL-1β, IL-6, and IL-12 through the Myd88-dependent pathway (48, 49). Our data show that the level of TLR4 and its downstream protein Myd88 were upregulated in the hippocampus of OVX mice. Moreover, the phosphorylation of key downstream signal protein JNK MAPK was also reduced by P. histicola treatment. Previously, in the LPS-injected mice, elevated JNK phosphorylation level is observed in neuroinflammation (50). Salehpour et al. (51) found that near-infrared photobiomodulation combined with coenzyme Q 10 reduced the level of neuroinflammation in restraint stress mice. Furthermore, the study of Zhang et al. (52) showed that inhibition of JNK reduced the activation of proinflammatory cytokines IL1-β, TNF-α and ameliorated depressive-like behaviors. In contrast, activation of JNK induced hippocampal inflammation and subsequent depression-like behaviors in rats (53). Our results indicate that P. histicola might decrease inflammation and cellular dysfunction in hippocampus via TLR4/Myd88/JNK MAPK axis-dependent signaling.

Recently, increasing study indicated that the intestinal flora involve in the regulation of the inflammatory response (54) and participate in the development of depression progress (54, 55), which suggest that to clarify the changes in the intestinal flora in OVX mice is important. Although there are few reports on the association between PMD and gut microbes, several animal studies have identified intestinal dysbiosis in OVX mice with estrogen deficiency-induced depression (34, 56, 57). Consistently, our 16S rRNA results suggest that OVX mice had significant intestinal microbiota changes, which were recovered through P. histicola treatment. To confirm the connection between intestinal microbiota regulation and the antidepressant effects of P. histicola, we selected a group of OVX and mixed them with P. histicola-treated mice. In line with this expectation, the behavioral and pathological changes in the mice were significantly improved after cohousing treatment, suggesting that the intestinal microbiota was the key for P. histicola against depression. Furthermore, we identified a significant reduction in Alloprevotella, Allobaculum, Lactobacillus, and Akkermansia and an increase in Muribaculaceae in OVX mice. The functions of Alloprevotella, Allobaculum, and Muribaculaceae are not yet clear, so whether they play a role in the development of depression remains to be further explored. Lactobacillus, a genus of gram-positive bacteria, is a constituent of many commonly used probiotics and a significant contributing factor of depression. Ma et al. confirmed that chronic treatment with Lactobacillus rhamnos mitigated depression by upregulating GABA in the hippocampus (58). Lactobacillus helveticus was reported to prevent depression in humans by decreasing the serum kynurenine-to-tryptophan ratio (59). Furthermore, Lactobacillus plantarum 299v, Lactobacillus mucosae, and Lactobacillus reuteri NK33 were also found to inhibit the occurrence of depression (60–62). Akkermansia muciniphila, which is a member of Akkermansia genus, has been found to have therapeutic effects in metabolic diseases such as obesity and diabetes (63). The decrease in Akkermansia muciniphila was found to destroy intestinal barrier function, cause gut leakage, and activate inflammation and metabolic disorders (64). In addition to being associated with metabolic diseases, Akkermansia muciniphila was also reported to be vital in combating psychiatric disorders, owing to the fact that its supplementation increased the level of the antiinflammatory factor IL-10, and recovered the decline of neurotransmitter synthesis caused by the decrease in Nissl bodies (65). Our experiments showed that the quantities of these two probiotics significantly recovered after the administration of the P. histicola treatment, indicating that the changes in Lactobacillus and Akkermansia are significant contributing factors of PMD.

Our KEGG metabolic pathway analysis showed that P. histicola altered functional genes in the microbial community, mainly related to the metabolism of terpenoids and polyketides, immune system, tight junction, cell growth and death, and biosynthesis of other secondary metabolites. Previous related studies showed that the gut microbiota, especially Clostridiales, Lachnospiraceae, and fermented terpenoids, such as crocin-I and lycopene, produce antiinflammatory effects against depression (21, 66). Interestingly, we found that during the secondary metabolites, the tryptophan metabolite 3-[(4-chlorophenyl) selanyl]-1-methyl-1H-indole, which has been shown to significantly regulate immune, inflammatory, and nervous system diseases (67), was increased by the P. histicola treatment. Previous studies revealed that indoles, the microbial metabolites of tryptophan, interacted with pregnane X receptors to improve mucosal homeostasis and barrier function (68). Moreover, indoles act as hydroxyl radical scavengers, neuroprotectants, and human aryl hydrocarbon receptor selective agonists attenuating inflammation (69). Since our results of KEGG metabolic pathways indicated that P. histicola might regulate indoles production, this direction is worth to further study in the subsequent experiments.

Previous studies suggest that systemic inflammation plays a pivotal role in depression (42). Moreover, patients with PMD exhibit aberrant immune systems with elevated levels of proinflammatory cytokines, IL-1β and TNF-α, suggesting the pathological involvement of peripheral inflammation in PMD (70). Interestingly, some studies showed that antibiotic-treated mice manifest typical depressive symptoms with elevated inflammatory cytokines in serum resulting from gut leakage induced by dysbiosis (71), indicating that inflammation is a significant link between intestinal flora and depression. Therefore, we speculated that the antidepressant effect of P. histicola was achieved by inhibiting the inflammatory response resulting from intestinal leakage. Our published manuscript revealed that P. histicola alleviates the increased levels of TNF-α and IL-1β in the circulation of OVX mice (1). Similarly, the data reported herein demonstrate reduced levels of intestinal IL-8, TNF-α, and MCP-1 in P. histicola-treated OVX mice, with the upregulation of tight junction proteins ZO-1, occludin, claudin-1, and MUC-2, indicating that P. histicola restores the function of the intestinal mucosal barrier. The changes in proinflammatory cytokines and tight junction proteins mainly occurred in the ileum and colon, which might be related to the higher bacterial abundance in these segments of the gastrointestinal tract.

Notably, the probiotic P. histicola we chose has been shown the antiinflammatory effects through intestinal microbiota regulation in previous studies. Moreover, P. histicola inhibits the activation of microglia and astrocytes, reduces the proinflammatory immune response of the cortex, and reduces the production of inflammatory factors IL-17 and IFN-γ in mice with autoimmune encephalomyelitis (72). Our experiment did not find changes in the level of IL-17 in these animals; however, we found that P. histicola significantly decreases the levels of inflammatory factors MCP-1, IL-6, IL-8, and TNF-α in microglia, which were activated by the TLR4/Myd88/JNK MAPK pathway. Recently, bile acids were also reported to be deeply involved in the gut–brain axis in different neural diseases, even chenodeoxycholic acid and tauroursodeoxycholic acid as treatments for Alzheimer's disease (73) and depression, respectively (74). Bhargava P et al. found that tauroursodeoxycholic acid could act on the receptors farnesoid X receptor and G protein-coupled bile acid receptor of microglia to downregulate the expression of nitric oxide synthase 2, IL-1α and TNF-α against inflammation (75). Accordingly, we will design experiments to investigate the effects of P. histicola on bile acids metabolism for the underlying mechanical study.

Besides inflammation, brain monoamine interruption is a classic pathogenesis with the changes in DA, 5-HT, and their receptors (76, 77). However, our study did not find any variation in monoamine neurotransmitter receptors after OVX, indicating that monoamine neurotransmitters are not involved in the pathological mechanism of estrogen deficiency depression. Additionally, intragastric administration of P. histicola exerted no obvious effects on the levels of neurotransmitter receptors (5-HT1A, 5-HT1B, DA-1, and DA-2) in the hippocampus. The decline of hippocampal BDNF level caused by inflammatory activation is another pathological basis for depression. In humans, low levels of BDNF are associated with a higher risk and inferior prognosis of neurological diseases (78). Zhao et al. (79) reported that LPS-injected mice exhibit depressive-like behaviors due to a reduction in BDNF induced by inflammatory. Moreover, the infusion of BDNF into the hippocampus has been shown to improve depression-like behaviors in rats (80), suggesting that BDNF has antidepressant effects in vivo. Inconsistent with these studies, we did not find a significant change in the expression of hippocampal BDNF after OVX, but P. histicola significantly upregulate the level of BDNF, whereas the nerve proliferation marker Ki-67 is also highly expressed after treatment with P. histicola, indicating that P. histicola promoted nerve proliferation to alleviate depression by upregulating BDNF.



CONCLUSIONS

In summary, our findings elucidated the antidepressant effects of P. histicola in OVX mice via the regulation of disorder microbiota to attenuate central inflammation, which might be involved in TLR4/Myd88/JNK MAPK pathway (Figure 9) and further upregulate BDNF expression for hippocampal neurogenesis. Finally, our research might provide a novel treatment method for PMD.


[image: Figure 9]
FIGURE 9. A schematic diagram for the mechanism of P. histicola prevention of estrogen deficiency-induced depression via the microbiota–brain axis. P. histicola treatment exerted a neuroprotective effect through downregulating peripheral and central inflammation, the link of microbiota–gut–brain axis, in estrogen deficiency-induced depression model mice. P. histicola, Prevotella histicola; PAMPs, pathogen-associated molecular pattern; TLR4, toll-like receptors 4; Myd88, myeloid differentiation factor 88; BDNF, brain-derived neurotrophic factor.
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Supplemental Figure 1. The mice continued to gain weight after OVX, and P. histicola had no significant effect on it. (A) The wight of uterus. (B) The weight of mice. ****p < 0.0001.

Supplemental Figure 2. P. histicola significantly increased the total distance and mean speed of OVX mice in OFT (A,B). (A) Total distance and (B) mean speed of OVX mice in OFT. nsp > 0.05, *p < 0.05.

Supplemental Figure 3. OVX and P. histicola did not influence intestinal bacterial diversity (A,B). (A) Alpha diversity index ACE and (B) Chao. nsp > 0.05.

Supplemental Figure 4. OVX and P. histicola did not destroy intestinal mucosa (A,E,H). Magnification 200 × and 400 ×. Scale bar = 20 μm.

Supplemental Figure 5. OVX and P. histicola did not regulate the level of hippocampal IL-17a. (A) The mRNA expression of hippocampal IL-17a. nsp > 0.05.



REFERENCES

 1. Wang Z, Chen K, Wu C, Chen J, Pan H, Liu Y, et al. An emerging role of prevotella histicola on estrogen deficiency-induced bone loss through the gut microbiota-bone axis in postmenopausal women and in ovariectomized mice. Am J Clin Nutr. (2021) 114:1304–13. doi: 10.1093/ajcn/nqab194

 2. Thorat MA, Balasubramanian R. Breast cancer prevention in high-risk women. Best Pract Res Clin Obstet Gynaecol. (2020) 65:18–31. doi: 10.1016/j.bpobgyn.2019.11.006

 3. Lin YY, Cheng YJ, Hu J, Chu LX, Shyu WC, Kao CL, et al. The coexistence of hypertension and ovariectomy additively increases cardiac apoptosis. Int J Mol Sci. (2019) 24:1992. doi: 10.3390/ijms17122036

 4. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the national comorbidity survey replication. Arch Gen Psychiatry. (2005) 62:593–602. doi: 10.1001/archpsyc.62.6.593

 5. Mennenga SE, Gerson JE, Koebele SV, Kingston ML, Tsang CW, Engler-Chiurazzi EB, et al. Understanding the cognitive impact of the contraceptive estrogen Ethinyl Estradiol: tonic and cyclic administration impairs memory, and performance correlates with basal forebrain cholinergic system integrity. Psychoneuroendocrinology. (2015) 54:1–13. doi: 10.1016/j.psyneuen.2015.01.002

 6. Fernandez E, Gallus S, Bosetti C, Franceschi S, Negri E, La Vecchia C. Hormone replacement therapy and cancer risk: a systematic analysis from a network of case-control studies. Int J Cancer. (2003) 105:408–12. doi: 10.1002/ijc.11083

 7. Collaborative Collaborative Group On Epidemiological Studies Of Ovarian C, Beral V, Gaitskell K, Hermon C, Moser K, Reeves G, et al. Menopausal hormone use and ovarian cancer risk: individual participant meta-analysis of 52 epidemiological studies. Lancet. (2015) 385:1835–42. doi: 10.1016/S0140-6736(14)61687-1

 8. Li HB, Yang T, Richards EM, Pepine CJ, Raizada MK. Maternal treatment with captopril persistently alters gut-brain communication and attenuates hypertension of male offspring. Hypertension. (2020) 75:1315–24. doi: 10.1161/HYPERTENSIONAHA.120.14736

 9. Jiang H, Ling Z, Zhang Y, Mao H, Ma Z, Yin Y, et al. Altered fecal microbiota composition in patients with major depressive disorder. Brain Behav Immun. (2015) 48:186–94. doi: 10.1016/j.bbi.2015.03.016

 10. Naseribafrouei A, Hestad K, Avershina E, Sekelja M, Linlokken A, Wilson R, et al. Correlation between the human fecal microbiota and depression. Neurogastroenterol Motil. (2014) 26:1155–62. doi: 10.1111/nmo.12378

 11. Yu LC. Microbiota dysbiosis and barrier dysfunction in inflammatory bowel disease and colorectal cancers: exploring a common ground hypothesis. J Biomed Sci. (2018) 25:79. doi: 10.1186/s12929-018-0483-8

 12. Parker KJ, Schatzberg AF, Lyons DM. Neuroendocrine aspects of hypercortisolism in major depression. Horm Behav. (2003) 43:60–6. doi: 10.1016/s0018-506x(02)00016-8

 13. Sahay A, Hen R. Adult hippocampal neurogenesis in depression. Nat Neurosci. (2007) 10:1110–5. doi: 10.1038/nn1969

 14. Fuhrman BJ, Feigelson HS, Flores R, Gail MH, Xu X, Ravel J, et al. Associations of the fecal microbiome with urinary estrogens and estrogen metabolites in postmenopausal women. J Clin Endocrinol Metab. (2014) 99:4632–40. doi: 10.1210/jc.2014-2222

 15. Li B, Liu M, Wang Y, Gong S, Yao W, Li W, et al. Puerarin improves the bone micro-environment to inhibit OVX-induced osteoporosis via modulating SCFAs released by the gut microbiota and repairing intestinal mucosal integrity. Biomed Pharmacother. (2020) 132:110923. doi: 10.1016/j.biopha.2020.110923

 16. Ruibal-Conti AL, Ruiz MA, Rodriguez MI, Lerda D, Romero MD. Assessment of specific antibodies as biological indicators of human chronic exposure to microcystins. Ecotoxicol Environ Saf. (2019) 175:236–42. doi: 10.1016/j.ecoenv.2019.03.071

 17. Jeon SW, Kim YK. Inflammation-induced depression: its pathophysiology and therapeutic implications. J Neuroimmunol. (2017) 313:92–8. doi: 10.1016/j.jneuroim.2017.10.016

 18. Kohler CA, Freitas TH, Maes M, de Andrade NQ, Liu CS, Fernandes BS, et al. Peripheral cytokine and chemokine alterations in depression: a meta-analysis of 82 studies. Acta Psychiatr Scand. (2017) 135:373–87. doi: 10.1111/acps.12698

 19. Kohler CA, Freitas TH, Stubbs B, Maes M, Solmi M, Veronese N, et al. Peripheral alterations in cytokine and chemokine levels after antidepressant drug treatment for major depressive disorder: systematic review and meta-analysis. Mol Neurobiol. (2018) 55:4195–206. doi: 10.1007/s12035-017-0632-1

 20. Stevens BR, Goel R, Seungbum K, Richards EM, Holbert RC, Pepine CJ, et al. Increased human intestinal barrier permeability plasma biomarkers zonulin and FABP2 correlated with plasma LPS and altered gut microbiome in anxiety or depression. Gut. (2018) 67:1555–7. doi: 10.1136/gutjnl-2017-314759

 21. Xiao Q, Shu R, Wu C, Tong Y, Xiong Z, Zhou J, et al. Crocin-I alleviates the depression-like behaviors probably via modulating “microbiota-gut-brain” axis in mice exposed to chronic restraint stress. J Affect Disord. (2020) 276:476–86. doi: 10.1016/j.jad.2020.07.041

 22. Barde YA, Edgar D, Thoenen H. Purification of a new neurotrophic factor from mammalian brain. EMBO J. (1982) 1:549–53.

 23. Pillai A. Brain-derived neurotropic factor/TrkB signaling in the pathogenesis and novel pharmacotherapy of schizophrenia. Neurosignals. (2008) 16:183–93. doi: 10.1159/000111562

 24. Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric disorders. Pharmacol Rev. (2012) 64:238–58. doi: 10.1124/pr.111.005108

 25. Luo L, Li C, Du X, Shi Q, Huang Q, Xu X, et al. Effect of aerobic exercise on BDNF/proBDNF expression in the ischemic hippocampus and depression recovery of rats after stroke. Behav Brain Res. (2019) 362:323–31. doi: 10.1016/j.bbr.2018.11.037

 26. El-Khatib YA, Sayed RH, Sallam NA, Zaki HF, Khattab MM. 17beta-Estradiol augments the neuroprotective effect of agomelatine in depressive- and anxiety-like behaviors in ovariectomized rats. Psychopharmacology. (2020) 237:2873–86. doi: 10.1007/s00213-020-05580-2

 27. Colucci-D'Amato L, Speranza L, Volpicelli F. Neurotrophic factor BDNF, physiological functions and therapeutic potential in depression, neurodegeneration and brain cancer. Int J Mol Sci. (2020) 21:7777. doi: 10.3390/ijms21207777

 28. Park C, Rosenblat JD, Brietzke E, Pan Z, Lee Y, Cao B, et al. Stress, epigenetics and depression: a systematic review. Neurosci Biobehav Rev. (2019) 102:139–52. doi: 10.1016/j.neubiorev.2019.04.010

 29. Zhang JC, Wu J, Fujita Y, Yao W, Ren Q, Yang C, et al. Antidepressant effects of TrkB ligands on depression-like behavior and dendritic changes in mice after inflammation. Int J Neuropsychopharmacol. (2014) 18:pyu077. doi: 10.1093/ijnp/pyu077

 30. Raetz CR, Whitfield C. Lipopolysaccharide endotoxins. Annu Rev Biochem. (2002) 71:635–700. doi: 10.1146/annurev.biochem.71.110601.135414

 31. Sadighparvar S, Darband SG, Yousefi B, Kaviani M, Ghaderi-Pakdel F, Mihanfar A, et al. Combination of quercetin and exercise training attenuates depression in rats with 1,2-dimethylhydrazine-induced colorectal cancer: possible involvement of inflammation and BDNF signalling. Exp Physiol. (2020) 105:1598–609. doi: 10.1113/EP088605

 32. Du Y, Gao XR, Peng L, Ge JF. Crosstalk between the microbiota-gut-brain axis and depression. Heliyon. (2020) 6:e04097. doi: 10.1016/j.heliyon.2020.e04097

 33. Li Y, Salih Ibrahim RM, Chi HL, Xiao T, Xia WJ, Li HB, et al. Altered gut microbiota is involved in the anti-hypertensive effects of vitamin c in spontaneously hypertensive rat. Mol Nutr Food Res. (2021) 65:e2000885. doi: 10.1002/mnfr.202000885

 34. Sovijit WN, Sovijit WE, Pu S, Usuda K, Inoue R, Watanabe G, et al. Ovarian progesterone suppresses depression and anxiety-like behaviors by increasing the lactobacillus population of gut microbiota in ovariectomized mice. Neurosci Res. (2021) 168:76–82. doi: 10.1016/j.neures.2019.04.005

 35. Downes J, Hooper SJ, Wilson MJ, Wade WG. Prevotella histicola sp. nov., isolated from the human oral cavity. Int J Syst Evol Microbiol. (2008) 58:1788–91. doi: 10.1099/ijs.0.65656-0

 36. Bao AM, Ji YF, Van Someren EJ, Hofman MA, Liu RY, Zhou JN. Diurnal rhythms of free estradiol and cortisol during the normal menstrual cycle in women with major depression. Horm Behav. (2004) 45:93–102. doi: 10.1016/j.yhbeh.2003.09.004

 37. Nicholson DW. ICE/CED3-like proteases as therapeutic targets for the control of inappropriate apoptosis. Nat Biotechnol. (1996) 14:297–301. doi: 10.1038/nbt0396-297

 38. Eldadah BA, Faden AI. Caspase pathways, neuronal apoptosis, and CNS injury. J Neurotrauma. (2000) 17:811–29. doi: 10.1089/neu.2000.17.811

 39. Kim YS, Koh JM, Lee YS, Kim BJ, Lee SH, Lee KU, et al. Increased circulating heat shock protein 60 induced by menopause, stimulates apoptosis of osteoblast-lineage cells via up-regulation of toll-like receptors. Bone. (2009) 45:68–76. doi: 10.1016/j.bone.2009.03.658

 40. Eyre H, Baune BT. Neuroplastic changes in depression: a role for the immune system. Psychoneuroendocrinology. (2012) 37:1397–416. doi: 10.1016/j.psyneuen.2012.03.019

 41. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, et al. A meta-analysis of cytokines in major depression. Biol Psychiatry. (2010) 67:446–57. doi: 10.1016/j.biopsych.2009.09.033

 42. Xu Y, Sheng H, Bao Q, Wang Y, Lu J, Ni X. NLRP3 inflammasome activation mediates estrogen deficiency-induced depression- and anxiety-like behavior and hippocampal inflammation in mice. Brain Behav Immun. (2016) 56:175–86. doi: 10.1016/j.bbi.2016.02.022

 43. Prinz M, Priller J. Microglia and brain macrophages in the molecular age: from origin to neuropsychiatric disease. Nat Rev Neurosci. (2014) 15:300–12. doi: 10.1038/nrn3722

 44. Prinz M, Erny D, Hagemeyer N. Ontogeny and homeostasis of CNS myeloid cells. Nat Immunol. (2017) 18:385–92. doi: 10.1038/ni.3703

 45. Herz J, Filiano AJ, Smith A, Yogev N, Kipnis J. Myeloid cells in the central nervous system. Immunity. (2017) 46:943–56. doi: 10.1016/j.immuni.2017.06.007

 46. Zusso M, Lunardi V, Franceschini D, Pagetta A, Lo R, Stifani S, et al. Ciprofloxacin and levofloxacin attenuate microglia inflammatory response via TLR4/NF-kB pathway. J Neuroinflammation. (2019) 16:148. doi: 10.1186/s12974-019-1538-9

 47. Figueroa-Hall LK, Paulus MP, Savitz J. Toll-like receptor signaling in depression. Psychoneuroendocrinology. (2020) 121:104843. doi: 10.1016/j.psyneuen.2020.104843

 48. Yang XW, Li YH, Zhang H, Zhao YF, Ding ZB, Yu JZ, et al. Safflower yellow regulates microglial polarization and inhibits inflammatory response in LPS-stimulated Bv2 cells. Int J Immunopathol Pharmacol. (2016) 29:54–64. doi: 10.1177/0394632015617065

 49. Xia WJ, Xu ML, Yu XJ, Du MM, Li XH, Yang T, et al. Antihypertensive effects of exercise involve reshaping of gut microbiota and improvement of gut-brain axis in spontaneously hypertensive rat. Gut Microbes. (2021) 13:1–24. doi: 10.1080/19490976.2020.1854642

 50. Wang LW, Tu YF, Huang CC, Ho CJ. JNK signaling is the shared pathway linking neuroinflammation, blood-brain barrier disruption, and oligodendroglial apoptosis in the white matter injury of the immature brain. J Neuroinflammation. (2012) 9:175. doi: 10.1186/1742-2094-9-175

 51. Salehpour F, Farajdokht F, Cassano P, Sadigh-Eteghad S, Erfani M, Hamblin MR, et al. Near-infrared photobiomodulation combined with coenzyme Q10 for depression in a mouse model of restraint stress: reduction in oxidative stress, neuroinflammation, and apoptosis. Brain Res Bull. (2019) 144:213–22. doi: 10.1016/j.brainresbull.2018.10.010

 52. Zhang J, Lin W, Tang M, Zhao Y, Zhang K, Wang X, et al. Inhibition of JNK ameliorates depressive-like behaviors and reduces the activation of pro-inflammatory cytokines and the phosphorylation of glucocorticoid receptors at serine 246 induced by neuroinflammation. Psychoneuroendocrinology. (2020) 113:104580. doi: 10.1016/j.psyneuen.2019.104580

 53. Zhang H, Wei M, Lu X, Sun Q, Wang C, Zhang J, et al. Aluminum trichloride caused hippocampal neural cells death and subsequent depression-like behavior in rats via the activation of IL-1beta/JNK signaling pathway. Sci Total Environ. (2020) 715:136942. doi: 10.1016/j.scitotenv.2020.136942

 54. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation. Cell. (2014) 157:121–41. doi: 10.1016/j.cell.2014.03.011

 55. Chevalier G, Siopi E, Guenin-Mace L, Pascal M, Laval T, Rifflet A, et al. Effect of gut microbiota on depressive-like behaviors in mice is mediated by the endocannabinoid system. Nat Commun. (2020) 11:6363. doi: 10.1038/s41467-020-19931-2

 56. Lim EY, Song EJ, Kim JG, Jung SY, Lee SY, Shin HS, et al. Lactobacillus intestinalis YT2 restores the gut microbiota and improves menopausal symptoms in ovariectomized rats. Benef Microbes. (2021) 12:503–16. doi: 10.3920/BM2020.0217

 57. Valdes-Sustaita B, Estrada-Camarena E, Gonzalez-Trujano ME, Lopez-Rubalcava C. Estrogen receptors-beta and serotonin mediate the antidepressant-like effect of an aqueous extract of pomegranate in ovariectomized rats. Neurochem Int. (2021) 142:104904. doi: 10.1016/j.neuint.2020.104904

 58. Ma D, Forsythe P, Bienenstock J. Live lactobacillus rhamnosus [corrected] is essential for the inhibitory effect on tumor necrosis factor alpha-induced interleukin-8 expression. Infect Immun. (2004) 72:5308–14. doi: 10.1128/IAI.72.9.5308-5314.2004

 59. Kazemi A, Noorbala AA, Azam K, Eskandari MH, Djafarian K. Effect of probiotic and prebiotic vs. placebo on psychological outcomes in patients with major depressive disorder: a randomized clinical trial. Clin Nutr. (2019) 38:522–8. doi: 10.1016/j.clnu.2018.04.010

 60. Rudzki L, Ostrowska L, Pawlak D, Malus A, Pawlak K, Waszkiewicz N, et al. Probiotic lactobacillus plantarum 299v decreases kynurenine concentration and improves cognitive functions in patients with major depression: a double-blind, randomized, placebo controlled study. Psychoneuroendocrinology. (2019) 100:213–22. doi: 10.1016/j.psyneuen.2018.10.010

 61. Han SK, Kim DH. Lactobacillus mucosae and bifidobacterium longum synergistically alleviate immobilization stress-induced anxiety/depression in mice by suppressing gut dysbiosis. J Microbiol Biotechnol. (2019) 29:1369–74. doi: 10.4014/jmb.1907.07044

 62. Jang HM, Lee KE, Kim DH. The preventive and curative effects of lactobacillus reuteri NK33 and bifidobacterium adolescentis NK98 on immobilization stress-induced anxiety/depression and colitis in mice. Nutrients. (2019) 11:819. doi: 10.3390/nu11040819

 63. Zhang T, Li Q, Cheng L, Buch H, Zhang F. Akkermansia muciniphila is a promising probiotic. Microb Biotechnol. (2019) 12:1109–25. doi: 10.1111/1751-7915.13410

 64. Bodogai M, O'Connell J, Kim K, Kim Y, Moritoh K, Chen C, et al. Commensal bacteria contribute to insulin resistance in aging by activating innate B1a cells. Sci Transl Med. (2018) 10:eaat4271. doi: 10.1126/scitranslmed.aat4271

 65. Wu F, Guo X, Zhang M, Ou Z, Wu D, Deng L, et al. An Akkermansia muciniphila subtype alleviates high-fat diet-induced metabolic disorders and inhibits the neurodegenerative process in mice. Anaerobe. (2020) 61:102138. doi: 10.1016/j.anaerobe.2019.102138

 66. Zhao B, Wu J, Li J, Bai Y, Luo Y, Ji B, et al. Lycopene alleviates DSS-induced colitis and behavioral disorders via mediating microbes-gut-brain axis balance. J Agric Food Chem. (2020) 68:3963–75. doi: 10.1021/acs.jafc.0c00196

 67. Casaril AM, Domingues M, Bampi SR, Lourenco DA, Smaniotto TA, Segatto N, et al. The antioxidant and immunomodulatory compound 3-[(4-chlorophenyl)selanyl]-1-methyl-1H-indole attenuates depression-like behavior and cognitive impairment developed in a mouse model of breast tumor. Brain Behav Immun. (2020) 84:229–41. doi: 10.1016/j.bbi.2019.12.005

 68. Venkatesh M, Mukherjee S, Wang H, Li H, Sun K, Benechet AP, et al. Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic sensor PXR and toll-like receptor 4. Immunity. (2014) 41:296–310. doi: 10.1016/j.immuni.2014.06.014

 69. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity. (2013) 39:372–85. doi: 10.1016/j.immuni.2013.08.003

 70. Figueroa-Vega N, Moreno-Frias C, Malacara JM. Alterations in adhesion molecules, pro-inflammatory cytokines and cell-derived microparticles contribute to intima-media thickness and symptoms in postmenopausal women. PLoS ONE. (2015) 10:e0120990. doi: 10.1371/journal.pone.0120990

 71. Yang C, Fang X, Zhan G, Huang N, Li S, Bi J, et al. Key role of gut microbiota in anhedonia-like phenotype in rodents with neuropathic pain. Transl Psychiatry. (2019) 9:57. doi: 10.1038/s41398-019-0379-8

 72. Shahi SK, Freedman SN, Murra AC, Zarei K, Sompallae R, Gibson-Corley KN, et al. Prevotella histicola, a human gut commensal, is as potent as COPAXONE(R) in an animal model of multiple sclerosis. Front Immunol. (2019) 10:462. doi: 10.3389/fimmu.2019.00462

 73. Bazzari FH, Abdallah DM, El-Abhar HS. Chenodeoxycholic acid ameliorates AlCl3-induced Alzheimer's disease neurotoxicity and cognitive deterioration via enhanced insulin signaling in rats. Molecules. (2019) 24:1992. doi: 10.3390/molecules24101992

 74. Cheng L, Huang C, Chen Z. Tauroursodeoxycholic acid ameliorates lipopolysaccharide-induced depression like behavior in mice via the inhibition of neuroinflammation and oxido-nitrosative stress. Pharmacology. (2019) 103:93–100. doi: 10.1159/000494139

 75. Bhargava P, Smith MD, Mische L, Harrington E, Fitzgerald KC, Martin K, et al. Bile acid metabolism is altered in multiple sclerosis and supplementation ameliorates neuroinflammation. J Clin Invest. (2020) 130:3467–82. doi: 10.1172/JCI129401

 76. Li JX, France CP. Food restriction and streptozotocin treatment decrease 5-HT1A and 5-HT2A receptor-mediated behavioral effects in rats. Behav Pharmacol. (2008) 19:292–7. doi: 10.1097/FBP.0b013e328308f1d6

 77. Kim B, Kang S. Regular leisure-time physical activity is effective in boosting neurotrophic factors and alleviating menopause symptoms. Int J Environ Res Public Health. (2020) 17:8624. doi: 10.3390/ijerph17228624

 78. Michel TM, Frangou S, Camara S, Thiemeyer D, Jecel J, Tatschner T, et al. Altered glial cell line-derived neurotrophic factor (GDNF) concentrations in the brain of patients with depressive disorder: a comparative post-mortem study. Eur Psychiatry. (2008) 23:413–20. doi: 10.1016/j.eurpsy.2008.06.001

 79. Zhao X, Cao F, Liu Q, Li X, Xu G, Liu G, et al. Behavioral, inflammatory and neurochemical disturbances in LPS and UCMS-induced mouse models of depression. Behav Brain Res. (2019) 364:494–502. doi: 10.1016/j.bbr.2017.05.064

 80. Shirayama Y, Chen AC, Nakagawa S, Russell DS, Duman RS. Brain-derived neurotrophic factor produces antidepressant effects in behavioral models of depression. J Neurosci. (2002) 22:3251–61. doi: 10.1523/JNEUROSCI.22-08-03251.2002

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 Huang, Liu, Xu, Hu, Wang, Shi, Wang, Wang, Lin, Li, Zhao, Jin, Wang, Chen and Wang. 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 February 2022
doi: 10.3389/fnut.2022.846378






[image: image2]

Dynamics of the Gut Bacteria and Fungi Accompanying Low-Carbohydrate Diet-Induced Weight Loss in Overweight and Obese Adults

Dan Yu1, Libin Xie2, Wei Chen3, Jin Qin4,5, Jingjing Zhang6, Min Lei1, Yue Wang1, Hongge Tang1, Sujuan Xue1, Xinxiu Liang7, Zelei Miao7, Congmei Xiao7, Meishuang Shang4,5, Jie Lu6, Hailing Di1* and Yuanqing Fu7,8,9*


1Department of Nutrition, The Third Hospital of Hebei Medical University, Shijiazhuang, China

2School of Chemical Engineering, Shijiazhuang University, Shijiazhuang, China

3Department of Orthopedic Surgery, Third Hospital of Hebei Medical University, Shijiazhuang, China

4The Biobank, Third Hospital of Hebei Medical University, Shijiazhuang, China

5Hebei Orthopedic Clinical Research Center, Third Hospital of Hebei Medical University, Shijiazhuang, China

6Clinical Biochemistry Lab, Third Hospital of Hebei Medical University, Shijiazhuang, China

7Key Laboratory of Growth Regulation and Translational Research of Zhejiang Province, School of Life Sciences, Westlake University, Hangzhou, China

8Westlake Intelligent Biomarker Discovery Lab, Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, China

9Institute of Basic Medical Sciences, Westlake Institute for Advanced Study, Hangzhou, China

Edited by:
Xin Liu, Xi'an Jiaotong University Health Science Center, China

Reviewed by:
Shanshan Li, Shandong First Medical University, China
 Lichen Yang, Chinese Center for Disease Control and Prevention, China

*Correspondence: Hailing Di, hailingd2006@163.com
 Yuanqing Fu, fuyuanqing@westlake.edu.cn

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

Received: 31 December 2021
 Accepted: 14 January 2022
 Published: 11 February 2022

Citation: Yu D, Xie L, Chen W, Qin J, Zhang J, Lei M, Wang Y, Tang H, Xue S, Liang X, Miao Z, Xiao C, Shang M, Lu J, Di H and Fu Y (2022) Dynamics of the Gut Bacteria and Fungi Accompanying Low-Carbohydrate Diet-Induced Weight Loss in Overweight and Obese Adults. Front. Nutr. 9:846378. doi: 10.3389/fnut.2022.846378



Background: Low-carbohydrate (e.g., Atkins) dietary pattern is one of the most effective diets for weight loss, but little is known about the characteristics of the gut microbiota accompanying low-carbohydrate diets-induced weight loss. This study aims to profile dynamics of gut bacteria and fungi accompanying modified Atkins diets-induced weight loss among overweight and obese adults.

Methods: Overweight and obese adults were screened to follow a modified Atkins diet plan (30% of energy from protein, 40% from carbohydrate and 30% from fat). We longitudinally profiled dynamics of gut bacteria and fungi based on 16S rRNA and ITS rRNA gene sequencing data, respectively.

Results: A total of 65 participants followed the modified Atkins diets for 20–231 days, with 61 and 27 participants achieving a weight loss of at least 5 and 10%, respectively. Most of the participants who achieved 10% weight loss also experienced improvements on metabolic health. The diversity of gut bacteria and fungi increased after a weight loss of 5% and kept stable thereafter. Bacteria genera including Lachnoclostridium and Ruminococcus 2 from Firmicutes phylum were depleted, while Parabacteroides and Bacteroides from Bacteroidetes phylum were enriched after weight loss. The inter-kingdom analysis found an intensive covariation between gut fungi and bacteria, involving more than half of the weight loss-associated bacteria.

Conclusions: This study confirmed the modulation of bacterial and fungal composition during weight loss with the low-carbohydrate diets and showed previously unknown links between intestinal bacteria and fungi accompanying the weight loss.

Keywords: low-carbohydrate diet, obesity, weight loss, gut bacteria, gut fungi


INTRODUCTION

Obesity has been a worldwide public health issue, given its increasing prevalence and detrimental impact on human health (1). Previous studies comparing relative effectiveness among popular named dietary programs found that in the short term the most effective weight reduction diet was Atkins (2, 3). Atkins diet is one of the most popular low carbohydrate weight loss programs which consists of <40% of kilocalories from carbohydrates per day, ~30% from protein and 30–55% from fat (2). Facing the public health failure that obesity rates remain at historic highs despite a persistent focus on eating less and exercising more (guided by the energy balance model), recent studies are highlighting an alternative paradigm, the carbohydrate-insulin model (CIM) (4). CIM proposes that hormonal responses to a high-glycemic-load diet increases fat deposition in the body and drives positive energy balance. Thus, the Atkins diet characterized by the low carbohydrate feature may promote weight loss through the low-glycemic-load mechanism.

Accumulating evidence indicates that the gut microbiota may play a key role mediating the effect of dietary exposure on metabolic disorders such as obesity (5). For example, gut microbiota may contribute to obesity through exhibiting effects on immune system, nutrient metabolism, and hormones involved in food intake and energy harvest (6–8). A higher Firmicutes-to-Bacteroidetes ratio was observed in obese children when compared to normal weight children, and a 20% increase in the Firmicutes phylum abundance was associated with an increase of 150 kcal in energy harvest (7). Moreover, several studies observed that the abundance of Firmicutes decreased while Bacteroidetes increased after Rouxen-Y gastric bypass and laparoscopic sleeve gastrectomy (9–11). Human gut fungal community comprises <0.1% of the gut microbial cells. Changes in the gut fungi are linked to various diseases (e.g., inflammatory bowel disease, and colorectal cancer), indicating its potential to modulate metabolic pathways to health (12, 13). It is still unclear about the dynamic changes of gut bacteria or fungi among obese adults on a low carbohydrate (modified Atkins) diet intervention.

Therefore, in the present study, we aimed to profile the dynamics of gut bacteria and fungi over the course of diet therapy (modified Atkins diet)-induced weight loss in overweight and obese adults. Clarification of the gut microbial characteristics during the dietary intervention would help understand the potential mechanisms behind the weight loss and facilitate the discovery of new microbial targets for the obesity treatment.



METHODS


Study Design and Participants

This study was undertaken at the Clinical Nutrition Department of the Third Hospital of Hebei Medical University. Overweight and obese adults (BMI>24.0 kg/m2) who came to visit the nutrition clinic between March 1, 2019 and November 30, 2020 were screened for inclusion. The inclusion criteria included 18–55 years of age and a stable body weight for at least 3 months prior to the study, defined as weight loss or weight gain <3 kg within preceding 3 months. Exclusion criteria included: concomitant use of any weight loss medication (e.g., Orlistat) or diet/exercise regime designed for weight loss; use of lipid-lowering or diabetes medications; previous bariatric, or other intestinal surgery; pregnancy or lactation; use of probiotic/prebiotic supplements; chronic use of antacids; use of antibiotics within the preceding 3 months of enrollment; clinically significant cardiovascular or respiratory diseases; liver or kidney disease; active malignancy; chronic infections; Hypothyroidism; Cushing's disease; alcohol or drug addiction; change in smoking habits within the preceding 3 months or plan to quit smoking in the following days.

After the screening and inclusion of the participants, a registered dietitian provided the enrolled participants with a structured advice for daily macronutrient, namely a uniform modified Atkins diet (total energy equals to basal metabolism, consisting of 30% total energy intake (E) from fat, 30% E from protein and 40% E from carbohydrate) for weight loss treatment. For each participant, an individualized, detailed 7-day recipe (Supplementary Table S1) were formulated by the registered dietitian. The energy intake target was designed individually according to the basic metabolic rate and was kept unchanged throughout the study. Participants were instructed to consume only the recommended foods or beverages during the following days, and were asked not to change their lifestyle and physical activity throughout the study period. All participants were required to send pictures of meals to the dietitian via WeChat app every day and then the dietitian gave timely comments and recommendations to make sure the participants complied to the required diet pattern well. At the same time, any adverse events were reported immediately via the WeChat or phone call.

Participants came back to re-visit the outpatient clinic when they achieved a weight loss of 5 and 10% from baseline. Fecal samples were collected on the day of study visit and were maintained at 4°C for no longer than 2 h. Thereafter, the samples were transported to laboratory and stored at −80°C until DNA extraction. At each visit, body weight was measured using a smart weight measuring instrument (SH-E10, Zhengzhou ShangHe Electronic Technology Co., Ltd. China), with an accuracy of 0.1 kg for the weight scale; a questionnaire on the items of the consumed foods and beverages during the past 24 h was completed for assessing compliance to the modified Atkins diet. Fasting venous blood was collected for biochemical analysis at baseline and when a weight loss of 10% was achieved. We define the period from baseline to the time point corresponding to a weight loss of 5% as the first phase of this study, while the next period lasting to the time point when 10% of the body weight were lost as the second phase. The present study focuses on one of the primary outcomes of the registered study (ClinicalTrials.gov, NCT04207879) and the other primary outcome of the registered study is still under investigation.



Analysis of Dietary Intakes

Using the participants' records, daily nutrient intakes were determined by trained staff using the individualized evaluation software for the nutrition clinic (version 1.0, Shanghai Zhending Health Technology Co., Ltd). The individual daily intakes of macronutrients (carbohydrate, fat, and protein) and total energy were then collated for assessment of compliance to the planed Atkins diets.



Biochemical and Clinical Chemistry Analyses

Blood pressure was examined with an automatic sphygmomanometer (CITIZEN) and body composition was measured using a bioimpedance analysis (BIA) (InBody S10; Biospace) at each visit. Clinical biochemistry analyses, including fasting glucose, glycosylated hemoglobin (HbA1c), triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), creatinine, uric acid (UC), aspartate transaminase (AST), and alanine transaminase (ALT) were performed with Beckman Kurt au5800 automatic biochemical analyzer (Beckman Kurt, Shanghai, China).



Gut Microbiota Measurement and Bioinformatics Analysis

Microbial DNA was extracted from each sample using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) per the manufacturer's instruction. The final DNA concentration and purification were determined by NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA), and DNA quality was checked by 1% agarose gel electrophoresis. The V3-V4 hypervariable region of the 16S rRNA gene was amplified with primers 338F: CCTACGGGNGGCWGCAG and 806R: GACTACHVGGGTATCTAATCC, while internal transcribed spacer 2 (ITS2) hypervariable region of the fungal ITS rRNA gene was amplified with primers ITS3F: GCATCGATGAAGAACGCAGC and ITS4R: TCCTCCGCTTATTGATATGC by thermocycler PCR system (GeneAmp 9700, ABI, USA). Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 250) on an Illumina NovaSeq platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). Fastq files were demultiplexed by the NovaSeq Controller Software (Illumina Inc.) using a mapping file as input. QIIME2 (version 2020.2) was used for the downstream analysis (14). The demultiplexed 16S sequences were denoised and grouped into amplicon sequence variants (ASVs; i.e., 100% exact sequence match) using DADA2 (15). The ASV features that were presented in only one sample were excluded. The taxonomies of ASVs were subsequently determined using the Naive Bayes classifier trained on the Sliva_132 99% reference database. α-diversity analysis was conducted through the q2-diversity plugin at the sampling depth of 5,000. Function prediction analysis of bacterial communities based on representative sequences was conducted using PICRUSt2 QIIME2 plugin with default settings (16). α-diversity was estimated by Shannon's diversity index (or Shannon; a quantitative measure of community richness and evenness) and Observed Features (or Richness; a qualitative measure of community richness).

For the ITS analysis, raw data was obtained using the same method as previously described. Fastq files were demultiplexed by the NovaSeq Controller Software (Illumina Inc.) and sequences were merge-paired, quality filtered and analyzed using QIIME2 (version 2020.2). As described above, we used DADA2 denoised-paired plugin in QIIME2 to process the fastq files. We filtered the features that were present in only a single sample. The individual ASVs were taxonomically classified based on the UNITE (version 8.2) database using the VSEARCH tool wrapped in QIIME2. α-diversity analysis was conducted at the sampling depth of 10,000 and estimated by the indices the same as 16S data.



Statistical Analysis

Statistical analysis was performed using Stata version 15 and R version 3.5.3. Data with normal distribution are presented as mean (SD), those with skew distribution are presented as median (IQR). Paired T-test or Wilcoxon test was conducted to examine the differences in repeated measured cardiometabolic risk factors and liver and kidney function indices between study visits, including blood fasting glucose, HbA1c, triglycerides, HDL cholesterol, LDL cholesterol, total cholesterol, ALT, AST, and creatinine. Specifically, for those data with normal and skew distribution, paired T-test and paired Wilcoxon test were used, respectively.

We compared the alpha diversity of both gut bacteria and fungi between visits (i.e., baseline, follow-up 1 when 5% of body weight was lost, and follow-up 2 when 10% of body weight was lost) at genus level, using paired T-test. Principal coordinate analysis (PCoA) based on Bray-Curtis distance and permutational multivariate analysis of variance (PERMANOVA) (999 permutations) were performed to examine the changes in gut microbial community structure (β-diversity dissimilarities) along with weight loss using the vegan R package (v2.5-6). We applied paired Wilcoxon test on each bacterial genus or predicted pathway individually to identify specific features that changed substantially together with the decrease of body weight, and Benjamini-Hochberg method was used to correct raw p-values. At the same time, we used LEfSe (Linear discriminant analysis Effect Size) to calculate the LDA score of each bacterial genus between visits for supporting visualization of the results.

We separately calculated the changes (5% weight loss vs. baseline) in the relative abundance of each genus for both gut bacteria and gut fungi, and constructed alteration matrixes representing the dynamics of gut bacteria and gut fungi, respectively. We then applied the Procrustes analysis to estimate overall relationship between the two alteration matrixes. Thereafter, we examined specific correlations at genus level, by analyzing the correlations between changes (5% weight loss vs. baseline) in the relative abundance of each genus stratified by the kingdom, using Spearman correlation analyses.




RESULTS


Characteristics of the Participants

A total of 65 subjects (male, n = 20; female, n = 45) were enrolled, and the average baseline characteristics of the participants were: age 36 ± 9 years (range 19–55), BMI 30.1 ± 4.5 kg/m2 (range 24.2–48.5), body weight 83.0 ± 16.0 kg (range 60.0–142.1), and basic metabolic rate (BMR) 5.7 ± 0.8 MJ/day (range 4.6–7.7). The detailed characteristics were summarized in the Table 1. Of the 65 participants, 4 dropped out before achieving 5% reduction of body weight, remaining 61 participants achieving a weight loss of at least 5% and 27 participants achieving a weight loss of at least 10% (Figure 1). For the 61 participants achieving at least 5% reduction of body weight from baseline, the interval ranged from 7 to 196 days, with a median of 25 days. For the 27 participants who attended the third visit (i.e., 10% reduction of body weight was achieved), the median interval between the second and third visit was 46 days (ranging from 21 to 231 days). Heatmap plot indicating the mean velocity of body weight reduction between visits are shown in the Figure 2.


Table 1. Baseline demographics of the study participants.

[image: Table 1]
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FIGURE 1. Study flow chart and design. (A) A total of 110 subjects were screened and 65 subjects were included, of which 4 dropped out before achieving 5% reduction of body weight, remaining 61 participants achieving a weight loss of at least 5% and 27 participants achieving a weight loss of at least 10%. (B) The included participants reported their body weight to investigators every day, and visited the outpatient clinic when they achieved a weight loss of 5 and 10% from baseline. At each visit, a questionnaire on the items of the consumed foods and beverages during the past 24 h was completed to assess the compliance to the modified Atkins diet. Fasting venous blood samples were collected for biochemical analysis at baseline and when a weight loss of 10% was achieved.



[image: Figure 2]
FIGURE 2. The velocity of body weight reduction over the course of low-carbohydrate diet program. Heatmap depicting the values of the percentage of lost body weight, with red color indicating the baseline body weight while yellow and green indicating that the percentage reach 5 and 10%, respectively. Only the participants achieving a weight loss of at least 5% were included in this figure (n = 61). This figure was trimmed at 150 days due to the space limits.




Compliance to Dietitian-Designed Low-Carbohydrate Diet

At baseline, data from food records demonstrated that about 52.2% of the participants' daily energy intake were from carbohydrates, 33.8% from fat, and 14.0% from protein (Supplementary Figure S1A). Following the dietitians' recommendation, the percentage of energy were 32.0, 42.2, and 25.8% for carbohydrate, fat and protein, respectively, during the phase 1 period of this study (Supplementary Figure S1B). Similar distribution of the macronutrients continued to the third visit for those who achieved a weight loss of 10%, with mean percentages of 32.8, 41.8, and 25.4% for carbohydrate, fat, and protein, respectively (Supplementary Figure S1C). These data suggested that the participants complied well to the dietitian-designed Atkins diet recommendations.



Body Composition and Cardiometabolic Risk Factors

The body composition analysis demonstrated that both body fat and body muscle significantly decreased along with the body weight loss (Figure 3). Specifically, the body fat decreased by about 8.7 and 18.6% at the first and the second visit from baseline, respectively. Meanwhile, body muscle decreased by 3.2 and 9.1%, respectively. Accordingly, the body fat percentage continued decreased from 35.1 to 33.7% at the end of phase 1, and further to 32.5% at the end of phase 2.


[image: Figure 3]
FIGURE 3. Changes in body composition over the course of low-carbohydrate diet-induced body weight. Boxplot depicting fat ratio, fat mass, and muscle mass at different timepoints corresponding to baseline (light blue color), 5% weight loss (red color), and 10% weight loss (green color), respectively. Lines between boxplots link body composition values of the same participant at different timepoints. Paired T-test was conducted to examine difference between sequential visits, with *p < 0.05 indicating statistical significance.


Our study showed that blood lipid profile and glucose homeostasis were improved during the dietary intervention. Blood TG and LDL-C were decreased significantly after a weight loss of 10% (p < 0.05, Figure 4), while no significant changes were found for TC or HDL-C (Table 2). Both fasting glucose and HbA1c were decreased significantly (p < 0.05, Figure 4), especially for those with relatively higher baseline values. Additionally, both ALT and AST were significantly decreased (p < 0.01, Table 2), which indicated a short-term safety of the low-carbohydrate diets. Furthermore, no adverse events were reported during the study.


[image: Figure 4]
FIGURE 4. Improvements on lipid metabolism and glucose homeostasis over the course of low-carbohydrate diet-induced weight loss. Boxplot depicting TG, LDL, blood glucose, and HbA1c levels at different timepoints corresponding to baseline (light blue color) and 10% weight loss (red color), respectively. Lines between boxplots link values of the same participant at different timepoints. Paired T-test was applied to examine difference between visits, with p < 0.05 indicating statistical significance. TG, Triglycerides; LDL-C, Low-density lipoprotein cholesterol; HbA1c, Glycosylated hemoglobin.



Table 2. Macronutrient distribution, metabolic health, and gut microbial features at each visit accompanying weight loss.
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Dynamic Changes of Gut Bacteria in the Course of Modified Atkins Diet-Induced Weight Loss

A total of 120 gut bacteria genera were detected in more than 90% of the samples, and these genera mainly belonged to the phylum of Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. At the phylum level, we investigated dynamics of the bacteria distributions and found that the relative abundance of Bacteroidetes increased while Firmicutes and Proteobacteria decreased after a weight loss of 5%. This dynamic also reflected the decreased trend of Firmicutes-to-Bacteroidetes ratio, along with the body weight loss in the phase 1 stage. However, this alteration trend was reversed to some extent after a weight loss of 10% (Supplementary Figure S2). Figure 5 showed the dissimilarities (β diversity) in gut bacterial composition of samples collected at different time points, which were represented by unconstrained principal coordinate analysis (PCoA). Unlike the body fat percentage which decreased at a relatively constant velocity along with the weight loss, the gut bacteria composition experienced dramatic alteration during the first phase of weight loss (Figure 5A, PEMANOVA test, p = 0.001), while keeping relatively stable during the second phase (Figure 5B, PEMANOVA test, p = 0.87). Of note, half of the enrolled participants did not achieve a weight loss of 10%, and thus were not included in the phase 2 analysis. Regarding the α-diversity of gut bacteria, Figure 6 showed similar trends that both genus-level Shannon index and observed features significantly increased as the body weight decreased during the phase 1 stage (p < 0.05). But no significant changes in these indices were observed during the second phase.


[image: Figure 5]
FIGURE 5. Alteration in gut microbial composition over the course of low-carbohydrate diet-induced weight loss. (A,B) Dissimilarities in gut bacterial composition at different visits [(A), baseline vs. 5% weight loss; (B), 5% weight loss vs. 10% weight loss] represented by unconstrained principal coordinate analysis (PCoA) with the Bray Curtis dissimilarity index. (C,D) Dissimilarities in gut fungal composition at different visits [(C), baseline vs. 5% weight loss; (D), 5% weight loss vs. 10% weight loss] represented by unconstrained PCoA with the Bray Curtis dissimilarity index. PERMANOVA p < 0.05 indicates significant explanation of weight loss for the dissimilarities in gut microbiota composition.



[image: Figure 6]
FIGURE 6. Dynamics of gut microbial diversity over the course of low-carbohydrate diet-induced weight loss. Boxplot depicting Shannon and Observed features of both gut bacteria (A,B) and gut fungi (C,D) at different timepoints corresponding to baseline (light blue color), 5% weight loss (red color), and 10% weight loss (green color), respectively. Lines between boxplots link body composition values of the same participant at different timepoints. Paired T-test was conducted to examine difference between sequential visits, with *p < 0.05 indicating statistical significance.


We further identified which microbes changed substantially during each stage at genus level and found that most of the depleted genera including Ruminococcus 2, Lachnoclostridium, Parasutterella, Escherichia-Shigella, Klebsiella, Parasutterella were taxonomically belonging to Firmicutes or Proteobacteria phylum (Supplementary Figure S3). Of note, only Ruminococcus 2 and Lachnoclostridium could be validated at both timepoints corresponding to a weight loss of 5 and 10%, respectively. On the other hand, Parabacteroides and Bacteroides belonging to Bacteroidetes were enriched after a weight loss of 5 and 10% (Supplementary Figure S3). No significantly altered genera were identified between the end of phase 1 and the end of phase 2, which consistent with the dynamic changes of α diversity and β diversity. We also predicted the function of gut bacteria, and found 38 significantly altered pathways at the end of phase 1. More than half of the altered pathways were related to biosynthesis or degradation of amino acids, organic acids, glucose and heme (Supplementary Figure S4). The relative abundance and composition of the gut bacteria functional pathways kept stable during the second phase, and no significantly altered pathways were observed.



Dynamic Changes of Gut Fungi in the Course of Modified Atkins Diet-Induced Weight Loss

There was a total of 99 gut fungal genera where Ascomycota, Basidiomycota, and unclassified Fungi sp. were the most dominant phyla with a mean relative abundance of 42.4, 7.6, and 49.9%, respectively. The relative abundance of Ascomycota decreased while the Basidiomycota increased after a weight loss of 5% at the end of phase 1, and this trend continued in 27 participants who further achieved a weight loss of 10% at the end of phase 2 (Supplementary Figure S2). After 10% prevalence filtering, 33 gut fungal genera were identified as a group of core taxa, including Saccharomyces, Candida, Aspergillus, Malassezia, etc. Compared with the baseline measures, the α-diversity analysis showed that Shannon index increased significantly after a weight loss of 5% at the end of phase 1 (Figure 6C). Thereafter, the Shannon index was relatively stable with no significant changes observed during the second phase (Figure 6C). Unlike the gut bacteria that showed an increase in observed features along with the weight loss, this index of α-diversity (i.e., observed features) was stable for gut fungi throughout the study (Figure 6D), indicating that the gut fungal richness is less responsive to diet changes or weight loss. β diversity analysis yielded similar results, which showed dramatic alteration of gut fugal composition during the first phase of weight loss (Figure 5C, PEMANOVA test, p = 0.001), while keeping relatively stable during the second phase (Figure 5D, PEMANOVA test, p = 0.402).



Co-variation Between Gut Bacteria and Fungi During the Atkins Diet-Induced Weight Loss

To further explore the potential co-variation between the gut fungi and bacteria, we firstly calculated the changes in relative abundance of each fungus and bacteria. The Procrustes analysis revealed a closed overall relationship between the dynamic changes of the two kingdoms (p = 0.01, Figure 7A). A total of 42 significant associations were identified between 20 fungi and 29 bacteria (p < 0.01, Figure 7B) The fungal genus Penicillium and another two unclassified genera belonging to family Dipodascaceae and order Pleosporales were significantly associated with 3 of the 5 bacterial genera (i.e., Bacteroides, Ruminiclostridium 5, and Lachnospiraceae NK4A136 group) which were consistently validated to be enriched after weight loss.
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FIGURE 7. Co-variation between the changes in gut bacteria and fungi abundance accompanying weight loss. (A) The circles represent projections of the alteration matrix (5% weight loss vs. baseline) of gut bacterial composition and the triangles represent projections of the alteration matrix (5% weight loss vs. baseline) of gut fungal composition. Each line links projections representing the same participant, with the length indicating distance. (B) The left part of the circle colored in gray denotes gut fungi at genus level, while the right part in light purple indicates gut bacteria at genus level. The links indicate there are nominally significant associations (Spearman correlation analyses, p < 0.01) between changes in the relative abundance (5% weight loss vs. baseline) of the two kingdoms, with orange color representing positive associations and blue color representing negative associations.


These results suggested extensive co-variation associations between gut fungi and bacteria, including those might be involved in the process of weight loss. Additionally, regarding the gut bacterial dynamics, most of the identified associations (29/42) were related to genera from Lachnospiraceae and Ruminococcaceae family. For the gut fungi genera that showed concordant dynamics with bacteria were mainly from Debaryomycetaceae, Trichosporonaceae, Rhizopodaceae, and Aspergillaceae family, while those showed opposite dynamics with bacteria were mainly from Filobasidiaceae and Aspergillaceae family. The positive correlation of the fungi dynamics (e.g., g_ Debaryomyces, g_ Penicillium, and g_ Cutaneotrichosporon) with bacteria dynamics (e.g., g_Eggerthella, g_Negativibacillus, g_Selllimonas) suggested that there might be a co-dependence for both kingdoms during the low-carbohydrate diet-induced weight loss. The inverse correlation of other fungi (e.g., g_ Naganishia and g_ Aspergillus) with bacteria (e.g., g_Marvinbryantia and g__Ruminococcus torques group) indicated that there might be competitive or inhibitory actions. These results in together suggest that the gut fungi have potential to manipulate the neighboring bacterial community or vice versa over the course of low-carbohydrate diet-induced weigh loss.




DISCUSSION

Our present study confirmed the effectiveness of the modified Atkins diets, one of the typical low-carbohydrate diets, on body weight management and metabolic health among obese adults. We profiled the characteristics and dynamics of gut bacterial and fungal features based on longitudinal data during the Atkins diet-induced weight loss. We further identified several key gut microbes which were altered during the intervention. We provide clues of close connection and covariation between gut fungi and bacteria in the process of weight loss. Our findings might extend our insight into the potential of gut fungi to indirectly impact host metabolism by influencing the numerous bacteria.

In this study the modified-Atkins diet effectively improved the obesity-associated phenotypes, including body weight, blood lipids profile, and blood glucose homeostasis. Of note, the time spent for achieving a weight loss of 5% are largely varied among the participants, and the potential characteristics that may determine the velocity of weight loss warrant further investigations. A recent study found that participants with a higher relative abundance of genus Bacteroides at baseline exhibited a better response to low-carbohydrate diet intervention and achieved greater weight loss outcomes (17). Interestingly, we also tried to replicate this association to some extent in the present study, but we did not find significant difference in the abundance of baseline Bacteroides between participants whose body weight responded quickly to the low-carbohydrate diet and those with a low velocity of weight loss. The different study designs (e.g., application of moderate calorie restriction) of the two studies may help explain the inconsistency. Nevertheless, we did observe that the abundance of genus Bacteroides increased significantly at both visits after 5 and 10% of the body weight were lost on the low-carbohydrate diets.

We found that the microbial composition was improved toward a lean microbiome phenotype, showing a higher alpha-diversity and Firmicutes-to-Bacteroidetes ratio. These results are consistent with those of previous studies that the ratio of Firmicutes-to-Bacteroidetes was higher in obese individuals than lean individuals, and this ratio was decreased with weight loss (8). At genus level, both of the depleted genera that were confirmed after 5 and 10% weight loss in the present study belong to the Firmicutes phylum, while serval of the enriched genera after weight loss were assigned to the Bacteroidetes phylum. Although some of the identified specific genera such as Bacteroides and Parabacteroides have been reported to be significantly increased after low-carbohydrate diet-induced weight loss, the alterations were not specific to the low-carbohydrate diet (18). Interestingly, the above-mentioned alterations in gut bacterial composition only appeared when compared with baseline samples, while no significant alterations were identified between 5% weight loss and 10% weight loss. This dynamic pattern also applied to the gut bacteria functional analysis. These findings are to some extent consistent with a recent study which reported resilience of the gut microbiota after a long-term dietary intervention (18).

A diverse community of fungi coexists in the gut with other members of the microbiota (19–21). To the best of our knowledge, this is the first study that profiled the fungal dynamic changes and their covariations with gut bacteria over the course of low-carbohydrate diet-induced weight loss among obese participants.

Our study found that the gut fungi were dominated by members of the phylum Ascomycota, which included the genera Candida and Saccharomyces. The ecology of fungal and bacterial cohabitation in the gut has great potential to modulate metabolic health. Diet and nutrition might play a key role in shaping this ecosystem (22–24). Our study did observe alterations in this ecosystem over the course of the low-carbohydrate diets-induced weight loss. We also observed some differences in the alterations between fungi and bacteria. For example, both evenness and richness of gut bacteria increased with the introduction of low-carbohydrate diets, which might be explained by the needs of more diverse bacteria for fermenting some newly introduced food components. As a contrast, gut fungi experienced increases mainly in evenness but not richness throughout the study, indicating the stability of the harbored fungal taxa which may not be dependent on the diet-derived components or nutrients.

Recent findings suggested a unique role for gut fungi beyond their direct effect on the host, but through their cross-kingdom interaction with gut bacteria (22). The modes of cross-kingdom interaction can be expected to include mutualism, commensalism, amensalism, parasitism and competition (20). These cross-kingdom interactions may be main factors that determine the fungi richness. Moreover, our cross-kingdom analysis provided some clues for the mutualism or competition between gut fungi and bacteria over the course of low-carbohydrate diet induced weight loss. Extensive co-variation associations were identified, with most of the associations related to bacterial Lachnospiraceae and Ruminococcaceae family, covering 3 of the 5 consistently confirmed enriched bacteria genera (e.g., Ruminococcaceae UCG-013 and Ruminiclostridium 5) after weight loss. These findings implied that the fungi inhabiting the intestinal tract had the potential to influence the neighboring bacteria, and thus possibly indirectly influencing the host metabolism (22).

This study has several strengths. First, this study longitudinally collects detailed phenotype data and biological samples with an interval of fixed weight loss of 5%. This study design makes the intra-individual paired analysis more precisely reflect the weight-loss related dynamic changes. Second, this study investigates dynamic changes of gut bacteria and fungi simultaneously, and provided novel clues of the close links between intestinal fungi and bacteria over the course of weight loss, which is rarely achieved in prior studies.

A major limitation of the present study is that the number of participants reaching a 10% weight loss is relatively small, which limits the power of the statistical analysis for the second phase of the study. Another limitation is that the present analysis with an observational nature aims to profile the dynamics of gut microbial features accompanying low-carbohydrate diet induced weight loss, which is not capable to illustrate the causal relationship between gut microbial alterations and weight loss. Nevertheless, the profiling of gut microbial features, especially the close links and covariation between gut bacteria and fungi in the process of weight loss, may provide potential targets of intervention for body weight management and highlight that the role of gut fungi warrants more investigations.



CONCLUSION

In conclusion, we confirmed the modulation of bacterial and fungal composition during weight loss with the low-carbohydrate diet, and profiled dynamics and characteristics of the gut bacterial and fungal cohabitation ecosystem. The identified previously unknown links between intestinal fungi and bacteria over the course of weight loss highlight that gut fungi may be much more important than expected in the development or treatment of obesity. A complete understanding of this cross-kingdom interaction on body weight and developments of microbiota-targeting diets for weight loss require further investigations.
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Intestinal Microbiota Contributes to the Improvement of Alcoholic Hepatitis in Mice Treated With Schisandra chinensis Extract
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Alcoholic hepatitis (AH) has a high short-term mortality rate. Schisandra chinensis has the potential to ameliorate liver damage and be a source of prebiotics. We aimed to investigate whether Schisandra chinensis extract (SCE) can improve AH and the role of the small intestinal and cecal microbiota and their metabolites. UHPLC-QE-MS was used to analyze the chemical components of SCE. The chronic-plus-binge ethanol feeding model was used to induce AH in mice. 1H NMR was used to analyze intestinal metabolites. 16S rRNA-based high throughput sequencing was used to evaluate the effects of SCE on intestinal microbiota (IM). Intestinal microbiota transplantation was used to explore the role of IM in SCE treatment of AH. SCE ameliorated AH non-dose-dependently. SCE effectively improved liver inflammation and oxidative/nitrosative stress, strengthened intestinal barrier function, and regulated the composition of IM and the content of short-chain fatty acids (SCFAs) in AH mice. Samples from in vivo and in vitro SCE-altered IM improved liver status and regulated the IM. The administration of Lactobacillus plantarum and Bifidobacterium breve ameliorated AH to some extent. The administration of Enterococcus faecalis and Klebsiella oxytoca had partial beneficial effects on AH. Collectively, IM and metabolites were closely associated with the improvement of SCE on AH. The possible microbe targets were the growth inhibition of Escherichia-Shigella and the expansion of SCFA producers, such as Lactobacillus and Bifidobacterium. Schisandra chinensis can be considered as a safe and effective dietary supplement for the prevention and improvement of AH.
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INTRODUCTION

Alcoholic hepatitis (AH) is the most common form of alcoholic liver disease (ALD), with a short-term mortality rate of up to 50% (1). Liver steatosis, oxidative stress, cytokine-induced inflammation, destruction of the gut barrier, and alterations in the gut microbiome and metabolome play important roles in the pathogenesis of ALD (2, 3). Short-chain fatty acids (SCFAs), intestinal microbial metabolites that influence intestinal motility and enhance intestinal barrier functions by regulating the function of intestinal epithelial cells, were also reduced (4). These changes lead to increased intestinal permeability and the delivery of bacterial lipopolysaccharide (LPS) into the liver via the portal vein, which activates Kupffer cells to produce inflammatory mediators, such as tumor necrosis factor alpha (TNF-α) and interleukin-1 (IL-1), leading to liver injury (3, 5). There continues to be lack of safe and efficacious drugs for the prevention or treatment of AH (6).

Schisandra chinensis is a berry fruit native to Northeast China, Japan, Korea, Manchuria, and the Far East parts of Russia (7). It is often made into a tea or used as a traditional Chinese medicine in Asian countries (8). Schisandra chinensis contains a variety of bioactive ingredients with various pharmacological properties (8, 9). Moreover, according to the interpretation of prebiotics by the International Scientific Association for Probiotics and Prebiotics (10), prebiotics are “substrates that are selectively utilized by host microorganisms conferring health benefits.” As S. chinensis contains polyphenols and polyunsaturated fatty acids known to exert multiple beneficial health effects, it is likely to be a potential source of prebiotics. Schisandra chinensis improved acute alcoholic liver injury by reducing oxidative stress (11), and inhibited inflammatory bowel disease by regulating intestinal microbes and their metabolites (12). However, little is known regarding the relationship between Schisandra chinensis extract (SCE)-regulated intestinal microbiota (IM) and AH.

In vitro gastrointestinal simulation system can replicate physiological simulation. Usually, the main characteristics of replication are temperature, pH, residence or passing time, and digestive juice composition (13). It is cost effective and free from ethical restrictions (14). It is also used to identify the effects of bacteria and compounds on the gastrointestinal microbiota (15) and evaluate the safety of drug residues (16). Whether the altered IM and its metabolites regulated by drugs in the in vitro system can affect the development of the disease remains unclear.

This study investigated the preventive effect of SCE on AH and the role of the IM and its metabolites, SCFAs. To this end, we tested the preventive effect of SCE on AH mice and changes in the IM and SCFAs. SCE was used to alter the IM of mice through the in vitro gastrointestinal simulation system and in vivo to explore the preventive effects of the altered IM and its metabolites on AH mice. Finally, the possible microbial targets of SCE to prevent AH through IM and the role of SCFA-producing bacteria were explored by the administration of individually cultured bacteria.



METHODS


Schisandra chinensis Extract Preparation

Schisandra chinensis (400 g, Liaoning, China) was soaked in 2.5 L of water for 1 h, and boiled for an additional hour, following which the water extracts liquid was separated; these steps were repeated three times. All water extracts were mixed, concentrated to an appropriate volume and lyophilized. The dregs were soaked in 70% ethanol (2.5 L) for 1 h and boiled for an additional hour; the ethanol extract liquid was separated, concentrated to an appropriate volume and lyophilized. Extracts were weighed separately: the water extract was 153.57 g (extraction rate 38.39%), while the ethanol extract was 19.14 g (extraction rate 4.78%).



Chemical Analyses of S. chinensis Extracts
 
Determination of Polysaccharide Content

The total polysaccharide content of both extracts was determined using the phenol-sulfuric acid method. Briefly, sample solution (2, 1, and 0.5 mg/mL; 100 μL) was mixed with phenol solution (5% v/v; 150 μL), following which concentrated sulfuric acid solution (750 μL) was added. The solution was boiled in a water bath for 30 min, and the absorbance was measured at 490 nm. Glucose was used as a reference standard.



Determination of Triterpenoid Content

The total triterpenoid content of extracts was determined according to Liu et al. (17) with slight modifications. Briefly, sample solution (1 mg/mL; 75, 150, 200, and 300 μL) was placed in a 70°C water bath until the solvent was completely evaporated and mixed with the vanillin–glacial acetic acid (5% w/v; 40 μL) and 160 μL perchloric acid. The mixture was incubated at 70°C for 20 min, and then 800 μL glacial acetic acid was added and mixed well. The absorbance was measured at 595 nm. Oleanolic acid was used as a reference standard.



Determination of Polyphenol Content

The total polyphenol content of extracts was determined according to Adebiyi et al. (18) with slight modifications. Briefly, sample solution (2, 1, 0.5, and 0.25 mg/mL; 10 μL) was mixed with water (590 μL) and 50 μL Folin-Ciocalteu reagent. Na2CO3 solution (20% w/v; 150 μL) was added and mixed well. Then the mixture was incubated at 40°C in the dark for 30 min, and the absorbance was measured at 750 nm. Gallic acid was used as a reference standard.



Determination of Lignins

Lignins were analyzed using High Performance Liquid Chromatography (HPLC). Schisandrol A and schisandrin B (Dalian Meilun Biotechnology Co., Ltd, Dalian, China) were precisely weighed and dissolved in appropriate amount of methanol in volume bottles, respectively, to obtain 1 mg/mL stock solutions of the reference substances. Isovolumetric stock solutions of the reference substances were mixed to obtain 0.5 mg/mL mixed reference solution. Schisandra chinensis water extract and ethanol extract were precisely weighed and dissolved in appropriate amount of methanol in volume bottles, respectively, to obtain 10 mg/mL sample solutions. The test solutions were ultrasonic for 20 min and filtered using 0.45 μm film membrane. Chromtographic column: Acchrom XAqua C18 Chromtographic column (4.6 × 250 mm; 5 μm). Chromatographic conditions were based on Xu et al. (19) Flow phase: methanol (A), water (B), gradient elution (0–15 min, 60% A → 75% A; 16–20 min, 75% A; 21–30 min, 75% A → 90% A; 31–40 min, 90%A → 100% A; 41–45 min, 100% A; 46–55 min, 100%A → 60% A); column temperature: 27°C; flow velocity: 0.8 mL/min; detection wavelength: 230 nm.



Determination of Organic Acid

Organic acid was analyzed using HPLC. Citric acid (Shanghai Yuanye Bio-Technology Co., Ltd, Shanghai, China) was precisely weighed and dissolved in appropriate amount of water in volume bottles, respectively, to obtain 1 mg/mL stock solution of the reference substance. Schisandra chinensis water extract and ethanol extract were precisely weighed and dissolved in appropriate amount of water in volume bottles, respectively, to obtain 10 mg/mL sample solutions. The test solutions were ultrasonic for 20 min and filtered with 0.45 μm film membrane. Chromtographic column: Acchrom XAqua C18 Chromtographic column (4.6 mm × 250 mm; 5 μm). Chromatographic conditions were according to Li et al. (20) Flow phase: acetonitrile and 15 mmol/L KH2PO4 (1: 99); column temperature: 30°C; flow velocity: 1.0 mL/min; detection wavelength: 210 nm.



Determination by UHPLC-QE-MS

UHPLC-QE-MS was performed and analyzed at Biotree Biomedical Technology Co., Ltd, Shanghai, China. First, the samples were extracted: 100 mg of sample was added to 1,000 μL extracted solution (methanol:water = 4:1 and ultrapure water, both containing 1 μg/mL of internal standard), then the mixture was homogenized at 45 Hz for 4 min and followed using ultrasonic for 5 min on an ice-water bath. After placing 1 h in −20°C, the samples were centrifuged at 12,000 rpm for 15 min at 4°C. Finally, the supernatant was carefully filtered through a 0.22 microporous membrane and placed in a fresh 2 mL tube for LC-MS/MS analysis. The quality control sample was prepared by mixing an equal aliquot of the supernatants from all the samples. LC-MS/MS analysis was performed on a thermo scientific ultra-high performance liquid chromatography vanquish system with a Waters UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm). The flow rate was set at 0.4 mL/min and the sample injection volume was set at 5 μL. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The multi-step linear elution gradient program was as follows: 0–3.5 min, 95–85% A; 3.5–6 min, 85–70% A; 6–6.5, 70–70% A; 6.5–12 min, 70–30% A; 12–12.5 min, 30–30% A; 12.5–18 min, 30–0% A; 18–25 min, 0–0% A; 25–26 min, 0–95% A; 26–30 min, 95–95% A.

An Q Exactive Focus mass spectrometer coupled with an Xcalibur software was employed to obtain the MS and MS/MS data based on the IDA acquisition mode. During each acquisition cycle, the mass range was from 100 to 1,500, and the top ten of every cycle were screened and the corresponding MS/MS data were further acquired. Sheath gas flow rate: 45 Arb, Aux gas flow rate: 15 Arb, Capillary temperature: 400°C, Full ms resolution: 70000, MS/MS resolution: 17500, Collision energy: 15/30/45 in NCE mode, Spray Voltage: 4.0 kV (positive) or −3.8 kV (negative).




Network Pharmacology Analysis

Target prediction of bioactive components of S. chinensis was performed at https://www.tcmsp-e.com/ and http://www.uniprot.org/. Screening related genes of alcoholic liver diseases was performed at https://www.genecards.org/, https://go.drugbank.com/ and https://www.disgenet.org/. Venn diagram was drawn at http://www.bioinformatics.com.cn/. KEGG enrichment analysis and visualization were performed at https://metascape.org/.



In vitro Gastrointestinal Simulation System

In vitro methods (PBET: physiologically based extraction test, SHIME®: simulator of human intestinal microbial ecosystem) were used according to the method of Wang et al. (21) with slight modifications. Briefly, there were 5 phases from the beginning to the end: stomach, temporary platform, small intestine, cecum, and drain. The inoculum was added, respectively, to the small intestinal and cecal samples of mice at a ratio of sample weight (g): inoculum (mL) = 1:5, and were separately inoculated into the small intestine phase and the cecum phase. The mixtures were incubated in a water bath at 37°C for 24 h and stirred at a low speed (80 rpm). No other manipulations were made during the first 24 h. Afterwards, 20 g feed mixed with 200 mL gastric juice (pH 2.0), was added to the stomach phase and stirred at 37°C for 1 h. Subsequently, the chyme was transferred to the temporary platform phase where the pH was adjusted to 7.0 using saturated NaHCO3, and bile salts and pancreatin were added. Then, the mixture was transferred to the small intestine phase, stirred and kept at 37°C for 4 h, and the pH was kept at 7.0 ± 0.2. After that, part of the solution was transferred to the cecum phase, stirred and kept at 37°C, and the pH was kept at 5.7 ± 0.2. Later, the time and speed of transfer were set to allow part of the solution in the cecum phase to drain automatically. The experiment lasted for 32 days. During the initial 24 h, only microbial samples were inoculated. Feed was given twice a day for 15 days, and then SCE was given (only once a day) on the basis of feed for 15 days. On the last day, the solutions in the small intestinal phase and cecal phase were centrifuged at 10,000 rpm for 10 min individually, and the precipitates were added with a protective agent (skim milk powder, trehalose, and VC-sodium) at the ratio of 1: 0.6, quickly and fully mixed, and then lyophilized for storage, and tagged. The experiment was carried out in two rounds. In the first round, 99.9999% N2 was used to maintain an anaerobic environment, while in the second round, 10% CO2 and 90% N2 were used, since it has been reported that CO2 can be fixed to form acetate or propionate (22), and can regulate pH and facilitate the growth of some anaerobic bacteria (23). The system was fully flushed with gas before inoculation and after feeding. Samples in the first round were tagged as PS1S and PS1C, those in the second round were tagged as PS2S and PS2C. The last letter “S” represented the small intestinal phase and “C” represented the cecal phase.



Animal Study

Five different animal studies were conducted. Eight-week-old C57BL/6J male mice purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China) were housed (four mice per cage) in a temperature- and humidity-controlled facility (individual ventilated cages) with free access to water and standard diet. Following adaptation to the environment for 2 days, the mice were randomly divided into groups with 12 mice in each group and then adapted to the Lieber DeCarli control liquid diet for 7 days. All mice were gavaged for 20 days (vehicle/supplement), and on day 11 modeling [chronic-plus-binge ethanol feeding model (24)] was initiated. The Lieber DeCarli control liquid diet was given the same amount (isocaloric ration) as Lieber DeCarli alcoholic liquid diet (5% v/v ethanol). In the morning of the 11th day of modeling, mice fasted overnight were gavaged with a 5-g/kg dose of ethanol or isocaloric maltose. After 9 h, the mice were anesthetized with ether and sacrificed for specimens. Liquid feed was purchased from Trophic Animal Feed High-tech Co. Ltd (Nantong, China). Lieber DeCarli control liquid diet: 35% fat, 18% protein, 47% carbohydrate. Lieber DeCarli ethanol liquid diet: 35% fat, 18% protein, 19% carbohydrate, 28% ethanol. Mice in groups beginning with “C” were fed with Lieber DeCarli control liquid diet, and mice in groups beginning with “AH” were fed with Lieber DeCarli ethanol liquid diet.


Pre-experiment

Five groups of mice were included in the pre-experiment (8 mice/group): (1) the CON group (health control); (2) the AH group (disease control); (3–5) the AH-SCL, AH-SCM, AH-SCH groups, mice were received low, medium, and high doses of SCE, respectively. Pharmacopeia of the people's republic of China (2015) records that the daily dose of humans for S. chinensis (raw medicine) is 2–6 g. According to the description of the conversion method of the drug dose between humans and animals in “Medical Laboratory Animal Science,” the dose of human was converted into the dose of mice: 6 g raw medicine per day for a 60 kg person is equivalent to 0.9 g/kg raw S. chinensis per day for mice, which is a medium dose. The doses of water or ethanol extracts were calculated by multiplying the raw S. chinensis dose by the extraction rate, which were 0.3455 and 0.0430 g/kg, respectively. Half of the medium dose was considered as a low dose, and twice the medium dose was considered as a high dose. The water and the ethanol extracts were dissolved/suspended together in distilled water for administration.



Round One

Four groups of mice were included in this round (12 mice/group): (1–2) the CON and AH group; (3–4) the C-SC and AH-SC groups, mice were administered with SCE. Medium dose administration was used in this round.



Round Two

A total of 168 mice were included in this round (12 mice/group, and 60 donor mice): (1–2) the CON and AH group; (3) the AH-P group, mice were received the protective agent; (4–7) the AH-PS1S, AH-PS1C, AH-PS2S, and AH-PS2C groups, mice were administered with in vitro samples, respectively; (8–9) the AH-SI and AH-Cc group, mice were received SCE-altered small intestinal and cecal content of healthy mice, respectively. The mice used to provide intestinal samples in vivo were given SCE every day, the dose of which was the same as Round-One animal experiment. Ten days after administration, three mice were sacrificed per day for collecting contents in the small intestine and the cecum. Equal weight of the two contents was suspended, respectively, in saline and given intragastrically to mice in AH-SI and AH-Cc groups.



Round Three

Seven groups of mice were included in this round (12 mice/group): (1–2) the CON and AH group; (3–6) the AH-KO, AH-EF, AH-LP, and AH-BB groups, mice were received Klebsiella oxytoca CGMCC1.3718, Enterococcus faecalis CICC20427, Lactobacillus plantarum RAM0303, and Bifidobacterium breve CICC6182, respectively; (7) the AH-LB groups, mice were received L. plantarum and B. breve. 5 × 108 CFU strains were given to the mouse per day.



Additional Experiment

Five groups of mice were included in the additional experiment (12 mice/group): (1–2) the CON and AH group; (3) the AH-CMC group, mice were received 0.5% carboxymethyl cellulose sodium (CMC); (4) the AH-SolA group, mice were administered with schisandrol A and 0.5% CMC; (5) the AH-SchB group, mice were administered with schisandrin B and 0.5% CMC. Based on the percentage of peak areas of schisandrol A and schisandrin B in the fingerprint of ethanol extract and their doses given to mice by gavage in published articles, 15 mg/kg schisandrol A or 7 mg/kg schisandrin B with 0.5% CMC were given to mice.

All animal experiments were approved by the Experimental Animal Welfare and Ethics Committee of School of Life Sciences, Jilin University (permit NO. 2018SY0312, 2018SY0506, 2018SY1117, 2019SY0425, and 2019SY0529) and were in full compliance with all relevant animal welfare guidelines and legislation.




Histological Analysis

Part of the liver, ileum, and colon samples were fixed in 4% formalin and embedded in paraffin, then processed for staining with hematoxylin-eosin and performed the immunohistochemical test (occludin, ileum only). Samples of 3–4 mice in each group were randomly selected for histological analysis. Anti-occludin antibody (Cat NO., 66378; Lot, 10019234) was purchased from Proteintech (Chicago, USA).



Assay Kits

Plasma concentration of LPS was determined using a Mouse Lipopolysaccharides ELISA Kit (CUSABIO Biotech Co., Ltd., China). Alanine aminotransferase assay kit, Aspartate aminotransferase assay kit, Superoxide Dismutase (SOD) assay kit (WST-1 method), Nitric Oxide Synthase (NOS) typed assay kit (Colormetric method) and Triglyceride assay kit were from Nanjing Jiancheng Bioengineering Institute, China. Samples of 8–12 mice in each group were randomly selected for the assays.



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

RNA extraction and reverse transcription were performed on samples of liver and small intestine, followed by qRT-PCR. Experimental methods and conditions were based on previously published protocols (25). Primer sequences used in this study are listed in Supplementary Table 6. The 2−ΔΔCt method was applied to calculate the fold change of relative gene expression. Samples of 6–8 mice in each group were randomly selected for qRT-PCR.



Western Blotting Analysis

Experimental methods were based on previously published protocols (25). For the extracted ileal protein, 30 μg was applied to detect the amount of β-actin protein, and 90 μg was applied to detect the amount of occludin protein. Samples of 6–8 mice in each group were randomly selected for western blotting analysis. Anti-occludin antibody (Cat NO., AB167161; Lot, GR119583-32) was purchased from Abcam (Cambridge, UK).



Intestinal Microbiota Analysis

Samples (small intestinal contents or cecal contents) of mice in the same cage were mixed as one sample for testing (i.e., n = 3). Total bacterial DNA was extracted from samples using the Power Soil DNA Isolation Kit (MO BIO Laboratories) according to the manufacturer's protocol. DNA quality and quantity were assessed by the ratios of 260/280 nm and 260/230 nm. Then DNA was stored at −80°C until further processing. The V3-V4 region of the bacterial 16S rRNA gene was amplified with the common primer pair (Forward primer, 5'-ACTCCTACGGGAGGCAGCA-3'; reverse primer, 5'-GGACTACHVGGGTWTCTAAT-3') combined with adapter sequences and barcode sequences. PCR amplification was performed in a total volume of 50 μL, which contained 10 μL Buffer, 0.2 μL Q5 High-Fidelity DNA Polymerase, 10 μL High GC Enhancer, 1 μL dNTP, 10 μM of each primer and 60 ng genome DNA. Thermal cycling conditions were as follows: an initial denaturation at 95°C for 5 min, followed by 15 cycles at 95°C for 1 min, 50°C for 1 min and 72°C for 1 min, with a final extension at 72°C for 7 min. The PCR products from the first step PCR were purified through VAHTSTM DNA Clean Beads. A second round PCR was then performed in a 40 μL reaction which contained 20 μL 2 × Phusion HF MM, 8 μL ddH2O, 10 μM of each primer, and 10 μL PCR products from the first step. Thermal cycling conditions were as follows: an initial denaturation at 98°C for 30 s, followed by 10 cycles at 98°C for 10 s, 65°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. Finally, all PCR products were quantified using Quant-iT™ dsDNA HS Reagent and pooled together. High-throughput sequencing analysis of bacterial rRNA genes was performed on the purified, pooled sample using the Illumina Hiseq 2500 platform (2 × 250 paired ends) at Biomarker Technologies Corporation, Beijing, China.



Short-Chain Fatty Acids Analysis

The concentration of lactic acid and SCFAs in a mixed sample of the small intestine contents or a single sample of the cecal contents was analyzed using high performance liquid chromatography (HPLC). Experimental methods and HPLC conditions were based on previously published protocols (26). Samples of at least 3 mice in each group were randomly selected for SCFA analysis.



1H Nuclear Magnetic Resonance (NMR) Metabolomics Analysis

For small intestinal or cecal contents, the sample was mixed in the same way as in the intestinal microbiological analysis (i.e., n = 3). 1H NMR spectra of samples were collected at 298 K on an AVANCE III 600 MHz spectrometer. The NMR spectrum was recorded using the water-presaturated standard one-dimensional NOESY pulse sequence. The free induction decays were collected with 128 transient into 32 k data points using a spectral width of 10 kHz with a relaxation delay of 3 s, and relaxation time (2 nτ) of 100 ms.



Antimicrobial Assay and Experiments on Bacterial Growth

We conducted bacteriostatic and growth experiments on Salmonella enterica subsp. Enterica serovar Typhimurium CICC10420, Enterobacter cloacae CICC21539, Vibrio cholerae CICC23795, Staphylococcus aureus RAM0410, Pseudomonas aeruginosa (P7) RAM0501, Pseudomonas aeruginosa (P11) RAM0502, Pseudomonas aeruginosa (P16) RAM0503, Vibrio parahaemolyticus CICC23924, Shigella flexneri RAM0510, Klebsiella oxytoca CGMCC1.3718, Lactobacillus rhamnosus RAM0305, Lactobacillus salivarius RAM0306, Lactobacillus plantarum RAM0303, Lactobacillus casei RAM0601, Lactobacillus paracasei RAM0602, Lactobacillus bulgaricus RAM0102, Lactobacillus reuteri RAM0101, Streptococcus thermophiles RAM0403, Enterococcus faecium CICC20536, Enterococcus faecalis CICC20427, Bifidobacterium adolescentis CICC6178, Bifidobacterium bifidum CICC6169, Bifidobacterium longum CICC6197, and Bifidobacterium breve CICC6182.


Antibacterial Activity Test

SCE was tested using disc diffusion test. A suspension (100 μL) containing 1.0 × 106 CFU/mL of bacteria was spread on a nutrient agar medium. Sterilized disc papers (diameter 6 mm) were impregnated with 30 μL of SCE (the amount on each disc was equivalent to the daily dose of a 25 g mouse) and placed onto the medium. Control was prepared using sterilized water instead of essential oil. The inoculated plates were incubated at 37°C for 24 h. The diameter of the clear zone around the disc was measured and expressed in millimeters as its antibacterial activity. Three disks per plate were used and each test was run in triplicate.



Bacterial Growth Promotion Test

Inoculated the bacteria to be tested into a 5 mL tube supplemented with 3 mL liquid culture medium for cultivation. Cells were passaged at 24 h intervals and strains grown to log phase at the fourth passage were used as back-up cultures. Three milliliters of liquid medium and low, medium, and high doses of the three extracts (ethanol extract, water extract, and mixed extract) and 30 μL back-up cultures were added to 5 mL tubes and incubated anaerobically at 37°C. Colony-Forming Units (CFU) was measured at 2-h intervals for 0–14 h after inoculation and growth curves were prepared.




Statistical Analysis

Data were represented as the mean ± SD. One-way analysis of variance with LSD post-hoc test was used for multiple comparisons; p < 0.05 was considered statistically significant. GraphPad Prism 8 was used for graphing, and SPSS 26.0.0.2 was used for statistical analysis. The heatmap and network of Spearman correlation were drawn using R language and Cytoscape V.3.9.0. Image Studio 4.0 and Quantity One 4.6.2 were used for western bolt analysis. Image Pro Plus 6.0 was used for immunohistochemical analysis and length measurement. Histogram of species distribution was drawn on www.biocloud.net. Adobe Illustrator 24.0.3 was used for final figure editing.




RESULTS


Main Constituents of SCE

The main constituents of SCE include phenols, flavonoids, terpenoids, lignans, phenylpropanoids, amino acid derivatives, alkaloids, carbohydrates and derivatives, and organic acids and derivatives (Supplementary Figures 1, 2, Supplementary Table 1, Supplementary Material 1). Some of the main components of SCE and their biological activities are shown in Supplementary Material 2. Flavonoids have been widely investigated for their anti-cancer, antioxidant, and anti-inflammatory activities. The main phenylpropanoids and lignans in SCE have been studied to demonstrate their hepatoprotective effects. In addition, amino acids, vitamins, succinic acid, and other substances with intestinal benefits were also detected in SCE. From the main components we detected, those with an oral bioavailability >20% and drug-like properties >0.18 were screened and processed by network pharmacology analysis (Supplementary Figure 3). There are 138 potential gene targets of S. chinensis for the treatment of ALD, and the pathways involved PI3K-Akt signaling pathway, TNF signaling pathway, non-alcoholic fatty liver disease, and nuclear factor kappa-B (NF-κB) signaling pathway.



Effects of SCE on Alcohol-Induced Liver Injury, Lipid Accumulation, Inflammation, Alcohol Metabolism, and Intestinal Functions

Since the two extracts possess similar chemical compositions, we mixed the two extracts for administration. In animal pre-experiment, we investigated the effects of different doses of SCE in AH mice. ALT and AST levels in the serum, TNOS and iNOS activities and inflammatory cytokine expression in the liver were determined, and it was found that the improvement of AH by SCE was not dose-dependent and the best effect was obtained at a medium dose (Supplementary Figure 4). Therefore, a medium dose was used for the following study.

Ethanol-induced liver injury was characterized by serum alanine aminotransferase (ALT) release, inflammatory infiltration, and hepatocyte lipid accumulation (27). The process of supplement and modeling, and grouping information is shown in Figure 1A. We observed that SCE administration significantly prevented abnormal accumulation of lipids in the liver, inhibited the increase in liver index, serum ALT, and aspartate aminotransferase (AST), resisted the decrease of superoxide dismutase (SOD) activity and the increase of inducible nitric oxide synthase (iNOS) activity, and suppressed the high expression of liver inflammatory cytokines compared with the AH group (Figures 1B–D). Additionally, alcohol consumption significantly enhanced the expression of enzymes related to alcohol metabolism, and SCE significantly inhibited the increase in Cyp2e1 expression (Figure 1D, Supplementary Figure 5). CYP2E1 is not only an enzyme related to alcohol metabolism, it also plays a role in a key step in the production of large amounts of reactive oxygen species (2). Although SCE had a limited effect on alcohol metabolism, the results demonstrated that SCE administration inhibited oxidative stress. SCE well-improved the liver status of AH, and regulated liver oxidative stress by regulating the activity of related enzymes and inhibiting relevant gene expression. SCE had little effect on the liver status of the healthy mice.


[image: Figure 1]
FIGURE 1. Effects of SCE on alcohol-induced liver injury, lipid accumulation, inflammation, alcohol metabolism, and intestinal functions. (A) Process of animal study and administration details in each group (n = 12 mice/group). Mice in groups beginning with “C” were fed with Lieber DeCarli control liquid diet, and mice in groups beginning with “AH” were fed with Lieber DeCarli ethanol liquid diet. (B) Hepatic H&E staining (magnification: 400 ×). (C) Liver index, ALT and AST in serum, SOD, and iNOS activities in the liver. (D) Hepatic mRNA expression of F4/80, Mcp-1, Tlr4, Myd88, Tnf-α, Il-1β, Ifn-γ, and Cyp2e1. (E) Small intestinal H&E staining (magnification: 100 ×) and the length of villi and crypts in the small intestine. (F) Small intestinal mRNA expression of Lgr5, Bmi1, C-kit, and M2. (G) Western blot for occludin in the ileum. (H) Serum LPS level. Results were shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with CON group, and #p < 0.05, ##p < 0.01, ###p < 0.001 compared with AH group by ANOVA one-way statistical analysis.


Alcohol can destroy intestinal epithelial integrity, thereby increasing intestinal permeability, which releases bacterial-derived endotoxin into the circulation (28). Intestinal stem cells and tight junction proteins are essential components of intestinal barrier, which is also influenced by intestinal motility (29). Hematoxylin and eosin (H&E) staining of the small intestine showed that alcohol intake severely damaged the villi structure of the small intestine, which was largely prevented by SCE administration (Figure 1E). The alcohol-related reduction in the expression of Lgr5 and Bmi1, which are important markers of intestinal stem cells (30), was inhibited by SCE (Figure 1F). SCE administration prevented the alcohol-induced significant decrease in the expression of C-kit and M2, which regulate intestinal motility (Figure 1F) (31, 32). SCE administration substantially inhibited the significant reduction of small intestinal occludin (western blot) caused by alcohol intake (Figure 1G). Additionally, LPS in serum was measured to evaluate the release of endotoxin into the circulation, and it was observed to decrease after SCE administration (Figure 1H). SCE improved intestinal barrier function by acting on intestinal stem cells, the small intestine structure, tight junction proteins, and intestinal motility. The results of serum LPS level also reflected the enhancement of the intestinal barrier caused by the drug. SCE had little effect on the intestinal status of the healthy mice.



Effects of SCE on IM, Metabolites, and SCFAs and Their Correlation With Host Parameters, as Well as on Bacterial Growth in vitro

Gut microbes can affect intestinal barrier function (27). The overall effects of SCE administration on microbiota in the small intestine and cecum were evaluated, and the contents of SCFAs were determined (Figure 2, Supplementary Figure 6). In the small intestine (Figure 2A), alcohol intake resulted in changes in microbial composition, with a decrease in Firmicutes and an increase in Proteobacteria. SCE precluded this trend. The main changes in Firmicutes involved Faecalibaculum and Lactobacillus. The main changes in Proteobacteria involved Escherichia-Shigella, Klebsiella, and Acinetobacter, which are all members of Gammaproteobacteria. The total proportion of SCFA-producing bacteria was reduced in the AH group and rebounded in the AH-SC group (Figure 2B). Lactic acid levels were decreased by alcohol intake but increased with SCE. Acetic acid levels increased with alcohol intake (Figure 2C). In the cecum (Figure 2E), alcohol intake and SCE supplementation did not cause significant changes in microbial composition. SCE inhibited the abnormal growth of Enterococcaceae, Escherichia-Shigella, Parabacteroides, Bacteroides, and Alistipes and the lessened abundance of Faecalibaculum and Lactobacillus caused by alcohol intake. SCE had no obvious effect on the total proportion of SCFA producers (Figure 2F). The lactic acid level was the highest in the AH-SC group. Alcohol intake significantly increased the acetic acid content. Propionic acid was significantly decreased after alcohol intake, while SCE significantly increased it (Figure 2G). Additionally, the metabolic changes of the small intestine and cecum (1H NMR) in the model used in this study were mainly in amino acids, but were not obvious overall (Supplementary Tables 2, 3, see details in “Supplementary Material_main.pdf”).
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FIGURE 2. Effects of SCE on IM and SCFAs and their correlation with host parameters. (A) Relative abundance of microbiota at phylum and genus levels, (B) relative abundance of SCFA producers, (C) SCFA content in the small intestine. (D) Spearman correlation of small intestinal microbiota and host parameters. (E) Relative abundance of microbiota at phylum and genus levels, (F) relative abundance of SCFA producers, (G) SCFA content in the cecum. (H) Spearman correlation of cecal microbiota and host parameters. Results (C,G) were shown as the mean ± SD. *p < 0.05, ***p < 0.001 compared with CON group, and #p < 0.05 compared with AH group by ANOVA one-way statistical analysis.


The potential correlation between changes in microbiota, metabolites in different intestinal segments, and liver injury, intestinal barrier functions in the host was assessed using Spearman correlation analysis. In the small intestine (Figure 2D), Proteobacteria was correlated with aggravating AH, among which Escherichia-Shigella, Klebsiella, and Acinetobacter were prominent. Enterococcus was also correlated with AH exacerbations. Lactobacillus, Bifidobacterium, Faecalibaculum, Lachnospiraceae, Ruminococcaceae, and lactic acid were associated with ameliorating AH. Acetic acid was positively correlated with the dominant bacteria in Proteobacteria. In the cecum (Figure 2H), a large part of the changes in bacterial abundance was associated with alcohol intake and significantly associated with acetic acid content. Gammaproteobacteria (mainly Escherichia-Shigella), Bacteroides, Parabacteroides, and Alistipes were associated with deteriorating AH and negatively correlated with propionic acid. Lactobacillus, Faecalibaculum, and Lachnospiraceae (Roseburia and Blautia) were associated with alleviating AH and positively correlated with propionic acid. Propionic acid was associated with improving AH.

Additionally, we demonstrated in in vitro experiments that SCE selectively inhibited bacterial growth (Supplementary Tables 4, 5, see details in “Supplementary Material_main.pdf”).



Effects of SCE on Intestinal Microbiota Composition and SCFAs in an in vitro Gastrointestinal Simulation System

In round-one animal experiment, we observed that SCE was effective in improving AH, and it regulated the IM and SCFAs in mice and selectively inhibited bacterial growth in vitro. To determine the role of IM and its metabolites in improving AH, and whether they were altered by drug stimulation and body influence, or assist in modulating disease states, we first observed the effects of SCE on the IM and SCFAs in vitro via samples of small intestinal and cecal content collected from healthy mice (Figure 3, Supplementary Figure 7). Group information was shown in Figure 3A. At the phylum level, the proportion of Firmicutes and Bacteroides changed in each group (Supplementary Figure 7). At the genus level, the main change was that each group had a new component ratio of SCFA producers (Figures 3B,C). While measuring the SCFA content (Figure 3D), we observed that the lactic acid content increased markedly in all groups, and the propionic acid content increased only in PS1C. In general, the effects of SCE on the IM and SCFAs in the in vitro system were some extent different from those in vivo. The changes in proportions in the anaerobic environment maintained by N2, rather than CO2 and N2, were more similar to the changes observed in vivo.
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FIGURE 3. Effects of SCE on intestinal microbe composition and SCFAs in an in vitro gastrointestinal simulation system. (A) Process of in vitro gastrointestinal simulation system and group information. (B) Relative abundance of microbiota at family and genus levels. (C) Relative abundance of SCFA producers. (D) SCFA content. (B–D) Groups with “0” at the end represents samples before administration with SCE, groups with “1” at the end represents samples after administration.




Effects of SCE-Altered in vivo/vitro IM and Its Metabolites on Alcohol-Induced Liver Injury, Lipid Accumulation, Inflammation, and Intestinal Functions

To determine whether SCE-altered IM and its metabolites modulate disease state, round-two animal experiment was carried out (Figure 4, Supplementary Figure 8). The effects of protective agent, which was used in in vitro samples to preserve as many live bacteria as possible, on the body were explored in this experiment to serve as a control for in vitro samples. Although the protective agent had beneficial effects on some indicators, it would not interfere with the exploration of the effects of in vitro samples. Alcohol-induced liver injury (serum ALT and AST, and liver index), enhancement of hepatic iNOS activity, and increased expression of Cyp2e1 and inflammatory cytokines in the liver were inhibited to varying degrees in all treatment groups. The changes of hepatic triglyceride (TG) levels were consistent with the changes of fat vacuoles in hepatic H&E staining. AH-PS1S and AH-PS2S improved liver steatosis, and showed better anti-inflammatory effects than the other groups. AH-PS2S had an additional reduction in serum LPS levels, and the in vivo samples significantly decreased it. AH-PS2S had an additional increase in the expression of Bmi1. All treatment groups showed an increase in villus length and crypt depth. Additionally, according to the immunohistochemical test of occludin in the small intestine, we observed that a significant increase in occludin only appeared in the AH-PS1C and AH-PS2C groups compared with the AH group. These results indicated that the IM and its metabolites altered by SCE could improve the disease state to some extent.
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FIGURE 4. Effects of SCE-altered in vivo/vitro IM and its metabolites on liver and small intestine in AH mice. (A) Administration details in each group (n = 12 mice/group). Mice in groups beginning with “C” were fed with Lieber DeCarli control liquid diet, and mice in groups beginning with “AH” were fed with Lieber DeCarli ethanol liquid diet. (B) Hepatic H&E staining (magnification: 400 ×). (C) Content of triglyceride in the liver. (D) ALT and AST in serum. (E) SOD and iNOS activities in the liver. (F) Serum LPS level. (G) Immunocytochemistry for occludin in the ileum (magnification: 400 ×). Results were shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with CON group, #p < 0.05, ##p < 0.01, ###p < 0.001 compared with AH group, and +p < 0.05, ++p < 0.01, +++p < 0.001 compared with AH-P group by ANOVA one-way statistical analysis.




Effects of SCE-Altered in vivo/vitro IM and Its Metabolites on IM and SCFAs, and Their Correlation With Host Parameters

The overall effect of SCE administration on the microbial composition of the small intestine and cecum and the content of SCFAs in mice were evaluated (Figure 5, Supplementary Figures 9, 10). In the small intestine (Figures 5A,B, Supplementary Figure 9), the abundance of Escherichia-Shigella was markedly enriched in the AH group, but was diminished in all treatment groups, with the greatest reduction in the AH-PS2S, AH-PS2C, and AH-Cc groups. Enterococcus was found in an increased proportion in the AH-PS1S and AH-SI groups. The abundance of Klebsiella was enriched in the AH-PS1S, AH-PS1C, and AH-Cc groups. In contrast to the AH group, groups given in vitro SCE-altered IM samples showed varying degrees of increase in the abundance of some SCFA producers, Ruminococcaceae, Lachnospiraceae, Lactobacillus, Akkermansia, and Bifidobacterium. The AH-SI and AH-Cc groups showed an increase in the abundance of Lactobacillus. Lactic, propionic, and butyric acid contents were reduced, whereas the content of acetic acid increased in the AH group. Except for the AH-Cc group, the acetic acid level in the other treatment groups was significantly reduced. The content of propionic acid in the AH-SI group increased, and that of lactic acid and butyric acid in the AH-Cc group increased. In the cecum (Figures 5D,E, Supplementary Figure 10), the treatment groups showed different degrees of increase in the abundance of Lachnospiraceae, Blautia, Lachnospiraceae_NK4A136_group, Akkermansia, Oscillibacter, and Bacteroides compared to the abundance in the AH group. The in vitro SCE-altered IM samples had no significant effect on SCFA content. Both AH-SI and AH-Cc resulted in an increase in propionic acid and a decrease in acetic acid. AH-Cc was enriched with lactic acid. Additionally, the AH-Cc group showed an increase in the abundance of total SCFA producers in both the small intestine and cecum.
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FIGURE 5. Effects of SCE-altered in vivo/vitro IM and its metabolites on IM and SCFAs in AH mice, and correlation between IM and host parameters. (A) SCFA content and (B) bacterial composition at the genus level in Proteobacteria in small intestine. (C) Spearman correlation of small intestinal microbiota and host parameters. (D) SCFA content and (E) relative abundance of SCFA producers in cecum. (F) Spearman correlation of cecal microbiota and host parameters. Results (A,D) were shown as the mean ± SD. *p < 0.05, **p < 0.01 compared with CON group, and #p < 0.05, ##p < 0.01, ###p < 0.001 compared with AH group by ANOVA one-way statistical analysis.


The potential correlation between changes in microbiota, metabolites in different intestinal segments, and liver injury, intestinal barrier functions in the host was assessed using Spearman correlation analysis. In the small intestine (Figure 5C), Escherichia-Shigella and Enterococcus were associated with aggravating the progression of AH and positively correlated with acetic acid. Lactobacillaceae, Bifidobacteriaceae, Ruminococcaceae, Lachnospiraceae, Muribaculaceae, Leuconostocaceae, and Akkermansiaceae were related to improved AH. We also found negative correlations between Klebsiella and serum LPS and the expression of some liver inflammatory cytokines, which were different from the results of the round-one animal experiment. In the cecum (Figure 5F), Escherichia-Shigella, Enterococcaceae, and Streptococcaceae were correlated with disease aggravation. Intestinimonas, Ruminococcaceae_UCG_014, [Eubacterium]_coprostanoligenes_group, Lachnospiraceae_ NK4A136_group, Blautia, and Akkermansia, which are SCFA producers, were found to alleviate AH. Klebsiella was negatively correlated with liver injury and the expression of some inflammatory cytokines. Moreover, butyric acid was negatively correlated with bacteria related to aggravating AH and positively correlated with some SCFA producers.



Effects of Strains on Alcohol-Induced Liver Injury, Lipid Accumulation, Inflammation, and Intestinal Functions

The above experiments suggested that SCE improved the liver status of AH with the assistance of the modulated IM and its metabolites. Mice were administered with strains to explore the role of SCFA producers in SCE strengthening the intestinal barrier and the possible microbial targets of SCE to improve AH (Figure 6, Supplementary Figure 11). One strain of Lactobacillus (L. plantarum), which was related to improving AH with consistent results in the two rounds of experiments, one strain each of Klebsiella and Enterococcus (K. oxytoca and E. faecalis, which were detected in 16S rRNA sequencing in round-one animal experiment), which had different trends in the above experiments, and one strain of Bifidobacterium (B. breve), which was enriched by SCE in vivo and in vitro, were selected.
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FIGURE 6. Effects of strains on liver, small intestine, IM and SCFAs in AH mice, and correlation between IM and host parameters. (A) ALT and AST in serum. (B) Hepatic mRNA expression of Mcp-1, Tnf-α, and Il-1β. (C) Serum LPS level. (D) Immunocytochemistry for occludin in the ileum (magnification: 400 ×). (E) SCFA content in the small intestine. (F) Bacterial composition at the genus level in Proteobacteria, and relative abundance of SCFA producers in the small intestine. (G) Spearman correlation of small intestinal and cecal microbiota and host parameters (p < 0.05). Results (A–E) were shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with CON group, and #p < 0.05, ##p < 0.01, ###p < 0.001 compared with AH group by ANOVA one-way statistical analysis.


The changes of hepatic TG levels were consistent with the changes of fat vacuoles in hepatic H&E staining. Liver lipid accumulation in all treatment groups was not relieved (Supplementary Figures 11A,B). Compared with the AH group, all treatment groups showed improved liver status and decreased serum LPS levels. AH-KO showed the lowest expression of Cyp2e1 and inflammatory cytokines in the liver. AH-KO and AH-LB showed lower serum LPS levels than the other groups (Figures 6A–C, Supplementary Figures 11C,D). Two probiotics and AH-EF improved intestinal barrier to different degrees, while the content of occludin decreased in the AH-KO group (Figure 6D, Supplementary Figures 11E,F).

Klebsiella oxytoca is an opportunistic pathogen of antibiotic-associated hemorrhagic colitis (33); hence, we investigated the impact of these strains on the colon (Supplementary Figure 12). The results of gene expression and H&E staining showed that these strains did not have an additional burden on the colon.

In this experiment, treatment groups improved the damage of alcohol to the liver and intestine to varying degrees. AH-KO had excellent performance in reducing oxidative stress, inflammation, and serum LPS levels and did not appear to cause symptoms of hemorrhagic colitis.



Effects of Strains on IM and SCFAs, and Their Correlation With Host Parameters

The overall effect of the administration of strains on the microbial composition of the small intestine and cecum and the content of SCFAs in mice were evaluated (Figures 6E,F, Supplementary Figures 13, 14). In the small intestine, the proportions of Ruminococcaceae, Lachnospiraceae, and Bifidobacterium increased in AH-LB; proportions of Moraxellaceae, Enterococcus, and Lactobacillus were enriched in AH-EF and AH-LP; Escherichia-Shigella was of low abundance in AH-KO, AH-EF, AH-LP, and AH-LB. In the AH-KO group, Enterococcus increased, and Lactococcus decreased. The abundance of Muribaculaceae increased in AH-BB. The proportion of SCFA producers was decreased in the AH group, while it increased in AH-EF, AH-LP, AH-BB, and AH-LB. The lactic acid content increased in the AH-LP and AH-BB groups, and the acetic acid content decreased in all treatment groups. In the cecum, Erysipelotrichaceae increased in AH-LB group; Lactobacillaceae increased in all treatment groups except for AH-LB; Escherichia-Shigella decreased in AH-EF, AH-LP, and AH-LB groups; Parabacteroides increased in AH-LP group; Klebsiella and Lachnospiraceae_NK4A136_group increased in the AH-KO group; Enterococcus increased in the AH-KO and AH-EF groups. The total proportion of SCFA producers increased in the AH-LB group, while the acetic acid content decreased in the AH-EF and AH-BB groups and greatly decreased in the AH-LB group; propionic acid increased significantly in the AH-KO and AH-LP groups; butyric acid increased significantly in the AH-LP group.

The Spearman correlation analysis results were similar to the previous analyses (Figure 6G). In the small intestine, Escherichia-Shigella, Enterococcus, and Romboutsia were positively associated with each other and positively correlated with liver injury, inflammation, and intestinal acetic acid. Escherichia-Shigella was also negatively correlated with hepatic SOD activity and intestinal barrier and lactic acid. Ruminococcaceae, Lachnospiraceae, Muribaculaceae, Leuconostocaceae, Bacteroidaceae, Lactobacillus, Bifidobacterium, and Akkermansia were positively associated, and correlated with improved AH. Lactic acid was associated with improved disease symptoms. In the cecum, Escherichia-Shigella, Enterococcaceae, and Streptococcaceae were positively associated with each other and correlated with aggravating AH, and Lachnospiraceae, Muribaculaceae, Desulfovibrionaceae, Preotellaceae, Insominimonas, and Alistipes were positively associated with each other and correlated with improved AH. Propionic acid and butyric acid were associated with improved disease status. Additionally, in both the small intestine and cecum, Lactobacillaceae (Lactobacillus) was positively associated with Enterococcus.



Effects of Two Lignans in SCE on AH

Since lignans are the most important components of S. chinensis fruit, among which schisandrol A and schisandrin B are representative ones, mice were administered with either schisandrol A or schisandrin B in order to investigate whether they play a role in improving AH. The results of hepatic H&E staining, serum ALT, AST and LPS, hepatic oxidative stress enzymes, and inflammatory cytokine expression showed that neither schisandrol A nor schisandrin B improved AH. Additionally, schisandrol A increased serum ALT and AST levels, and schisandrin B increased the expression of inflammatory cytokines in the liver (Supplementary Figure 15).




DISCUSSION

Substantial reports suggested that changes in gut microbiota are an important part of the pathogenesis of AH. Schisandra chinensis has been shown the potential to ameliorate alcohol- induced liver injury, however, the relationship between its therapeutic effects and gut microbiota is still unclear. This study was based on the AH simulated by a chronic-plus-binge ethanol feeding model. Firstly, it was determined in a pre-experiment that SCE ameliorated AH non-dose-dependently. Then, under the most effective dose, the possibility of SCE to prevent liver damage and destruction of the intestinal barrier caused by alcohol intake and regulate IM was investigated. Finally, the role played by IM and its metabolites in the prevention of AH by SCE was explored, and the possible microbial targets were validated.

In this study, in addition to suppressing hepatic lipid accumulation, SCE effectively inhibited liver inflammation. Oxidative stress is an important factor in the development of alcohol-induced liver inflammation, and inhibition of oxidative stress has been shown to be a mechanism by which SCE improves ALD (11). Our results on anti-oxidant, including SOD and Cyp2e1, were consistent with previous reports. In addition, we also noticed that SCE attenuated nitrosative stress by inhibiting iNOS activity, thereby playing a beneficial role in liver inflammation.

The increased bacterial product, LPS, in the portal vein caused by disruption of intestinal barrier integrity also contributes to the development of inflammation in AH (3). The significant reduction in serum LPS level by SCE administration can be linked to the multiple enhancement of intestinal barrier functions, including intestinal stem cells, tight junction, and intestinal peristalsis. In addition to the intestinal barrier of the host, the IM and metabolites have profound effects on intestinal function (34). Many studies have shown an increase in the proportion of Proteobacteria in AH, and we observed consistent results. SCE reduced the proportion of Proteobacteria, which is the main source of LPS. Escherichia-Shigella inhibited by SCE was associated with aggravated AH, which was related to its disruption of the intestinal barrier. SCFA-producing bacteria and lactic acid bacteria (LAB), especially Lactobacillus, Bifidobacterium, and Lachnospiraceae, were enriched in SCE treatment group and altered intestinal SCFAs and lactate levels, which can contribute to the improvement of intestinal functions by SCE. SCFAs, metabolized by gut bacteria from indigestible carbohydrates, help improve the intestinal barrier, protect against enterotoxins, and regulate the microbiome (35). Lactate supports the integrity of the intestinal mucosa, modulates the IM, and can be metabolized to butyrate, propionate, and succinate (36). In addition, the results of the animal experiment and in vitro bacteria growth experiments consistently showed that SCE selectively inhibited microbial growth. Gut microbiota composition is well-established to change after alcohol intake, and the alterations worsen with advancing disease (37). Therefore, we hypothesized that SCE could exert therapeutic effects by modulating the dysregulated gut microbiota and associated metabolites.

To verify the above hypothesis, we collected SCE-altered intestinal samples obtained from in vivo and in vitro experiments and gavaged them to mice for intestinal microbiota transplantation. Although the compositions of in vivo and in vitro IM modulated by SCE changed differ, which may due to the presence or absence of a strictly anaerobic environment and organismal feedback, their effects on the body were similar in that they both improved liver status, including inflammation and oxidative/nitrosative stress, but had a weak effect on intestinal barrier function. Intestinal microbiota transplantation also reduced serum LPS level and the proportion of Escherichia-Shigella, the main pathogenic bacteria in Proteobacteria, and increased the proportion of Lactobacillus in the small intestine and some SCFA-producers in the cecum. These results suggested that the improvement of liver status in AH by SCE is closely associated with IM. However, due to the weak effects of intestinal microbiota transplantation on intestinal barrier function, the relationship between IM and the intestinal health of AH mice is puzzling.

According to the process of alcohol digestion and absorption, the small intestine is exposed to more alcohol (32), while the cecum is a common site for detecting intestinal microbes in mice. Therefore, we investigated the IM composition and SCFAs levels in the small intestine and cecum. We noticed that alcohol intake led to greater changes in the composition of microorganisms in the small intestine than in the cecum, whereas the effects of intestinal microbiota transplantation using samples from the small intestine and the cecum on AH were similar. Despite the presence of a greater proportion of SCFA producers in the small intestine than in the cecum, intestinal microbiota transplantation of small intestinal samples did not result in recipient mice with more intestinal SCFA producers. These suggested that small intestinal samples are more sensitive for disease detection and diagnosis, without any advantage in the selection of transplanted samples. Microorganisms were not simply colonized when transplanted to a host, and the crosstalk involved made the potential link between IM and host status not as strong. Transplantation of in vitro samples obtained by maintaining an anaerobic environment with CO2 and N2, which resulted in a remarkably low proportion of Proteobacteria in the small intestine and a low proportion of Escherichia-Shigella in the cecum, appeared to cause a lower serum LPS level, but with no additional beneficial effects on intestinal barrier. Therefore, we hypothesized that SCE improved the intestinal barrier function in AH mice by increasing the proportion of SCFA producers.

To explore the possible microbial targets of SCE to improve AH and the role of SCFA producers, several strains were selected for administration to AH mice. Enterococcus faecalis, Lactobacillus plantarum, and Bifidobacterium breve resulted in increased small intestinal SCFA producers and varying degrees of enhancement of the intestinal barrier. Correlation network also demonstrated a potential positive relationship among SCFA producers, as well as an association with the improvement of liver inflammation. These results suggested that the enhancement of intestinal barrier function in AH by SCE is closely associated with SCFA producers.

Shigella is a gram-negative intestinal pathogen with a very low infectious dose and can cause intestinal inflammation and loss of intestinal barrier function (38). Both in vivo and in vitro we observed the inhibition of SCE on Escherichia-Shigella/Shigella flexneri growth. Hence, Escherichia-Shigella is a microbial target of SCE. Bifidobacterium and Lactobacillus strains are the most widely used probiotics in functional foods and dietary supplements (39). Indeed administration of different Lactobacillus, Bifidobacterium, or their supernatants can improve alcohol-induced liver damage, intestinal barrier function, and IM (40, 41). Consistent results were obtained in this study. Enterococcus is a LAB that can produce natural lactic acid and bacteriocin (42) and influence the intestinal microbial community by fermenting carbohydrates and amino acids to provide substrates for the growth of other species and form secondary metabolites, thus improving the richness of specific symbiotic bacteria (43), however, the cytolysin produced by Enterococcus can aggravate alcohol-induced liver disease (44). In this study, we observed a mutual promotion between Lactobacillus and Enterococcus. Enterococcus faecalis had a beneficial effect on AH, which probably due to the regulation of the IM and SCFAs. Moreover, the conflicting effects of E. faecalis on AH is also attributed to different isolated and investigated strains (45). Interestingly, Klebsiella oxytoca improved liver injury and regulation of the IM and SCFAs. Currently, most research on K. oxytoca focuses on the increase in the proportion of K. oxytoca in diseases such as colitis, meningitis, and pneumonia. Tilivalline and tilimycin secreted by K. oxytoca are the main causes of antibiotic-associated hemorrhagic colitis as they can increase cell apoptosis and reduce the expression of tight junction proteins to induce intestinal barrier damage (46). We also observed adverse effects of K. oxytoca on intestinal tight junction proteins. However, Klebsiella oxytoca produces the byproducts, such as acetic acid, lactic acid, succinic acid and formic acid (47), which can be of indirect beneficial effects on other aspects of the intestinal barrier or on the liver. Meanwhile, the improved liver inflammation caused by K. oxytoca presumably resulted from decreased LPS leakage from the intestine and its regulation of Cyp2e1 expression. However, the specific mechanism by which K. oxytoca leads to a substantial decrease in serum LPS levels and the expression of liver inflammatory cytokines requires further investigation. Therefore, Escherichia-Shigella, Lactobacillus, and Bifidobacterium are possible targets for SCE to regulate intestinal microorganisms to improve AH, while E. faecalis and K. oxytoca remain unclear.

Regulation of intestinal microbes has become a therapeutic direction for the treatment of AH/ALD in clinical trials. There are three main methods for regulating intestinal microbes: antibiotic administration, probiotic supplementation, and fecal microbiota transplantation (FMT) (48). Broad-spectrum antibiotics administered in combination [vancomycin, gentamycin, and meropenem (49)] or alone [paromomycin (50)], did not improve ALD. Rifaximin exhibited beneficial effects when used to treat hepatic encephalopathy (51), and was considered to have the potential to treat alcoholic liver cirrhosis (52). Additionally, FMT reportedly increases the survival rate of patients with AH (53). Intestinal microbiota transplantation using intestinal microorganisms with drug intervention in an in vitro simulation system provides new insights for FMT. Compared with intestinal microbiota transplantation and probiotic treatment, SCE administration provided a more comprehensive and stable therapeutic effect. Thus, the selective inhibition of intestinal microbes and potential as a source of prebiotics suggests that SCE can elicit advantages of both antibiotics and probiotics as a treatment target for regulating microbes. It is also worth exploring whether S. chinensis tea can be used as a regular drink to prevent AH/ALD.

Lignans are important constituents of S. chinensis fruit. However, schisanol A and schisanin B did not improve AH in this study. While most articles about schisanol A and schisanin B focus on their effects of improving diseases, some researchers have also focused on the hepatotoxicity of schisanin B (54). Although the disappointing results obtained with both lignans in this study may be related to the dose of administration, the comprehensive and effective improvement of AH by SCE presumably due to the combined effects of multiple bioactive substances.

Our study demonstrated the effectiveness of SCE on AH at the level of the liver, intestinal barrier, and the IM and its metabolites. Intestinal microbiota and their metabolites were closely associated with the improvement of SCE on AH, where the possible microbial targets include inhibition of Escherichia-Shigella and expansion of the proportion of SCFA/lactate-producing bacteria, such as Lactobacillus and Bifidobacterium, and SCFA/lactate-producing bacteria contributed to the strengthening of the intestinal barrier (Figure 7). Contrasting changes in small intestinal and cecal microbiota after alcohol consumption, changes in the microbial composition of the small intestine can be more sensitive to disease detection and diagnosis. Schisandra chinensis can be considered as a safe and effective dietary supplement for the prevention and improvement of AH. Our study will provide theoretical support for the clinical use of S. chinensis in the treatment of AH.


[image: Figure 7]
FIGURE 7. Schisandra chinensis extract improved alcoholic hepatitis in mice with the assistance of modulated intestinal microbiota.
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Green banana flour (GBF) is rich in resistant starch that has been used as a prebiotic to exert beneficial effects on gut microbiota. In this study, GBF was evaluated for its capacity to restore gut microbiota and intestinal barrier integrity from antibiotics (Abx) perturbation by comparing it to natural recovery (NR) treatment. C57B/L 6 J mice were exposed to 3 mg ciprofloxacin and 3.5 mg metronidazole once a day for 2 weeks to induce gut microbiota dysbiosis model. Then, GBF intervention at the dose of 400 mg/kg body weight was conducted for 2 weeks. The results showed that mice treated with Abx displayed increased gut permeability and intestinal barrier disruption, which were restored more quickly with GBF than NR treatment by increasing the secretion of mucin. Moreover, GBF treatment enriched beneficial Bacteroidales S24-7, Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae that accelerated the imbalanced gut microbiota restoration to its original state. This study puts forward novel insights into the application of GBF as a functional food ingredient to repair gut microbiota from Abx perturbation.

Keywords: green banana flour, gut microbiota, intestinal barrier, antibiotic, recovery


INTRODUCTION

Antibiotics (Abx) are among the most commonly prescribed drugs for the clinical treatment of various bacterial infections worldwide. It is projected that global Abx consumption in 2030 will be up to 200% higher than the 42 billion defined daily doses estimated in 2015 if no policy changes (1–3). Abx treatment can cause significant changes in gut microbiota with both short- and long-term health consequences, resulting in multiple symptoms such as Abx-associated diarrhea (4, 5). Abx-induced gut microbiota perturbation can also increase host susceptibility to opportunistic pathogens (6). In addition, Abx can weaken the gut barrier, increase the contact possibility between microbiota and intestinal immune cells, and induce inflammation (7, 8). Moreover, another health risk of Abx resistance has attracted global attention owing to its impact on morbidity, mortality, and healthcare costs globally. In total, 10 million people will be at risk of drug-resistant bacterial infections by 2050 (9). Therefore, it is of great significance to use Abx rationally and take effective measures to facilitate the gut microbiota recovery after Abx therapy.

The main strategies to repair Abx-induced perturbation of gut microbiota include dietary regulation, probiotics supplementation, and fecal microbiota transplantation (FMT) (10–12). Given the uncertainty of deciding optimum dosages and strains of probiotics and potential safety concerns of FMT, dietary therapy intervention is pinpointed as a promising solution (13–15). Dietary therapy is the most common and key measure to modulate gut microbiota. It is a safe and easily operable intervention approach for the general public. Various medicinal and edible plants have been applied to modulate the gut microbiota after Abx treatment. Ginger (16), Panax ginseng (17), Chinese yam (18), inulin (19), and traditional Chinese herbal (20) have been reported to promote the recovery of gut microbiota from Abx perturbation.

Green banana flour (GBF) is a low-cost food ingredient that is rich in resistant starch (RS). RS is one of the main prebiotics used in the food industry that confers benefits to gut microbiota and human health (21, 22). It is reported that GBF may contain (52.7–54.2) g/100 g of RS and (6.3–15.5) g/100 g fiber on a dry basis (23). GBF is also a cheap source of phenolic compounds, flavonoids, minerals, and vitamins (24). In addition, GBF can act as an alternative to minimize banana wastes due to about one-fifth of bananas harvested is wasted and the discarded bananas are normally disposed of improperly (25). Studies in animal models have shown that GBF can exert various beneficial effects, such as modulating intestinal inflammation (26) and obesity-related disorders (27–29). However, to the best of our knowledge, whether GBF can repair the Abx-induced gut microbiota perturbation has not been reported yet.

In this study, GBF accelerated gut microbiota and intestinal barrier restoration when compared to natural recovery (NR) after regular Abx treatment in a mouse model. This study provides an applied foundation for the development of GBF as a functional food ingredient to reduce the adverse effects of Abx and put forward novel insights into the application of GBF.



MATERIALS AND METHODS


GBF Preparation

Commercial hard green bananas were purchased from the local market in Nanchang, Jiangxi, China. The crude GBF was prepared as previously described (26, 30). Briefly, entire fruits were washed, chopped, and dried at 50°C in a convection oven. After drying for 72 h, the fruits were powdered to produce flour. The main composition of GBF was analyzed. Ash, protein, and fat were assessed according to the American Association of Cereal Chemists methods 08-01, 46-13, and 30-25, respectively (31). Atwater factor was used to calculate energy value. RS quantification was performed by the Association of Official Analytical Collaboration (AOAC) method 2002.02 (32). The dietary fiber content was determined by the AOAC method 991.43 after solubilizing the present RS (32). The analyses were conducted in triplicate and the main composition of GBF is given in Supplementary Table S1.



Animals and Treatments

Male C57B/L6 J mice (body weight 27–29 g and age 8–10 weeks) were obtained from Hunan Silaike Laboratory Animal Corporation Ltd. [Changsha, China, license numbers: SCXK (XIANG) 2019-0004]. The mice were fed a commercial rodent chow (Beijing Vital River Laboratory Animal Technology Corporation Ltd.) and deionized water ad libitum. The main components of rodent chow are given in Supplementary Table S2. The mice were kept in an “individually ventilated cage” system at 20 ± 2°C and 50–70% relative humidity with a 12: 12-h light-dark cycle.

After 1 week of acclimation, the mice were randomized into the GBF group and the NR group (three mice/cage, three cages/group) (Figure 1). In the first phase, both the groups of mice were orally administered a combination of ciprofloxacin 3 mg and metronidazole 3.5 mg once a day for 15 days to establish the gut microbiota dysbiosis model as previously described (33, 34). In the second phase, mice in the NR group did not undergo any treatment. Mice of the GBF group were fed with GBF by oral gavage. 200 mg/kg body weight RS has been shown to improve intestinal function (35). Given the 50% of RS content in the GBF, the mice were treated with GBF at the dose of 400 mg/kg body weight. Throughout the experimental phase, fresh feces were collected in sterile tubes upon defecation before and after different treatments. All the fecal samples were frozen in liquid nitrogen and then stored at −80°C for further analysis. After the first and second phases were completed, mice were euthanized after overnight fasting. The colon was collected and divided into its proximal and distal parts. The proximal colon was fixed in methanol-Carnoy's fixative for fluorescent in-situ hybridization (FISH) analysis. The distal colon was dissected into several parts and stored at −80°C for further analysis.


[image: Figure 1]
FIGURE 1. Experimental scheme. After 1 week of acclimation, the mice were treated with Abx and recovered naturally or with GBF as shown in the scheme. 16S ribosomal DNA (rDNA) sequencing analysis of the feces was performed on the 0, 15, and 30th days. Abx, antibiotics; NR, natural recovery; GBF, green banana flour.




Bacteria Localization by FISH Staining

The bacteria were localized by FISH and mucus immunostaining was conducted as previously described (36). For visualization of the interaction between bacteria and colonic mucosa, 5-μm sections of paraffin-embedded colonic tissue (proximal colon, 2 cm from the caecum) were subjected to FISH using Cy3-labeled probe EUB338 (5′-CY3-GCT GCC TCC CGT AGG AGT-CY3′). For mucus immunostaining, the slices were successively stained with mucin-2 primary antibody (Servicebio, Wuhan, China) and Fluorescein isothiocyanate (FITC)-labeled secondary antibody (Servicebio, Wuhan, China). The slides were examined with a fluorescent microscope. Image-Pro Plus software was used to determine the distance between bacteria and the epithelial cell monolayer. We randomly drew 5 straight lines from the closest bacteria to the epithelial cell of each field, and the mean value was calculated as the distance between them.



Western Blotting

Each frozen colon tissue (10 μg) was homogenized separately. Total protein was lysed from the colon with Radio Immunoprecipitation Assay buffer (Beyotime, Shanghai, China) supplemented with protease inhibitor cocktail (Beyotime, Shanghai, China). The lysates were centrifuged at 12,000 rpm for 5 min. Then the supernatants were collected and the protein content in the supernatants was determined using a Bicinchonininc acid protein assay kit (Solarbio, Beijing, China) according to the manufacturer's instruction. Total protein lysates were fractionated on 8% or 10% sodium dodecyl sulfate-polyacrylamide gel depending on the molecular weight of target proteins. Then the proteins were transferred onto polyvinylidene difluoride membranes (Immobilon TM-P; Millipore, USA). The membranes were subsequently blocked with blocking buffer [5% skimmed milk in Tris-buffered Saline Tween-20 (TBST) (20 mM Tris-HCl (pH 7.5), 0.1% Tween 20] for 1 h at room temperature and incubated with one of the following primary antibodies diluted with blocking buffer at 4°C overnight: anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Proteintech, 1:1,000), antimucin-2 (ABclonal, 1:1,000), anticlaudin-1 (Proteintech, 1:1,000), antioccluding (Proteintech, 1:1,000), and antizona occludens-1 (ZO-1) (Proteintech, 1:1,000). After washing three times with TBST, membranes were then incubated at room temperature for 1 h with the horseradish peroxidase-conjugated goat antimouse immunoglobulin G (Proteintech, 1:4,000). Blots were then performed with UVP Chemstudio™ touch (Analytik Jena, Jena, Germany). Protein band density was quantified using ImageJ software and the results were normalized to GAPDH.



In-vivo Epithelial Barrier Permeability

In-vivo assay of intestinal barrier function was performed using a FITC-labeled dextran method, as previously described with minor modification (36, 37). Mice were deprived of food and water for 4 h and were then gavaged with 15 mg of FITC-labeled dextran 4 kDa diluted in ultrapure water (FD4, Sigma, St. Louis, Missouri, USA). Blood was collected from the tail vein after 4 h. Fluorescence intensity was measured and compared with a standard curve generated by serial dilution of FITC–dextran in mice serum (excitation, 480 nm; emission, 530 nm) using a multimode microplate reader (VICTOR Nivo™ HH3500, PerkinElmer®, Pontyclun, UK).



Quantitative PCR

Total RNA was extracted from colonic tissues homogenized in RNAiso Plus (Takara, China). One microgram of RNA was used to generate cDNA with the PrimeScript™ RT Reagent Kit (Takara, China). The resulting cDNA was then subjected to qPCR using TB Green® Premix Ex Taq™ II (Takara, China) on a real-time PCR detection system (Bio-Rad, CFX Connect, Singapore). The relative mRNA expression level was determined with the 2−ΔΔCt method with housekeeping gene GAPDH as the internal reference control (20, 38). Results were presented as relative quantity. Primer sequences were as follows: Mucin-2 forward: CAACAAGCTTCACCACAATCTC, Mucin-2 reverse: CAGACCAAAAGCAGCAAGGTA. GAPDH forward: AACTTTGGCATTGTGGAAGG, GAPDH reverse: GGATGCAGGGATGATGTTCT.



DNA Extraction, 16S Ribosomal DNA (rDNA) Sequencing, and Bioinformatics Analysis

The genomic DNA was extracted from fecal samples using magnetic soil and stool DNA kit (Tiangen, Beijing, China) optimized for an automated platform on the Biomek 4000 workstation (Beckman Coulter Incorporation, Brea, California, USA). The V4 region of bacterial 16S rDNA was selected to analyze using Illumina MiSeq sequencing, which was performed by a commercial company (Novogene Corporation Ltd., Beijing, China). Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer's recommendations and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific) and the Agilent Bioanalyzer 2100 System. Then, the library was sequenced on an Illumina NovaSeq platform and 250 bp paired-end reads were generated. Analysis of the 16S rDNA gene sequences was performed with Quantitative Insights into Microbial Ecology version 2 (QIIME2, version 2021.4) (39). Deblur (40) was used to generate high-quality amplicon sequence variant (ASV) data. The resulting ASV sequences were assigned to the Greengenes database (41) using q2-feature-classifier plugin. Alpha diversity and beta diversity were analyzed using the q2-diversity plugin. Principal coordinates analysis (PCoA) plots were visualized via the emperor plugin (42).



Statistical Analysis

All the data were expressed as means ± SEM. Statistical differences between the two groups were determined using the two-tailed unpaired t-tests. Comparisons of multiple groups were analyzed by one-way ANOVA followed by Tukey's multiple comparison test. All the statistics were performed using GraphPad Prism version 8.21 software (La Jolla, California, USA). Results with p-values of < 0.05 were considered as statistically significant.




RESULTS


GBF Treatment Significantly Decreased the Microbiota Encroachment

As shown in Figures 2A–D, bacteria resided about 95.84 ± 5.29 μm on average from the epithelial cells after Abx treatment. Following different recovery treatments, the distance reached 113.97 ± 11.04 μm on average in the NR group. There was no significant change compared with the distance after Abx treatment. However, the bacteria resided about 146.10 ± 8.13 μm on average from epithelial cells after GBF treatment, which was significantly increased compared with the distance after Abx treatment (p < 0.0001). Moreover, referring to different recovery strategies, the distance was significantly increased by more than 20% in the GBF treatment group compared with the NR treatment group (P < 0.001). These indicate that GBF can effectively decrease microbial erosion and reduce the opportunity of bacteria to invade the epithelial cells.
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FIGURE 2. Bacteria localization analysis. (A) Distances of closest bacteria to intestinal epithelial cells per condition. (B–D) Representative pictures of microbiota localization. (B) Antibiotics (Abx) treatment. (C) Natural recovery (NR) group after recovery treatment. (D) Green banana flour (GBF) group after recovery treatment. Mucin-2, green; bacteria, red; and DNA, blue. Significance was determined using a one-way ANOVA corrected for multiple comparisons with the Tukey's test. The values were expressed as the means ± SEM, n = 6 per group, 6 fields per mouse. ***P < 0.001, ****P < 0.0001. ns indicated comparisions that were not significant.




GBF Treatment Improved Intestinal Barrier Integrity

GBF supplement was compared with NR treatment to examine its ability to repair Abx-induced intestinal barrier disruption. As shown in Figure 3A, intestinal permeability decreased both in the NR and GBF groups after recovery treatment, but the GBF group exhibited a significantly higher decreased extent than the NR group (Figure 3B). We speculated that the decreased intestinal permeability in the GBF group might be due to the capacity of GBF to improve the intestinal barrier. Then western blotting analysis of mucin-2 and tight junctions (TJs) (claudin-1, occluding, and ZO-1) in colonic tissues of different groups were conducted. Representative images were shown in Figure 3C. As shown in Figure 3D, both of the recovery strategies improved the expression of mucin-2, which was significantly increased in the GBF group. Compared with NR treatment, GBF exhibited higher mucin-2 expression (p = 0.16). However, GBF treatment showed lesser effects on the expression of claudin-1, occluding, and ZO-1 (Figures 3E–G). Then we revalidated the result by measuring the mRNA level of mucin-2 in both groups. Consistent with the above changes, compared with the NR group, GBF treatment exhibited a higher mRNA level of mucin-2 (p = 0.17; Figure 3H). Taken together, these results indicate that GBF treatment promotes the secretion of mucus in the colon and repairs the intestinal barrier, thus decreasing intestinal permeability.
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FIGURE 3. GBF treatment improved the integrity of the intestinal barrier in the colon. (A) Intestinal permeability was measured in vivo with the FITC-dextran method. (B) Reduced intestinal permeability between the NR and GBF groups was normalized and compared. (C) Representative images of the expression of mucin-2 and tight-junction proteins with western blot analysis. (D–G) The statistical analysis of the expression of mucin-2 and tight junction proteins. (H) The relative quantity of mucin-2 messenger RNA (mRNA) was measured with quantitative PCR (qPCR). Significance was determined using the two-tailed unpaired t-tests. The values are expressed as the means ± SEM., n = 6 per group. *P < 0.05, **P < 0.01.




GBF Accelerated the Recovery of Imbalanced Gut Microbiota

To explore the effects of Abx and subsequent recovery treatments on the gut microbiota, paired feces samples were used for gut microbiota 16S rDNA sequencing analysis throughout the whole experiment. For alpha diversity, Shannon and Pielou's evenness indices were calculated (Figures 4A,B). Compared with the pre-Abx treatment phase, the Shannon index and Pielou's evenness indexes reduced in both the groups after Abx treatment. Then, the two indices tended to restore in the NR and GBF groups after different recovery treatments. But, both the indices exhibited delayed recovery compared with the pre-Abx phase and there were no significant differences in the two indices between the NR and GBF groups. For beta diversity analysis, the significant clustering of Abx-treated samples from pre-Abx and recovery-treated samples was found in PCoA analysis of weighted UniFrac distances (Figure 4C). It suggested that Abx can drastically change the structure of gut microbiota. After different recovery treatments, both NR and GBF groups exhibited recovery toward their initial state. Then, the Weighted UniFrac distances separating recovery-treated from untreated microbiota were further quantified. As shown in Figure 4D, the distance in the GBF group was significantly smaller than that in the NR group. These indicate that the GBF supplement accelerates the gut microbiota recovery to the initial state.
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FIGURE 4. Alpha and beta diversity analysis of gut microbiota in the NR and GBF groups. (A) Alpha diversity analysis of Shannon index from both the groups. (B) Alpha diversity analysis of Pielou's evenness index from both the groups. (C) Weighted UniFrac principal coordinates analysis (PCoA) plot of the microbiota composition from both the groups. (D) Group significance plots (weighted UniFrac distance between the NR and GBF groups). Significance was determined using the two-tailed unpaired t-tests. The values are expressed as the means ± SEM, n = 5 per group. *P < 0.05.




GBF Enriched Beneficial Bacteria That Drove the Gut Microbiota Recovery

Taxonomic analysis at the phylum level (Figure 5A) revealed that a total of 9 phyla were identified from all the samples. Bacteroidetes, Firmicutes, and Verrucomicrobia were the most abundant phyla in the pre-Abx phase both in the NR and GBF groups (52.97% of Bacteroidetes, 34.63% of Firmicutes, and 10.93% of Verrucomicrobia in the NR group; 58.41, 28.08, and 12.33% in the GBF group, respectively). After Abx treatment, the structure of gut microbiota was significantly changed with the feature of dominant Firmicutes, which accounted for 94.83% in the NR group and 93.13% in the GBF group (Figure 5B). After discontinuation of Abx treatment, imbalanced gut microbiota tended to recover in both the groups. The relative abundance of Firmicutes decreased and restored to its original state both in the NR (32.01%) and GBF (26.70%) groups (Figure 5C). The relative abundance of Verrucomicrobia reached 53.57% in the NR group and 29.89% in the GBF group after recovery treatment, concurring with the previous report that high-level colonization of Verrucomicrobia followed broad-spectrum Abx treatment in the human gut (43). Bacteroidetes is the predominant microbial phylum in the mouse gut (44). After recovery treatment for 2 weeks, the abundance of Bacteroidetes returned to 9.18% in the NR group, which was significantly lower than that in the GBF group (38.29%) (Figure 5D). Furthermore, the Firmicutes to Bacteroidetes ratio raised from 0.66 to 27.03 after Abx treatment for 2 weeks, then decreased to 7.99 after recovery treatment in the NR group. In the GBF group, the Firmicutes to Bacteroidetes ratio correspondingly increased from 0.54 to 21.93, then decreased to 0.74 (Figure 5E). These results indicate that, compared with the NR group, GBF treatment promoted the recovery of Bacteroidetes and the Firmicutes to Bacteroidetes ratio to the pre-Abx state. However, both groups showed increased abundance of Proteobacteria after different recovery treatments, indicating the dysbiosis state of gut microbiota. Recovery treatment with a longer time may contribute to the better restoration of gut microbiota.
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FIGURE 5. Gut microbiota composition differences at the phylum level. (A) Microbiota composition differences. (B) Only the 4 more abundant phyla were represented and compared. Significance was determined using one-way analysis of variance corrected for multiple comparisons with the Tukey's test, n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C–E) The relative abundance of Firmicute, Bacteroidetes, and the Firmicutes/Bacteroidetes ratio from both groups were compared throughout the experiment. Significance was determined using two-tailed unpaired t-tests. The values are expressed as the means ± SEM, n = 5 per group. **P < 0.01.


At the family level (Figure 6A), 54 families were identified from all the samples. The microbiota in the pre-ABX phase was mainly composed of Bacteroidales_S24-7, Verrucomicrobiaceae, and Turicibacteraceae, which accounted for 48.16, 10.93, and 6.22% in the NR group. In the GBF group, these families accounted for 53.44, 12.33, and 5.18%, respectively. After Abx treatment for 2 weeks, the structure of the gut microbiota was remarkably changed. The microbiota was mainly composed of Turicibacteraceae in the NR (78.08%) and GBF (77.70%) groups. The content of the other gut microbiota decreased, indicating that the balance of the gut microflora was disturbed (Figure 6B). After different recovery treatments, most of the bacteria inhibited by Abx increased in the NR and GBF groups. Verrucomicrobiaceae was the dominant family in both groups (53.57% in the NR group and 29.89% in the GBF group). Turicibacteraceae tended to return to its normal level compared with the pre-Abx phase in both groups (Figure 6B). Bacteroidales_S24-7, which was recognized to exert beneficial effects on the host (45), was still significantly lower than that in the pre-Abx phase. Compared with NR treatment (6.64%), GBF enriched the Bacteroidales_S24-7 (16.82%) (Figure 6C). Most notably, the restoration of Bacteroidales_S24-7 was highly individual specific and its restoration extent was positively correlated with the recovery order of gut microbiota in both the groups. The sequential order of recovery in NR group was U6, U4, U12, U10, and U2 (Figure 4C). In accordance with the recovery order, the relative abundance of Bacteroidales_S24-7 accounted for 22.25% in U6, 5.61% in U4, 3.41% in U12, 1.14% in U10, and 0.80% in U2. This correlation can also be observed in the GBF group after recovery treatment. The sequential order of gut microbiota recovery in GBF group was S10, S12, S4, and S2 (Figure 4C). The relative abundance of Bacteroidales_S24-7 accounted for 31.79% in S10, 30.46% in S12, 6.90% in S4, and 6.77% in S2. These indicated that Bacteroidales_S24-7 drove the recovery of gut microbiota. In addition, GBF treatment increased the relative abundance of Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae, which were 2.98, 12.76, and 8.75 times increased compared with the original state in the GBF group (Figures 6D–F). However, in the NR group, the relative abundance of Lachnospiraceae and Porphyromonadaceae increased 1.91- and 2.94-folds compared with the pre-Abx state. The abundance of Bacteroidaceae just recovery 53% of what it was. Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae are among the main producers of short-chain fatty acids that exert beneficial effects on the host (46–49). These results show that, compared with NR treatment, GBF drives the recovery of beneficial Bacteroidales S24-7, Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae that accelerates the gut microbiota restoration.
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FIGURE 6. Gut microbiota composition differences at the family level. (A) Microbiota composition differences. (B) Only the 10 more abundant families were represented and compared. Significance was determined using one-way analysis of variance corrected for multiple comparisons with a Tukey's test, n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C–F) The relative abundance of S24-7, Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae from both groups were compared throughout the experiment. Significance was determined using two-tailed unpaired t-tests. The values are expressed as the means ± SEM., n = 5 per group. *P < 0.05.


At the genus level (Figure 7A), a total of 87 genera were identified from all the samples. In the pre-Abx phase, the gut microbiota mainly consisted of S24-7 unknown genus (48.16%) and Akkermansia (10.93%) in the NR group. These genera showed comparable abundance in the GBF group, which accounted for 53.44 and 12.33%, respectively. After Abx treatment, the gut microbiota composition was dramatically changed. Turicibacter was the most abundant genus in both groups, which accounted for 78.08% in the NR group and 77.70% in the GBF group, respectively. The proportion of the other microbiota was dramatically reduced (Figure 7B). After different recovery treatments, the relative abundance of Turicibacter decreased and restored to a comparable abundance compared with the pre-Abx phase in both groups. The gut microbiota mainly consisted of Akkermansia and S24-7 unknown genus. And S24-7 unknown genus was further found that its relative abundance was positively correlated with the recovery order in both groups. We concluded that S24-7 unknown genus drove the gut microbiota restoration, which recovered to 31.48% of the original abundance in the GBF group and just recovered to 13.79% of the original abundance in the NR group (Figure 7C). In addition, GBF treatment increased the abundance of Clostridium, Bacteroides, and Parabacteroides. Compared with the pre-Abx phase, the abundance of Clostridium, Bacteroides, and Parabacteroides increased 9.79-, 12.76-, and 8.76-folds in the GBF group (Figures 7D–F). However, Clostridium and Parabacteroides just increased 5.71- and 2.94-folds in the NR group, while Bacteroides just restored to only 53.00% of its original abundance. Clostridium members have varied metabolisms, producing volatile fatty acids from carbohydrates and other organic compounds (50). Bacteroides genus is widely considered as a source of novel beneficial probiotics in preclinical trials (51). Recently, Parabacteroides isolated with anti-inflammatory and epithelium enhancing capacity was reported to be helpful to restore gut homeostasis (52). Based on the above results, it is suggested that, compared with NR treatment, GBF promotes the recovery of S24-7 unknown genus, Clostridium, Bacteroides, and Parabacteroides that contributes to the faster recovery of gut microbiota.
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FIGURE 7. Gut microbiota composition differences at the genus level. (A) Microbiota composition differences. (B) Only the 10 more abundant genera were represented and compared. Significance was determined using one-way analysis of variance corrected for multiple comparisons with a Tukey's test, n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C–F) The relative abundance of S24-7 unknown genus, Clostridium, Bacteroides, and Parabacteroides from both groups were compared throughout the experiment. Significance was determined using two-tailed unpaired t-tests. The values are expressed as the means ± SEM, n = 5 per group. *P < 0.05.





DISCUSSION

Abx treatment can exert both the short-term and long-term negative effects on the gut microbiota depending on the microbiome state at the time of perturbation and the perturbation strength (33, 53). Reconstitution of the gut microbiota niche after Abx perturbation is important for human health, which is always slow, even taking years in some cases (54, 55). Post-Abx equilibrium states are themselves resilient and vary considerably given specific conditions (56). Nutritional interventions have been reported to accelerate the speed and extent of the recovery of gut microbiota to the pre-Abx state (19).

In this study, broad-spectrum Abx ciprofloxacin was used in combination with metronidazole to induce a gut microbiota dysbiosis model in mice. After Abx treatment, the intestinal barrier and the balance of gut microbiota were disrupted as previously reported (8, 10, 57). The capacity of GBF to repair gut microbiota dysbiosis and intestinal barrier disruption from Abx perturbation was evaluated. We found GBF decreased the microbiota encroachment and intestinal permeability by increasing the expression of mucin-2 both in the protein and mRNA levels. RS as the main component of GBF has been reported to increase the secretion of mucin that protects the intestine in part by acting as a physical barrier (58, 59). The improving secretory mucus barrier is beneficial to restore the host–microbial homeostasis (60). The expression of TJs was also restored but without significant differences between the NR and GBF groups. That is probably due to the treatment time is not long enough. In addition, GBF treatment also restored the bodyweight loss (Supplementary Figure S1) and rescued the anxiety-related behaviors induced by Abx (Supplementary Figure S2), which was assessed by the open field test as previously described (61). Abx treatment decreased the time and frequency in the center. GBF could rescue it to some extent, but NR treatment did not.

RS is defined as “selectively fermented ingredients that result in specific changes in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefits upon host health” (62). RS has been reported to alleviate intestinal inflammation in mice by stimulating the growth of beneficial bacteria in the colon (26, 63). GBF prepared in this study is rich in RS that is up to 56.09 g/100 g flour. As expected, compared with NR treatment, GBF administration significantly accelerated gut microbiota restoration after 2 weeks of intervention, which was achieved by restoring gut microbiota diversity and promoting the growth of multiple beneficial bacteria. At the phylum level, Bacteroidetes were significantly enriched by GBF treatment. The Firmicutes to Bacteroidetes ratio restored to the normal level more quickly in the GBF group. At the genus level, S24-7 unknown genus which drove the gut microbiota restoration was enriched by GBF. The related reports about the function of S24-7 unknown genus are limited because it is still unculturable. Rooks et al. found it might be associated with colitis remission (64). In addition, GBF treatment also enriched the relative abundance of Lachnospiraceae, Bacteroidaceae, and Porphyromonadaceae. These families are among the main producers of short-chain fatty acids that are important energy and signaling molecules for intestinal epithelial cells, exerting anti-inflammatory and immunomodulating activity (65). In addition, GBF is also a source of phenolic compounds and flavonoids, which might also facilitate the restoration of intestinal function owing to their beneficial effects on the gut (66). Here, we first demonstrated the capacity of GBF to retore gut microbiota and gut barrier from Abx perturbation. The functional mechanism of GBF may be complicated and multi-faceted, which needs to be further studied. Moreover, after GBF treatment for 2 weeks, the gut microbiota still showed delayed recovery compared with the pre-Abx microbiota. A longer-term or higher dosage of GBF treatment can be implemented to contribute to the better restoration of gut microbiota.



CONCLUSION

GBF decreased the intestinal permeability and repaired the intestinal barrier from Abx perturbation by increasing the secretion of mucin. GBF intervention also accelerated the recovery of gut microbiota by boosting the growth of multiple beneficial bacteria. Thus, GBF can act as an effective dietary intervention to alleviate the negative effects of Abx therapy. This study provides reference and novel insight into the application of GBF as a functional food ingredient to repair gut microbiota and gut barrier from Abx perturbation.
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Nucleotides (NTs) are regulatory factors in many biological processes and play important roles in the growth, development, and metabolism of living organisms. We used senescence-accelerated mouse prone-8 (SAMP8) to investigate the effects of NTs on the gut microbiota and metabolites. And the promoting effect of NTs on the growth of a probiotic (Lactobacillus casei) was explored through in vitro experiments. The results showed that the sequencing depth of 16S rDNA covered all microbial species in the feces of SAMP8. Supplementation with exogenous NTs to the diet enhanced the diversity of the gut microbiota, reduced the abundance of bacteria with negative effects on the body (such as Verrucomicrobia, Ruminococcaceae, Akkermansia and Helicobacter), and increased the abundance of the microbiota, which had beneficial effects on the mice (such as Lactobacillus, Candidatus saccharimonas and Lachnospiraceae_NK4A136_group). Metabonomic analysis showed that NT deficiency in the diet significantly affected metabolites in the mouse feces. The metabolites in mice supplemented with NTs tended to be normal (SAMR1). The differentially expressed metabolites caused by NT addition are involved in various pathways in the body, including linoleic acid metabolism, vitamin B6 metabolism, and histidine metabolism. Correlation analysis revealed a significant correlation between the gut microbiota and differentially expressed metabolites caused by the addition of NTs. In vitro experiments showed that NTs significantly promoted the growth, secretion of biofilm and extracellular polymeric substance of L. casei. NTs also promoted the ability of the crude extract of L. casei to resist the secretion of Shigella biofilm. Thus, NTs can regulate the abundance of the gut microbiota and alter the metabolic expression of the intestinal microbiome.
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INTRODUCTION

Aging is the process by which humans die following changes in the organizational structure, decreased functions, and reduced adaptability and resistance in cells over time. Aging, as a complex phenomenon, is a spontaneous and inevitable process. The incidence of diseases related to aging is significantly increasing, inflicting a heavy economic burden on individuals, families, and society. Anti-aging, health, and longevity have become the goals of many people, particularly women. This is also a high-priority topic in the research of life sciences in the 21st century. Although aging is inevitable, adopting good health care measures and using anti-aging products can effectively delay aging, improve the quality of life, and enable humans to achieve maximum longevity under existing conditions.

Studies have shown that aging results from various factors such as genes, free radicals, immune dysfunction, and gut microbiota imbalance (1–3). The gut microbiota is closely related to the health, disease, and aging status of the host (4, 5). The intestine, known as the “second genome,” is an extremely complex ecosystem. Many studies have shown that there is a close relationship between the gut microbiota and health (6). As age increases, the body's intestinal physiological function and diet structure change, body's immune function declines, and gut microbiota also changes accordingly, resulting in reduced microbial diversity that affects the aging state of the body, thus leading to a series of chronic diseases. The imbalance of gut microbiota may also lead to a series of symptoms, such as diarrhea, constipation, gastroenteritis, etc. In addition, metabolites of the gut microbiota may cause age-related diseases (7, 8). Therefore, it is of great significance to select appropriate substances to regulate the imbalance of gut microbiota caused by aging.

Nucleotides (NTs) are low-molecular weight and important components of cells and precursors of DNA and RNA. They play an important role in cell metabolism, protein synthesis, cell division, and body functions. For example, ATP transfers chemical energy to physiological processes, playing important roles in cell signaling transduction, such as that involving cAMP and cGMP, and are part of important cofactors for enzymatic reactions, such as NAD, coenzyme A, and NADP+. In addition, NTs and nucleosides are involved in coenzymes, activating substrates, and regulating and proliferating cells (9–12). Although the body can absorb and utilize NTs from the diet, NTs are “essential nutrients” under certain conditions, such as disease, intestinal injury, immune challenge, starvation, aging, rapid growth and development, limited nutrient intake, and endogenous synthesis and expression (13–21). These processes are involved in specific stages of life, including early life, before and after the reproductive years, and in later years. Studies have shown that NTs have many physiological functions such as immune regulation (22), resistance to infection (23), promotion of growth and development (24), maintenance of liver function (25), promotion of cell proliferation and differentiation (26), and improvement of memory function (27). Additionally, NTs show many other physiological activities, such as anti-fatigue and accelerating carbon turnover in the fundic stomach (28, 29). More importantly, studies have shown that NTs had the ability to main the intestinal function (30). NTs are likely to have the ability to regulate the imbalance of gut microbiota caused by aging. Therefore, in vivo experiments were conducted to explore the regulatory effect of NTs supplementation on gut microbiota and metabolites in SAMP8 mice, combined with16S rDNA with metabonomics analyses. Additionally, in vitro experiments were conducted to explore the promoting effect of NTs on the growth of a probiotic (Lactobacillus casei) and the antagonism of L. casei against intestinal pathogens. This study provides a foundation for applying NTs to regulate gut microbiota.



MATERIALS AND METHODS


Animals and Treatment

A total of 200 SPF male senescence-accelerated mouse prone-8 (SAMP8) mice and senescence-resistant-1 (SAMR1) mice (as the model control) (weighing 18–22 g) were provided by Beijing Vitonglihua Experimental Animal Technology Co., Ltd. (Beijing, China). All mice had free access to food (American Institute of Nutrition Rodent Diets-93M (AIN-93M diet) and water. Dietary NTs (5′-NTs: 5′AMP: 5′CMP: 5′GMPNa2: 5′UMPNa2 = 16:41:19:24) were provided by Dalian Zhen-Ao Biotechnology Co., Ltd. (Dalian, China). The environment was maintained at 25 ± 1°C with a relative humidity of 50–60% and 12-h: 12-h light-dark cycle. Mice were allowed to adapt to the new environment for 7 days.

The SAMP8 mice were randomly divided into three groups with 50 mice in each group: NT-free group (group A), basal diet group (group B), and NT intervention group (group C) (1,200 mg/kg×bw), and 50 SAMR1 mice served as the model control group (Group D). One mouse in each cage. The mice in NT-free group were fed with the purified formula of AIN93M, and the basal diet was used for the controls (SAMP8 and SAMR1). For the NTs-treated group, NTs were added to the basal diet as an intervention. The ingredients of purified diet and basal diet can refer to Supplementary Tables 1, 2 as well as the differences of NTs content among the groups were shown in the tables. The NTs levels in NT-free, basal and NTs-supplied diets were shown in Supplementary Table 3. Age-related changes in the body and behavior of mice were measured by aging degree scores according to the method of Hosokawa et al. (31). In month 10, when aging was observed in the mice, their feces were collected aseptically. The aseptic cushion was replaced on the day of sampling to reduce contamination of the samples by external microorganisms. The feces of six mice from each group were randomly sampled and ensured that the feeding environment, NTs intervention and sampling time were as consistent as possible to eliminate the effects cage to cage variations. The samples were transported to Shanghai Baiqu Biomedical Technology Co., Ltd. (Shanghai, China) with dry ice for 16S rDNA and metabonomic detection.



Detection of 16S rDNA in Mouse Feces

Total bacterial DNA was extracted using a TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd, China) according to the manufacturer's instructions. DNA quality and quantity were assessed based on the 260/280 nm and 260/230 nm ratios. Thereafter, DNA was stored at −80°C for further analysis. The V3-V4 region of the bacterial 16S rRNA gene was amplified using a common primer pair (forward primer, 5′-ACTCCTACGGGAGGCAGCA-3′; reverse primer, 5′- GGACTACHVGGGTWTCTAAT-3′) combined with adapter sequences and barcode sequences. PCR amplification was performed in a total volume of 50 μL containing 10 μL of bμffer, 0.2 μL of Q5 High-Fidelity DNA Polymerase, 10 μL of High GC Enhancer, 1 μL of dNTP, 10 μM of each primer, and 60 ng of genome DNA. The thermal cycling conditions were as follows: initial denaturation at 95°C for 5 min, followed by 15 cycles at 95 °C for 1 min, 50°C for 1 min, and 72°C for 1 min, with final extension at 72°C for 7 min. The PCR products from the first step of PCR were purified using VAHTSTM DNA Clean Beads (Vazyme Biotech, Nanjing, China). A second round of PCR was performed in a 40-μL reaction volume containing 20 μL 2 × Phμsion HF MM, 8 μl ddH2O, 10 μM each primer, and 10 μL PCR products from the first step. Thermal cycling conditions were as follows: initial denaturation at 98°C for 30 s, followed by 10 cycles at 98°C for 10 s, 65°C for 30 s, and 72°C for 30 s, with final extension at 72°C for 5 min. Finally, all PCR products were quantified using Quant-iT™ dsDNA HS Reagent and pooled. High-throughput sequencing analysis of bacterial rRNA genes was performed on the purified, pooled sample using an Illumina Hiseq 2500 platform (2 × 250 paired ends; San Diego, CA, USA). After sequencing, the data were preprocessed, including raw read filtering, high-quality reads splicing and block removal, and the final effective data (effective reads) were obtained. For information analysis, we divided the features and performed diversity analysis, difference analysis, correlation analysis, and function prediction analysis. Among them, operational taxonomic unit analysis clustered the sequences at a 97% similarity level, and filtered operational taxonomic units with 0.005% of the total sequence number as a threshold. The 16s: Silva (release128, http://www.arb-silva.de) database was selected, and species annotation was performed using RDP classifier (confidence threshold = 0.8). The dilution curve was drawn, and the alpha-diversity and β-diversity of the samples were calculated to evaluate bacterial diversity. Alpha diversity was expressed using the Chao1 richness estimator, PD_whole_tree index, Ace richness estimator, Shannon–Wiener diversity index, and Simpson diversity index. β-Diversity was represented using principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS). Linear discriminant analysis (LDA) was used to analyze species showing significant differences in abundance among groups.



Metabonomics Analysis of Mouse Feces

The extraction steps of metabolites from mouse feces were as follows: 25 mg of sample was weighed, and 500 μL of extraction solution (methanol: acetonitrile: water = 2: 2: 1 (V/V), including isotope-labeled internal standard mixture) were added. The sample was then ground for 4 min at 35 Hz and treated with ultrasound for 5 min in an ice water bath. The extraction procedure was repeated three times, and the sample was stored at −40°C for 1 h. The sample was centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was placed into the injection bottle for detection, and all samples were mixed with the same amount of supernatant to form quality control (QC) samples and tested.

The target compounds were separated using ultra-performance liquid chromatography (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) (liquid chromatographic column: Waters ACQUITY UPLC BEH Amide, 2.1 × 100 mm, 1.7 μm, Milford, MA, USA). Phase A used for HPLC was ultrapure water containing 25 mmol/L ammonium acetate and 25 mmol/L ammonia water. Phase B consisted of acetonitrile. The sample disk temperature was: 4°C, and the injection volume was 3 μL. A Thermo Q exictive HFX mass spectrometer (Thermo Fisher Scientific) was used to collect primary and secondary mass spectrum data under control of an xcalibur (Thermo Fisher Scientific). The parameters were as follows: sheath gas flow rate: 30 Arb; Aux gas flow rate: 25 Arb; capillary temperature: 350°C; full ms resolution: 60,000; tandem mass spectrometry resolution: 7,500; collision energy: 10/30/60 in normalized collision energy mode; spray voltage: 3.6 kV (positive) or −3.2 kV (negative).

After peak recognition, peak extraction, peak alignment, and integration, the original data were matched with the secondary mass spectrometry database built by BIOTREE dB (v2.1) for substance annotation. The cutoff value of the algorithm was set to 0.3.



Correlation Analysis

After obtaining the content information of differential flora identified from the 16S rDNA and that of differentially expressed metabolites obtained using metabonomics detection, the “Spearman” algorithm was used to perform correlation analysis. To further verify the authenticity of the correlation obtained using correlation coefficient analysis, the flora and metabolites were analyzed using a scatter plot to remove the strong correlation effect of false-positives.



In vitro Experiment

Lactobacillus casei Q1 was stored in the refrigerator at −80 °C in our laboratory. A total of 1% bacteria (v/v) were inoculated in MRS broth medium with shaking (160 rpm) at 37°C for 24 h. MRS medium was served as the blank control. Then, 1% of L. casei and 1%, 2%, 3% and 4% (g/100 mL) of NTs were added to MRS medium, respectively and the bacteria was cultured at 37°C for 24 h, and the bacteria were counted by double dilution method. The growth of L. casei was non-linear fitted by modified Gompetz model and modified Logistic model.

Modified Gompertz model:

[image: image]

t is the time (h), Nt is the number of bacteria at time t, Nmax and N0 are the maximum and initial number of bacteria (CFU/mL). μmax is the maximum specific growth rate (h−1), λ is the growth delay time (h).

Modified Logistic model:

[image: image]

Nt is the number of bacteria at time t (CFU/mL); N0: initial colony count (CFU/mL); μmax: maximum specific growth rate (h−1); A: Fitting parameters; λ is the growth delay time (h).

The effects of NTs on L. casei biofilm, extracellular polymeric substance and crude extract of L. casei against Shigella biofilm were studied according to the previous literature (32). In addition, L. casei and Salmonella enterica strains were cultured to the same concentration with shaking (160 rpm) at 37°C for 24 h. L. casei was centrifuged at 4°C (10,000 r/min) for 10 min (SIGMA3K15 Desktop high-speed low-temperature freezing centrifuge, Sigma, Germany). The supernatant was discarded, and the cells were washed with sterile water for 3 times, and then re-suspended with the same amount of sterile water. After S. enterica and fresh LB broth medium were mixed in the ratio of 1:100 (v/v), 0.5 mL of L. casei suspension was added to make the co culture system of the two strains. 4.0% NTs mixture (1:1:1:1) was added to the co culture system, and the medium without NTs was served as control. The bacteria was cultured at 28°C for 24 h. L. casei and S. enterica under the same culture conditions were used as blank control. The target gene (Supplementary Table 6) was determined by real-time fluorescence quantitative PCR. Reaction system 20 μL: 2 × SYBR Green PCR Master Mix 10 μL; ultrapure water 4 μL; the upstream and downstream primers were 0.5 μL, respectively; cDNA 5 μL. The PCR reaction conditions were as follows: pre denaturation at 95°C for 3 min; denaturation at 95°C for 10 s; annealing at 55°C for 20 s; extend at 72°C for 20 s; the melting curve was established in the range of 65–95°C after staying at 75°C for 5 s and 40 cycles.



Statistical Analysis

Data were processed using a statistical software package. The measurement data were expressed as the mean ± standard deviation, analyzed by one-way analysis of variance with SPSS Statistics 16.0 software (SPSS, Inc., Chicago, IL, USA). Differences were considered as significant at P < 0.05.




RESULTS


16S rDNA Results

To explore the effect of dietary NTs on the gut microbiota of SAMP8 mice, the structure of the microflora in the mouse feces was analyzed. The results showed that 1,868,237 pairs of reads were obtained from 24 samples. After QC and splicing, 1,847,859 clean reads were obtained. At least 57,590 clean reads were obtained from each sample, and the operational taxonomic unit range of the samples was 276–392.

A heatmap of the species distribution at the phylum and genus levels is shown in Figures 1A,B. As shown in the figure, Bacteroidetes, Patescibacteria, Cyanobacteria, Actinobacteria, Firmicutes, Verrucomicrobia, Deferribacteres, Tenericutes, Epsilonbacteraeota, and Proteobacteria were the most abundant bacteria in the four groups. Bacteroides and Firmicutes showed high species abundance in the four groups. Bacteroidetes and Firmicutes accounted for a large proportion of the four groups. At the genus level, the bacteria with high relative abundance were Lachnospiraceae_NK4A136_group, Odoribacter, Alistipes, Prevotellaceae_UCG-001, Bacteroides, Alloprevotella, Helicobacter, Candidatus saccharimonas, Akkermansia, and Lactobacillus. In group A (NT-free group), Bacteroides showed the highest relative abundance (13.36 ± 9.71%), followed by Akkermansia (13.00 ± 19.60%). Bacteria with the highest relative abundance were Lachnospiraceae_NK4A136_group (9.98 ±8.77%) in group B (basal diet group), followed by Alistipes (8.42 ± 4.28%). The Lachnospiraceae_NK4A136_group was the most abundant bacteria in group C (NT intervention group) (8.50 ± 4.63%), followed by Candidatus_Saccharimonas (8.35 ± 8.02%). In group D (model control group), Lachnospiraceae_NK4A136_group was the most abundant bacteria (12.51 ± 8.49%), followed by Lactobacillus (5.76 ± 5.08%). Relative abundance of aging related bacteria at phylum level and genus level was showed in Figures 1C,D. The abundance of Cyanobacteria, Epsilonbacteraeota and Verrucomicrobia associated with aging was high at the phylum level. At the genus level, the bacteria with high abundance associated with aging were uncultured_bacterium_o_Chloroplast and proteus.


[image: Figure 1]
FIGURE 1. Species distribution heatmap at phylum (A) and genus level (B) and relative abundance of aging related bacteria at phylum (C) and genus level (D) of gut microbiota of mouse fecal in four groups. A1-A6: NT-free group; B1-B6: basal diet group; C1-C6: NT intervention group; D1-D6: model control group.


The alpha diversity of each sample is shown in Figure 2. As shown in Figure 2A, the dilution curve tended to be flat, indicating that the 16S rDNA sequencing depth covered all species in the sample. In Figure 2B, the curves tended to be flat, indicating that most microbial species information was covered in the samples. In Figure 2C, the length of the NT-free group was smaller than that of the other groups on the horizontal axis, indicating that the species composition of the NT-free group was not as rich as that in the other three groups, and the degree of uniformity was the lowest. These results indicate that NTs significantly affected the richness and evenness of species in the mouse feces. In Figures 2D–H, the abscissa is the group name and ordinate is the alpha diversity index value. The ACE index, Chao-1 index, Shannon index and PD_whole_tree index of the NT-free group were extremely significant different from that of NT intervention group, indicating that NTs significantly affected the fecal microbial abundance. The Simpson index showed a significant difference between the NT-free and NT intervention groups. These results indicated that the presence or absence of NTs in the diet plays an important role in fecal species diversity. Higher Shannon and Simpson indices indicated higher species diversity. The results showed that the fecal species diversity of mice in the NT group was higher than that in the NT-free group. Therefore, dietary NTs can increase the diversity of the gut microbiota in mice.


[image: Figure 2]
FIGURE 2. Mouse fecal sample dilution curve (A), Shannon index (B), Rank-Abundance curve (C) and histogram of difference between NT-free group and NT intervention group in Alpha diversity index (D–H). (A): NT-free group; (B): basal diet group; (C): NT intervention group; (D): model control group. *p < 0.05, **p < 0.001.


The results of beta diversity analysis of the samples were mainly shown in PCoA and NMDS diagrams (Figure 3). The PCoA diagram shows that the closer sample points indicated greater similarity. All data points in the nucleoside-free group were clustered, indicating that the similarity between samples was high. The data points in the NT-free group were on the right side of the data score graph; however, those of the other three groups were on the left side of the graph. The NMDS diagram showed the opposite trend. These results indicate that there were significant differences between the NT-free group and other three groups in the gut microbiota of mouse feces. PCoA and NMDS were used to distinguish samples in each group, and exogenous NTs significantly affected the gut microbiota of mice.


[image: Figure 3]
FIGURE 3. PCoA analysis chart and NMDS analysis chart of the bacteria in mouse feces. (A,C) Binary jaccard; (B,D) unweighted unifrac. A: NT-free group; B: basal diet group; C: NT intervention group; D: model control group.


Kruskal Wallis rank sum test was used to analyze the significance of differences between groups. As shown in Figure 4, at the phylum level, the relative abundance of Verrucomicrobia was highest in the NT-free group, showing a significant difference from the NT intervention group and model control group (P < 0.05). The relative abundance of Deferribacteres was lowest in NT-free group, showing a significant difference from the NT intervention group and an extremely significant difference compared to the model control group (P < 0.01). At the genus level, the relative abundance of Lactobacillus was lowest in the NT-free group, which was significantly different from that in model control group (P < 0.01). The relative abundance of uncultured_bacterium_f_Ruminococcaceae was highest in the NT-free group, showing a significant difference from the model control group (P < 0.05). The relative abundance of Akkermansia in the NT-free group was highest, showing a significant difference from the NT intervention group and model control group (P < 0.05).


[image: Figure 4]
FIGURE 4. Histogram of Kruskal Wallis rank sum test at phylum (A) and genus levels (B) between groups. * on the column indicating significant difference (P < 0.05); and * * indicating extremely significant difference (P < 0.01). A: NT-free group; B: basal diet group; C: NT intervention group; D: model control group.


Figure 5A shows the species whose LDA score was more significant than the set value (4.0). In the NT-free group, f_Ruminococcaccac, s_uncultured_bacterium_g_Akkermansia, o_Verrucomicrobiales, and p_Verrucomicrobia were the most influential bacteria; f_Prevotellaceae and g_Prevotellaceae_UCG_001 were influential bacteria in the basal diet group; p_Patescibacteria, o_Ssccharimonadales, and s_uncultured_bacterium_g_Candidatus_Saccharimonas were influential bacteria in the NT intervention group, and f_Lachnospiraceae and f_Muribaculaceae were influential in the model control group. To identify species with significant differences in the feces of mice in each group, LDA effect size analysis was performed among groups. Bacteroides, Gastranaerophilales, Lachnospiraceae, Ruminococcaceae, Faecalibaculum, and Desulfovibrionaceae were enriched in the NT-free group, Prevotellaceae was mainly enriched in the basal diet group; Odoribacter, Marinifilaceae, Prevotellaceae, Rikenellaceae, and Saccharimonadia were mainly enriched in the NT intervention group, and Muribaculaceae and Lactobacillaceae were mainly enriched in the model control group.


[image: Figure 5]
FIGURE 5. Evolutionary branching diagram of LEfSe analysis and histogram of LDA value distribution of gut microbiota (A) and KEGG metabolic pathway histogram at phylum level and genus level (B) of functional genes of gut microbiota in SAMP8 and SAMR1 mice. A: NT-free group; B: basal diet group; C: NT intervention group; D: model control group. In the evolutionary branching diagram, the circle radiated from inside to outside represented the taxonomic level from phylum to species. The diameter of the small circle was proportional to the relative abundance. The species with no significant difference was represented by yellow, and the other species with the highest abundance were colored according to the group with the highest abundance.


The differences and changes in functional genes of the microbial community in different groups were evaluated using Kyoto Encyclopedia of Genes and Genomes metabolic pathway analysis. Figure 5B shows the prediction analysis of gene function, revealing that amino acid metabolism, carbohydrate metabolism, energy metabolism, membrane transport, metabolism of cofactors and vitamins, nucleoside metabolism, signal transduction, and translation were significantly affected by exogenous NTs. Therefore, exogenous NTs may affect the relative abundance of bacteria that are closely related to the above metabolic pathways to regulate the gut microbiota of mice.

BugBase phenotypic prediction analysis was shown in Figure 6. It can be seen from Figure 6A that the relative abundance of aerobic bacteria in NT-free group is large, mainly the bacteria of Verrucomicrobia and Proteobacteria (Figure 6B). At the genus level (Figure 6C), the aerobic bacteria in NT-free group contain high abundance of f_Helicobacteraceae and Akkermansia. Helicobacteraceae is an important microorganism causing gastrointestinal diseases. The results showed that NT deficiency would increase the abundance of pathogenic microorganisms such as Helicobacteraceae. It should be noted that model control group contains Lactobacillus, while basal diet group does not contain Lactobacillus in SAMP8 mice, indicating that aging will affect the gut microbiota of mice. In Figure 6D, the abundance of anaerobic bacteria in NT-free group is the lowest and that in model control group is the highest. And anaerobic bacteria are mainly Firmicutes and Bacteroidetes. As can be seen from Figure 6E, the abundance of Bacteroidetes in NT-free group is the lowest, indicating that NT deficiency significantly affects the abundance of Bacteroidetes. Figure 6G shows that NT-free group has the highest abundance of bacteria that can form biofilm. At the phylum level (Figure 6H), the biofilm formed in NT-free group was mainly Verrucomicrobia and Proteobacteria. At the genus level, biofilm formation in NT-free group is mainly concentrated in Akkermansia and Desulfovibrio, while NT intervention group was mainly Klebsiella. Klebsiella is mainly parasitic in the respiratory tract or intestinal tract of human and animals. It rarely endangers human and livestock and poultry under normal conditions. It can cause human and livestock and poultry diseases only under special circumstances. These results indicated that NT deficiency would indeed increase the abundance of pathogenic bacteria that can produce biofilm and easily cause gastrointestinal inflammation.


[image: Figure 6]
FIGURE 6. Phenotype prediction and species histogram of BugBase. (A,D,G): phenotype prediction map; (B,C,E,F,H,I): species histogram. A: NT-free group; B: basal diet group; C: NT intervention group; D: model control group.




Metabonomics Results

The original data obtained in positive ion mode included three QC samples and 24 experimental samples, and 17,480 peaks were extracted. A total of 13,459 peaks was retained after pretreatment. As shown in Supplementary Figure 1, the metabolite spectra of fecal samples from different groups of mice significantly differed.

PCoA can reveal the internal structure of data to better explain the data variables. The PCoA score scatter plots of all samples (including QC samples) are shown in Figure 7. PCoA analysis of the fecal data of mice in each group showed that all samples were in the 95% Hotelling's t-squared ellipse. The NT-free group was significantly separated from the other groups, indicating that the metabolites in the feces of this group significantly differed from those of the other groups. The data points of SARM-1 mice (model control group) were distributed in the upper right corner of the graph. In contrast, those of SARMP-8 mice in the basal diet group were distributed in the upper right corner and lower right corner of the graph, indicating that aging affects the secretion of metabolites in mice. The data points for the NT intervention group were closer to those in the model control group, indicating that the metabolites of mice supplemented with NTs in the diet tended to be normal.


[image: Figure 7]
FIGURE 7. Scatter plot of PCA scores of all fecal samples (including QC samples). (A,B): positive ion mode; (C,D): negative ion mode. A: NT-free group; B: basal diet group; C: NT intervention group; D: model control group.


Orthogonal projections to latent structures-discriminant analysis (OPLS-DA) were used to analyze the results; the scatter plot and permutation test results of the OPLS-DA model are shown in Figure 8. The OPLS-DA scatter plot shows that the two groups of samples were well-distinguished, and all the samples were within 95% Hotelling's t-squared ellipse. In the permutation test of the OPLS-DA model, the R2Y values of NT-free group compared with NT intervention group, basal diet group compared with NT intervention group, and basal diet group compared with the model control group were 0.999, 0.992, and 0.968, respectively. R2Y was very close to 1, indicating that the established model conformed to real sample data. Q2 indicates the reliability of the predicted results. Q2 was very close to 1, indicating that the original model had a good fitting degree and prediction ability, which may explain the differences between the two sample groups. In the permutation test, the intercept between the regression line and longitudinal axis of Q2 was less than zero, indicating that the original model was effective and that there was no overfitting phenomenon.


[image: Figure 8]
FIGURE 8. Scatter plot of OPLS-DA model (A–F) and permutation test of OPLS-DA model (G–L). (A–C), (G–I): Positive ion mode; (D–F), (J–L): Negative ion mode. (A,D,G,J): NT-free group compared with NT intervention group; (B,E,H,K): basal diet group compared with NT intervention group; (C,F,I,L): basal diet group compared with model control group.


The criterion for screening differentially expressed metabolites was that the P-value obtained from Student's t-test should be <0.05. The variable importance in the projection of the first principal component of the OPLS-DA model was >1.0. A volcano map of the differentially expressed metabolites is shown in Figure 9. Compared with the NT intervention group, there were many upregulated and downregulated substances in the NT-free group, indicating that metabolites in the groups with and without NTs were greatly changed. There were significantly more downregulated substances in the basal diet group than in the NT intervention group, suggesting that some metabolites were significantly reduced after supplementation with NTs. The number of up-regulated substances in basal diet group was higher than that in the model control group, indicating that the number of metabolites in the SAMR1 group was larger than that in the SAMP8 group. The differentially expressed metabolites in each group are shown in Table 1.


[image: Figure 9]
FIGURE 9. Volcano plot of differential expressed metabolite in feces of mice. (A,D): NT-free group compared with NT intervention group; (B,E): basal diet group compared with NT intervention group; (C,F): basal diet group compared with model control group.



Table 1. Different expressed metabolites in feces of each group in positive ion mode.

[image: Table 1]

The metabolic pathways of the differentially expressed metabolites were analyzed, and the results are shown in a bubble chart (Figure 10). The important paths were labeled through enrichment and topology analyses. Compared with the NT intervention group, 27 metabolic pathways were mainly affected by exogenous NTs in NT-free group. Vitamin B6 metabolism, histidine metabolism, and linoleic acid metabolism were significantly affected by exogenous NTs. Compared with the NT intervention group, 11 metabolic pathways were affected by exogenous NTs, particularly vitamin B6 and histidine metabolism. Compared with the model control group, accelerated aging affected nine metabolic pathways, including steroid hormone biosynthesis, steroid biosynthesis, and tryptophan metabolism (Supplementary Table 4).


[image: Figure 10]
FIGURE 10. Metabolic pathway analysis of differentially expressed metabolites in the feces of mice. (A): NT-free group compared with NT intervention group; (B): basal diet group compared with NT intervention group; (C): basal diet group compared with model control group.




Correlation Analysis

To explore the functional correlation between differentially expressed bacteria and differentially expressed metabolites in fecal samples, correlation analysis was performed, and a thermogram was drawn to show the results (Figures 11A–C). Scatter plot analysis further verified the authenticity of the correlation coefficient analysis with microorganisms/metabolites to remove the strong correlation effect of false-positives (Figure 11D). There was an obvious interaction between differentially expressed bacterial groups and differentially expressed metabolites. For example, linoleic acid had a significant negative correlation with Prevotellaceae_UCG-001 (Corr = −0.89, P < 0.01) and significant positive correlation with Weissella (Corr = 0.83, P < 0.01); 13S-hydroxyoctadecadienoic acid was positively correlated with Ralstonia and Weissella (Corr = 0.95 and 0.90, P < 0.01). There was a significant positive correlation between pyridoxal and Ruminococcaceae_UCG-005 (Corr = 0.84, P < 0.01); 4-pyridoxic acid was negatively correlated with Anaerovorax and Ralstonia (Corr = −0.89, P < 0.01) but positively correlated with CandidatusArthromitus (Corr = 0.84, P < 0.01). Imidazole-4-acetaldehyde was significantly positively correlated with uncultured_bacterium_f_Prevotellaceae (Corr = 0.90, P < 0.01). Formiminoglutamic acid was also significantly positively correlated with Muribaculum (Corr = 0.84, P < 0.01). Therefore, addition of exogenous NTs to the diet of mice can significantly change the gut microbiota. The different flora were significantly correlated with metabolites, indicating that addition of exogenous NTs interfered with the abundance and altered the metabolic expression of the gut microbiota.


[image: Figure 11]
FIGURE 11. Thermogram of the correlation (A–C) and scatter plot (D) of differentially expressed microflora and differentially expressed metabolites in mouse feces. (A): Partial screenshots of correlation analysis results between NT-free group and NT intervention group; (B): correlation analysis results between basal diet group and NT intervention group; (C): correlation analysis results between basal diet group and model control group.




Body Weight and Grading Score of Mice

The body weight and grading score of mice were shown in Figures 12A,B. As can be seen from the figure, there was no significant difference in the weight of mice in the four groups, and there was no significance in mouse grading scores, such as reactivity, glossiness, periophthalmic lesions and corneal opacity. The weight of mice was the lowest in the NT-free group. In grading score of mice, total score, periophthalmic lesions and corneal opacity were the highest in the NT-free group, while the total score and periophthalmic lesions score were the lowest in the NT intervention group, indicating that the supplementation of NTs would bring some benefits to the mice, which might be related to the fact that NTs could improve the gut microbiota of mice.


[image: Figure 12]
FIGURE 12. The body weight (A) and aging degree scores (B) of mice in four groups.




In vitro Experimental Results

The effects of NTs on L. casei was studied by in vitro experiments. As shown in Figure 13A, L. casei grew faster in MRS medium supplemented with NTs than the blank control. The growth curve of bacteria was non-linear fitted by microbial growth kinetic model (Supplementary Table 5), and the maximum specific growth rate (μmax) of bacteria after adding NTs increased compared with the blank control, and the delay period (λ) was shortened. These results indicated that NTs could promote the growth of L. casei. In Figure 13B, after adding NTs to the culture medium of L. casei, the secretion of bacterial biofilm increased, and the bacteria became aggregated from dispersed state. The biofilm thickness of the control group was 30 μm. After adding 5'-CMP, 5'-AMP, 5'-GMPNa2 and 5'- UMPNa2, the biofilm increased to 55 μm, 70 μm, 35 μm and 40 μm. The results showed that NTs promoted the secretion of biofilm of L. casei. The effect of NTs on the content and chemical composition of EPS of L. casei was measured by Raman spectroscopy. It can be seen from Figure 13C that the Raman peak intensity of EPS increased after the addition of NTs. By comparing the characteristic peaks of Raman spectra, the secretion of corresponding substances in EPS increased after the addition of NTs. Therefore, NTs could increase the content of EPS secreted by L. casei. Figure 13D shows the effect of crude extract of L. casei on the biofilm of Shigella. It can be seen from the figure that after adding the crude extract of L. casei, the content of biofilm secreted by Shigella decreased. When NTs were added to L. casei culture medium, the inhibitory effect of the crude extract of L. casei on Shigella biofilm increased significantly. These results showed that the addition of NTs increased the ability of L. casei to antagonize the biofilm of pathogenic bacteria. NTs were also added to the co culture system of L. casei and another pathogenic bacteria (Salmonella enterica) and the changes of the expression levels of genes were tested by RT-qPCR. Figure 13E showed that NTs increased the relative expression of luxS gene and bacteriocin synthesis gene (lacA) of L. casei, but had no significant effect on the expression of luxS gene, flagella gene (fliC, fliD) and virulence factor gene (invF, sicA, sopE2, sopB) of S. enterica. NTs were added to the culture medium of S. enterica, and the supernatant was taken after culture. It was found that the supernatant could significantly increase the expression of luxS gene and bacteriocin synthesis gene of L. casei, while the expression of luxS gene, flagella gene and virulence factor of S. enterica decreased after adding L. casei supernatant. The results suggested that the NTs could enhance the ability of probiotics to antagonize intestinal pathogens.


[image: Figure 13]
FIGURE 13. Effects of dietary NTs on the growth of L. casei in vitro. (A) The growth curve of L. casei was fitted by Modified Gompertz and Modified Logistic equation. (a) Addition of 5'-CMP; (b) Addition of 5'-AMP; (c) Addition of 5'-GMPNa2; (d) Addition of 5'-UMPNa2. (B) The effect of NTs on the biofilm of L. casei observed by optical microscope (a–e) and CLSM (f–j). (a, f) Control; (b, g) Addition of 4.0% 5'-CMP; (c, h) Addition of 4.0% 5'-AMP; (d, i) Addition of 4.0% 5'-GMPNa2; (e, j) Addition of 4.0% 5'-UMPNa2. (C) Effect of NTs on the content and chemical composition of EPS produced by L. casei. (a) Control; (b) Addition of 5'-CMP; (c) Addition of 5'-AMP; (d) Addition of 5'-GMPNa2; (e) Addition of 5'-UMPNa2. (D) Effect of NTs on anti-biofilm activity of crude extracts of L. casei. (E) Results of RT-qPCR. *p < 0.05, **p < 0.001.





DISCUSSION

The gut is the most important defense organ of the body and absorbs nutrients and regulates the stability and health of the internal environment. Aging is accompanied by changes in the gut microbiota. Studies have shown that gut microbiota diversity is reduced in the elderly. Beneficial bacteria are reduced or disappear, and bacteria producing hydrogen sulfide and indigo substrate are increased, leading to a rapid decay process and production of more harmful substances in the intestinal tract of the elderly. Absorption of these substances accelerates the aging process (33). It has been reported that an imbalance in intestinal microorganisms in aging mice may lead to intestinal leakage and release bacterial products that cause inflammation, thus damaging immune system function and shortening the lifespan. Similar results were observed in a study of humans. Elderly individuals with high levels of inflammatory factors are more likely to be weak and develop dementia and cardiovascular diseases (34). Increasing the number of beneficial bacteria and decreasing number of harmful bacteria may delaying aging in the body.

Research on 16S rDNA microbial diversity is mainly performed in conserved regions of the nucleic acid sequence encoding ribosomal RNA. Species annotation of the gut microbiota in mouse feces revealed that at the phylum level, the relative abundance of Bacteroides and Firmicutes in the NT-free group decreased significantly compared to that in the other three groups. Under normal conditions, Firmicutes and Bacteroides are the dominant flora in the intestinal tract of mice, and the most beneficial bacteria in the intestinal tract belong to these two phyla (35). Parthasarathy et al. (36) found that some genera of Firmicutes (e.g., Faecalibacterium, Lactococcus, and Roseburia) promote colonic peristalsis. Roseburia can ferment a variety of carbohydrates and increase the content of butyric acid in the intestine, which is useful for preventing and treating obesity-related diseases. Therefore, a lack of NTs in the diet may reduce the abundance of Bacteroides and Firmicutes in the intestinal tract of mice. In addition, compared with the SAMR1 group, the abundance of Firmicutes was lower in the gut microbiota of SAMP8 mice, indicating that aging also affects the gut microbiota of mice. Notably, the abundance of Proteobacteria was also highest in the NT-free group (group A). Proteobacteria is the largest phylum of bacteria and includes many pathogenic bacteria, such as Escherichia coli, Salmonella, Vibrio cholerae, and Helicobacter pylori. It is the main bacterium that easily causes animal diarrhea and is a marker of a gut microbiota imbalance. The abundance of Proteobacteria can be used to characterize the unstable intestinal microbial community and resulting metabolic disorders (37, 38). These results suggest that the relative abundance of intestinal pathogens in mice increased because of a deficiency in dietary NTs. In addition, the abundance of Cyanobacteria, Epsilonbacteraeota and Verrucomicrobia was high in NT-free group, and they were also aging related bacteria, indicating that NTs deficiency in the diet of mice would increase the abundance of aging related bacteria. The blind mole (Spalax leucodon) has become a unique model organism because of its longevity, hypoxia tolerance, hypercapnia tolerance, and cancer resistance. Sibai et al. found that Muribaculaceae, Lachnospiraceae, and Ruminococcaceae were the most significant taxa related to the metabolic activity of blind moles. Lachnospiraceae and Ruminococcaceae play important roles in butyrate production, whereas Muribaculaceae is involved in propionic acid production. Short-chain fatty acids such as butyric acid and propionic acid play an essential role in maintaining homeostasis and enabling disease recovery in the host. Therefore, the composition of the core microbiota in the blind mole may explain the health and longevity of this animal (39). Candidatus saccharimonas exerts anti-inflammatory effects by secreting metabolites and maintaining intestinal homeostasis, and showed the highest abundance in the NT intervention group, suggesting that supplementation of NTs to the diet of mice could increase the abundance of these bacteria. Helicobacter is a gram-negative genus in Campylobacter that mainly causes digestive tract diseases. The representative strain is Helicobacter pylori, which is closely related to gastric sinusitis, duodenal ulcers, and gastric ulcers and may also be related to gastric cancer. The relative abundance of Helicobacter was highest in the NT-free group and lowest in the NT intervention group. The results showed that addition of exogenous NTs to the diet of mice reduced the abundance of Helicobacter. Lactobacillus belongs to the phylum Firmicutes and has beneficial effects on host health. The abundance of Lactobacillus was lowest in the NT-free group and highest in the SAMR1 group, indicating that NTs play important roles in the colonization of beneficial bacteria such as Lactobacillus.

Significant differences between groups were analyzed by Kruskal Wallis rank sum test, which showed that the relative abundance of Verrucomicrobia, Ruminococcaceae, and Akkermansia was highest in the NT-free group. Verrucomicrobia is found mainly in aquatic and soil environments, or in human feces. Ruminococcaceae is a gram-positive anaerobic bacterium found in the human body that can secrete β-glucuronidase. β-Glucuronidase can produce active substances through a series of reactions that destroy the colonic mucosa and participate in tumor invasion and metastasis (40, 41). These results showed that bacteria with negative effects on the body were enriched in the NT-free group (group A), whereas the beneficial bacteria, such as Lactobacillus, had the lowest abundance in the NT-free group. There is a relationship between the change in Lactobacillus flora structure and improvement in cognitive impairment in the aging process. Studies have shown that Lactobacillus can produce γ-aminobutyric acid (GABA) by metabolizing glutamic acid. GABA is an important inhibitory neurotransmitter in the central nervous system and plays a role in protecting cognition. Changes in Lactobacillus bacteria in the gut microbiota are related to changes in GABA levels, which may regulate learning and cognitive function, to resist cognitive impairment during aging (42–45). Therefore, a lack of NTs in the diet may affect cognitive impairment during aging.

Metabonomics mainly involves the study of changes in small-molecular metabolites (molecular weight below 1000 Da) in biological samples, which are involved in complex biochemical processes. The relationship between the gut microbiota and host metabolism has been widely examined; however, most of these were independent studies. There have been few studies on the relationship between changes in microflora and host metabolites. Therefore, we use a non-target metabonomics analysis method to screen differentially expressed metabolites and metabolic pathways to clarify the effect of exogenous NTs on the gut microbiota and metabolites in mice. Feces are co-metabolites of the gut microbiota and host, which can reflect the status of the gut microbiota to some extent. We observed significant differences in fecal metabolites between the NT-free and NT addition groups and between SAMP8 and SAMR1 mice. Correlation analysis showed a significant correlation between differentially expressed metabolites and the gut microbiota. The gut microbiota produces monosaccharides, short-chain fatty acids, and other metabolites by fermenting food. These metabolites can be absorbed by the body as an energy source. Therefore, addition of exogenous NTs to the diet affects the gut microbiota, resulting in changes in metabolites of the gut microbiota. Changes in intestinal metabolites reacted with the body to improve the gut microbiota of SAMP8 mice.

Based on analysis of the metabolic pathways involved in the significant differentially expressed metabolites in mouse feces, the possible changes in metabolic pathways in mice induced by the supplementation of exogenous NTs in the diet may be as follows: (1) Compared with the NT intervention group, an absence of NTs from the diet mainly affected linoleic acid metabolism. The metabolic pathway map shows that lecithin increased under the catalysis of secretory phospholipase A2, linoleate content increased, and 13(S)-HPODE and 13(S)-HODE increased accordingly. A lack of NTs in the mouse diet promoted the metabolism of this pathway. (2) Compared with the NT intervention group, vitamin B6 metabolism was affected by the absence of NTs in the mouse diet in the NT-free group. Pyridoxine (vitamin B6) was produced by pyridoxal under the action of pyridoxamine 5′-phosphate oxidase, and then transformed with pyridoxamine via the action of various enzymes, or 4-pyridoxate was formed under the action of aldehyde oxidase, after which it is excreted. In the NT-free group, pyridoxine, pyridoxal, pyridoxamine, and 4-pyridoxate decreased significantly, indicating that exogenous NT deficiency inhibited the metabolism of this pathway and significantly affected the metabolism of vitamin B6. (3) Compared with the NT intervention group, histidine metabolism was affected by the absence of NTs from the diet. The metabolic pathway map showed that L-histidine produced urocanate under the action of histidine ammonia-lyase, and N-formimino-L-glutamate was produced under the action of urocanate hydratase and imidazolonepropionase. The decrease in urocanate and N-formimino-L-glutamate indicated that this pathway was inhibited. In another pathway, histamine is produced by L-histidine via the action of histidine decarboxylase; thereafter, imidazole acetaldehyde is produced by diamine oxidase, or N-methylhistamine is produced by histamine N-methyltransferase, and methylimidazole acetaldehyde is produced via the action of monoamine oxidase. Although the level of imidazole acetaldehyde decreased, methylimidazole acetaldehyde increased significantly, possibly because the other two pathways were inhibited. (4) Compared with the model control group, tryptophan metabolism, steroid biosynthesis, and steroid hormone biosynthesis were mainly affected in SAMP8 mice. In tryptophan metabolism, serotonin increased significantly; in steroid biosynthesis metabolism, cholesterol decreased significantly; in steroid hormone biosynthesis metabolism, dihydrotestosterone increased significantly. Cholesterol is an indispensable nutrient for the human body and material basis of human cell membranes, sex hormones, and cortisol. It also plays an important role in white blood cell activity. Studies have shown that low cholesterol levels increase the risk of cerebral hemorrhage stroke and depression in the elderly. Low cholesterol levels can accelerate serotonin reuptake in the brain. The elderly are very sensitive to serotonin uptake in the brain, and serotonin has a significant inhibitory effect on central nervous system function, causing the elderly to be very vulnerable to depression (46). This may explain the significant increase in serotonin levels. Moreover, the significant increase in dihydrotestosterone may be related to the synthesis or release of dihydrotestosterone into the blood in the surrounding tissues.

Aging will cause imbalance of gut microbiota, resulting in the reduction of bacteria beneficial to the body. Therefore, in order to explore whether NTs had promoting effect on the growth of probiotics in vitro, L. casei was taken as the research object and NTs were used as the intervention. As one of the probiotics, L. casei is used as the starter of milk, yogurt and other dairy products. It is widely used in the development of functional foods, especially dairy products. L. casei can produce beneficial metabolites such as organic acids and antimicrobial peptides. It has important biological effects such as antibacterial, regulating gut microbiota balance, promoting digestion and absorption, regulating body immunity, anti-aging and anti-oxidation. In recent years, L. casei from different sources has been isolated and identified, and its prebiotic function has been studied and applied. However, when L. casei are processed, sold and passed through the digestive tract, they are often affected by adverse conditions, resulting in the easy inactivation of bacteria. Results showed that NTs significantly promoted the bacterial growth, secretion of biofilm and EPS, and promoted the ability of the crude extract of L. casei to resist the biofilm of Shigella. Therefore, exploring the promoting effect of NTs on the growth of L. casei can improve the survival rate of L. casei and has great market potential.



CONCLUSION

In conclusion, analysis of 16S rDNA revealed that a lack of NTs in the diet reduced the diversity of the gut microbiota in SAMP8 mice, whereas addition of exogenous NTs promoted recovery of the microbial diversity in mice. In addition, bacteria with negative effects such as Helicobacter were enriched in the NT-free group, whereas those with beneficial effects such as Lactobacillus were lowest in the NT-free group. Metabonomics analysis showed that dietary NTs significantly affected the fecal metabolites in mice, and addition of NTs returned the metabolite levels to normal. Changes in the gut microbiota induced by exogenous NTs were significantly correlated with gut microbiota metabolites. In addition, NTs could promote the growth, secretion of biofilm and EPS of L. casei.
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Objective: The aim is to explore the intakes of dietary nutrients and the changes of gut microbiota composition among patients with hypertensive disorders of pregnancy (HDP) and provide a theoretical basis for the prevention and treatment of HDP.

Methods: This study was conducted at the Maternal and Child Health Care Hospital of Changzhou. A total of 170 pregnant women (72 patients with HDP in the case group and 98 healthy pregnant women in the control group) in the third trimester were enrolled. Dietary nutrient intakes were assessed through a food frequency questionnaire survey. Fresh fecal samples were aseptically collected, and 16S rDNA sequencing was conducted. The intakes of dietary nutrients and the diversity and relative abundance of gut microbiota were compared between pregnant women with and without HDP. A logistic regression model was used to investigate the association between differential gut microbial genera and the risk of HDP.

Results: The daily dietary intakes of vitamin A and vitamin C in pregnant women with HDP were significantly lower than those in the control group. The relative abundances of Bacteroidota, Bacteroidaceae, and Bacteroides were increased, and the relative abundances of Actinobacteriota, Lachnospiraceae, Prevotellaceae, Bifidobacteriaceae, Blautia, Prevotella, and Bifidobacterium were decreased in women with HDP compared with those in the controls. In addition, the relative abundance of Bifidobacterium was positively correlated with dietary intakes of vitamin C and vitamin E in patients with HDP. After adjustment for confounding factors, the odds ratio (95% confidence interval) of HDP for the relative abundance of Bifidobacterium was 0.899 (0.813, 0.995).

Conclusion: The composition of gut microbiota in pregnant women with HDP was significantly changed compared with that of healthy controls. The relative abundance of Bifidobacterium was negatively associated with HDP. Moreover, dietary vitamin C and gut Bifidobacterium may cooperatively contribute to reduce the risk of HDP.

Keywords: hypertensive disorders of pregnancy, blood pressure, dietary nutrition, gut microbiota, third trimester


INTRODUCTION

Hypertensive disorders of pregnancy (HDP) is mainly divided into gestational hypertension (GH), preeclampsia (PE), chronic hypertension complicated with PE, and pregnancy complicated with chronic hypertension (1). A meta-analysis reported that the overall prevalence of HDP was 7.6% in China (2). The World Health Organization found that ~10.7% of deaths was caused by HDP among 2,443,000 maternal deaths in 115 countries (3). HDP is a risk factor for hypertension, diabetes, Alzheimer's disease, and ischemic heart disease (4–6).

The pathogenesis of HDP has not been fully understood, but it is believed to be caused by the combined maternal, placental, and fetal effects. The occurrence and development of HDP are accompanied by a series of pathophysiological changes, such as immune maladjustment, chronic uterine placental ischemia (7), oxidative stress (8), abnormal angiogenic factors (9), and placental fat infiltration (10). Nutrition plays an important role in the aforementioned changes (8). Grum et al. demonstrated that women who received nutritional counseling during pregnancy had a significantly reduced risk of PE compared to those who did not receive counseling (11). A case–control study showed that daily supplementation of vitamin C and vitamin E reduced the risk of PE (12).

Dietary nutrition is closely related to the composition of gut microbiota, which may influence the homeostasis and biological processes of humans directly and also through the metabolites produced by microbial fermentation of nutrients, especially short-chain fatty acids (SCFAs) (13). Lutein, an antioxidant carotenoid, was shown to facilitate the growth of bifidobacteria and lactobacilli, and reduce the growth of Bacteroides spp. and Clostridium spp. (14). On the other hand, Karlsson et al. found a high level of serum beta-carotene in healthy controls, which was probably produced by gut microbiota (15). These studies suggest that gut microbiota in turn plays an important role in mediating the protective effects of dietary nutrition in humans. In pregnant women with future HDP, a higher intake of dietary fiber elevated the abundance of Veillonella, which had anti-inflammatory properties (16). In recent years, some studies have explored the differences in gut microbiota between pregnant women with and without HDP. A study in Shanghai found that compared with pregnant women with PE, Bifidobacteriaceae was enriched in the control group (17). However, Altemani et al. drew an opposite conclusion among obese patients with PE in Australia (18). Liu et al. found that the levels of Clostridium perfringens and Bulleidia moorei were significantly increased, and Coprococcus catus was decreased among women with PE in Guangzhou (19), which may reduce blood pressure by regulating the metabolism of propionic acid to promote the formation of SCFAs.

The aforementioned studies of gut microbiota in patients with HDP showed inconsistent results. In addition, multiple confounding factors, such as race, region, diet, and lifestyle, limit the extrapolation of these results. To date, very few studies have considered nutrient intakes in the study of gut microbiota differences between women with and without HDP. Here, we hypothesize that dietary nutrition and gut microbiota cooperatively contribute to HDP. We explored the intakes of dietary nutrients and the changes in gut microbiota composition among patients with HDP in the third trimester in Changzhou. We also analyzed the correlations of blood pressure and gut microbiota with clinical characteristics and dietary nutrients. The current work would provide a theoretical basis for the prevention and treatment of HDP.



METHODS


Study Population

Pregnant women with HDP in the third trimester who planned to deliver in the Maternal and Child Health Care Hospital of Changzhou from October 2019 to October 2020 were selected as the case group, and healthy pregnant women hospitalized during the same period (±1 week) were selected as the control group. The inclusion criteria for patients with HDP were based on “Hypertensive disorders of pregnancy: ISSHP classification, diagnosis & management recommendations for international practice” (1), including GH, PE, chronic hypertension complicated with PE, and pregnancy complicated with chronic hypertension. All subjects were ≥20 years old, ≥28 gestational weeks, and had good compliance and communication skills. The exclusion criteria for subjects were as follows: (1) smoking and/or drinking during pregnancy; (2) used antibiotics and/or taken probiotics during the past month; (3) suffering from inflammatory bowel disease, infectious disease, heart disease, liver or kidney disease, immune system disease, mental disease, or malignancy.



Sample Size

Based on Yusuf's study of dietary vitamin C intake (20), P0 = 27.9%, OR = 4.1. According to the following formula, the sample size of both the case group and the control group was calculated to be 42 each:

[image: image]

Among them, [image: image], [image: image], α = 0.05, β = 0.1. Finally, a total of 170 pregnant women were enrolled in this study, including 72 in the case group and 98 in the control group.



Laboratory Examination

Fasting blood samples were collected in coagulation tubes to detect blood biochemical indexes, including total cholesterol (TC), triglyceride (TG), high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), total bilirubin, albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), uric acid, and C-reactive protein (CRP), by an automatic biochemical analyzer (AU5800).

Serum vitamin levels, including vitamin A, vitamin E, and beta-carotene, were detected by high-performance liquid chromatography (Agilent 1260). The standard was dissolved in anhydrous ethanol to prepare the standard reserve solution. A total amount of 200 μl of serum samples stored in dark was added to anhydrous ethanol to remove proteins and then extracted with n-hexane. After centrifugation, the supernatant was blow-dried with nitrogen at ambient temperature, redissolved in methanol, and detected after filtration. Finally, the standard curve was drawn to calculate the content of vitamins.



Dietary Assessment

Dietary intake during the previous 4 weeks was assessed using a food frequency questionnaire (FFQ), which was conducted face-to-face by trained dietitians. The questionnaire was modified on the basis of the questionnaire used in the Chinese nutrition and health surveillance. Participants were asked to report the consumption frequency and the average consumption of food items per time according to food pictures labeled with standard portion sizes. The daily average consumption of each item was calculated by the consumption frequency and the average consumption per time. Finally, the data were imported and computed to obtain the nutrient intakes by using NCCW 12.0 (Qingdao University, China), which is primarily based on China Food Composition 2002 and 2004.



16S Amplicon Sequencing

At least 500 mg of fresh feces from each participant was aseptically collected, then transferred and stored at a −80°C freezer within 2 h. Fecal bacterial genomic DNA was extracted using MagPure Stool DNA KF kit B (Magen, China), and 16S rDNA V4-region sequencing was conducted based on Illumina HiSeq 2500 by Huada Medical Laboratory Co., Ltd. (Wuhan, China). DNA samples were amplified with the primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). The pairs of reads obtained by paired-end sequencing were joined to obtain Tags by using FLASH 1.2 (21). The Tags were clustered with 97% similarity to generate operational taxonomic unit (OTU) by UPARSE 7.0 (22). Then compared Tags with OTU representative sequence were used to obtain the OTU abundance table by using the USEARCH_global method (23). The information of annotation was obtained by comparing the table of OTU abundance with the SILVA 138 database (update 2020.08) (24).



Statistical Analysis

Student's t-test or Mann–Whitney U-test was used to compare the mean levels of continuous variables with normal distributions or with non-normal distributions between pregnant women with and without HDP. Chi-square test was used to compare the distribution of categorical variables between groups by using SPSS 23.0. The alpha-diversity (including indexes of Shannon, Simpson, Chao1, and Observed species) and relative abundance of gut microbiota were estimated online (https://www.microbiomeanalyst.ca./), and GraphPad Prism 8.0 and ggplot2 package in R 4.0.3 were used for visualization. The beta-diversity of gut microbiota was estimated using R package vegan based on Bray-Curtis distance, principal coordinate analysis (PCoA) was plotted with R package ggplot2 for visualization, and permutational MANOVA was used for comparison among groups. LEfSe analysis was performed online (https://huttenhower.sph.harvard.edu/galaxy/) based on linear discriminant analysis (LDA). The default value of LDA was 2. Correlation analysis was performed based on Spearman's ranking, and heat map was used for visualization by HemI 1.0. A logistic regression model was used to estimate odds ratios (ORs) with 95% confidence intervals (CIs) of the association between differential gut microbial genera and HDP risk. Model 1 was a crude model, and model 2 was adjusted for covariates as follows: age, gestational week, pre-pregnancy body mass index (BMI), and parity (assignment: 0 = 0, 1 = 1 or over). Moreover, bootstrap method was used to evaluate the stability of regression model. All p values were two-sided and p < 0.05 was considered significant.




RESULTS


Clinical Characteristics

The clinical characteristics of the case group and the control group are summarized in Table 1. The pre-pregnancy BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), and proportion of primiparas in patients with HDP were significantly higher than those in the controls, and the gestational week in patients with HDP was significantly lower than that in the controls (p < 0.05). Subjects with HDP had significantly elevated serum levels of AST, uric acid, and CRP, and significantly lower serum levels of total bilirubin, albumin, and vitamin A than those without HDP (p < 0.05).


Table 1. Clinical characteristics of the two groups.
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Dietary Nutrient Intakes

A total of 91 FFQs were collected. As shown in Table 2, the daily dietary intakes of vitamin A and vitamin C in pregnant women with HDP were significantly lower than those in the control group (p < 0.05). No significant differences in other dietary nutrient intakes were detected between the two groups (p > 0.05).


Table 2. Comparison of dietary nutrient intakes per day between the two groups.
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Correlation Analysis of Blood Pressure

Systolic blood pressure and DBP were both positively correlated with pre-pregnancy BMI, uric acid, and CRP, and negatively correlated with total bilirubin in all subjects. For all participants, albumin was negatively correlated with SBP. Among patients with HDP, SBP was positively correlated with CRP and dietary intakes of sodium and calcium (Figure 1).


[image: Figure 1]
FIGURE 1. Correlation analysis of blood pressure. (A) The correlations between blood pressure and clinical characteristics. (B) The correlations between blood pressure and dietary nutrient intakes. T, total; H, HDP. *P < 0.05, **P < 0.01.




Diversity of Gut Microbiota

A total of 129 fecal samples were collected (55 from the case group and 74 from the control group). A total of 5,306,609 reads were obtained by 16S rDNA sequencing and clustered into 4,622 OTUs. As shown in Figure 2, PCoA plot showed that the beta-diversity between the two groups did not differ significantly (R2 = 0.009, p = 0.094). As shown in Figure 3, the Shannon index (p = 0.076) and Chao1 index (p = 0.058) of gut microbiota in the case group had a decreasing trend compared with those in the control group, though the difference was not statistically significant. The Simpson index (p = 0.126) and Observed species index (p = 0.101) were not significantly different between the two groups.


[image: Figure 2]
FIGURE 2. The beta-diversity of gut microbiota between the two groups.



[image: Figure 3]
FIGURE 3. The alpha-diversity of gut microbiota between the two groups. (A) Shannon index. (B) Simpson index. (C) Chao1 index. (D) Observed species index.




Relative Abundance of Gut Microbiota

At the phylum level, the gut microbiota of the two groups consisted of mainly Firmicutes, Bacteroidota, Actinobacteriota, and Proteobacteria. The relative abundance of Bacteroidota in women with HDP was significantly higher than that in the control group, and the relative abundance of Actinobacteriota was significantly lower than that in the control group (p < 0.05). The relative abundances of Firmicutes and Proteobacteria showed no significant difference between the two groups (p > 0.05) (Figure 4A).


[image: Figure 4]
FIGURE 4. The relative abundance of gut microbiota between the two groups. (A) Relative abundance at the phylum level. (B) Relative abundance at the family level. (C) Relative abundance at the genus level. *P < 0.05, **P < 0.01.


At the family level, the relative abundance of Bacteroidaceae in the case group was significantly higher than that in the control group, and the relative abundances of Lachnospiraceae, Prevotellaceae, and Bifidobacteriaceae were significantly lower than those in the control group (p < 0.05) (Figure 4B). At the genus level, the relative abundance of Bacteroides in women with HDP was significantly higher than that in the control group, and the relative abundances of Blautia, Prevotella, and Bifidobacterium were significantly lower than those in the control group (p < 0.05) (Figures 4C, 5).


[image: Figure 5]
FIGURE 5. Bubble diagram of the relative abundance of gut microbiota at the genus level between the two groups. *p < 0.05, **p < 0.01.


The differential microbiota and their contribution at five levels from phylum to genus between the case group and the control group were identified by LEfSe analysis (Figure 6). A total of forty differential microbiota were detected between the two groups, all of which had a log LDA score >2. Five and thirty-five microbiota were enriched in the case group and the control group, respectively.


[image: Figure 6]
FIGURE 6. LEfSe analysis of gut microbiota between the two groups. (A) LDA value distribution diagram. (B) Cladogram. p, Phylum; c, Class; o, Order; f, Family; g, Genus.




Correlation Analysis of Differential Gut Microbial Genera

For pregnant women with HDP, the relative abundance of Bacteroides was positively correlated with pre-pregnancy BMI and serum beta-carotene, and negatively correlated with LDL-C, ALT, AST, and DBP. The relative abundance of Blautia was positively correlated with ALT, AST, and dietary energy intake in the case group. Among subjects with HDP, the relative abundance of Prevotella was positively correlated with ALT and DBP. The relative abundance of Bifidobacterium was positively correlated with albumin and dietary intakes of energy, vitamin C, and vitamin E in patients with HDP (Figure 7).


[image: Figure 7]
FIGURE 7. Correlation analysis of differential gut microbial genera. (A) The correlations between differential gut microbial genera and clinical characteristics. (B) The correlations between differential gut microbial genera and dietary nutrient intakes. T, total; H, HDP. *P < 0.05, **P < 0.01.




Logistic Regression Analysis of Differential Gut Microbial Genera and HDP Risk

In the unadjusted model (model 1), the ORs (95% CIs) of HDP indicated that the relative abundance of Bacteroides was positively related to HDP (1.020 [1.002, 1.038]), and the relative abundance of Bifidobacterium was negatively associated with HDP (0.898 [0.837, 0.963]). After adjustment for age, gestational week, pre-pregnancy BMI, and parity (model 2), the relative abundance of Bifidobacterium remained significantly negatively associated with HDP (0.899 [0.813, 0.995]). The results of Bootstrap indicated a good stability of these associations (p < 0.05). However, the association between the relative abundance of Bacteroides and HDP was no longer statistically significant in model 2 (Table 3).


Table 3. ORs with 95% CIs for the association between differential gut microbial genera and the risk of HDP.
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DISCUSSION

Hypertensive disorders of pregnancy is a complication of pregnancy that severely threatens maternal and infant health, and is the second leading cause of maternal death worldwide (3). The prevention and treatment of HDP is an important public health concern. Multiple risk factors have been proposed for the development of HDP, for example, inflammatory response, endothelial dysfunction, unbalanced diet (8), and gut microbiota (19). The imbalance of gut microbiota in pregnant women may affect the remodeling of maternal physiological balance, leading to a decline in adaptability and a variety of adverse pregnancy outcomes such as PE, intrauterine growth retardation, and spontaneous abortion (25). In the present study, we found that there were significant differences in dietary nutrition as well as gut microbiota composition between late pregnancy women with HDP and without HDP. Furthermore, the relative abundance of Bifidobacterium was significantly negatively associated with HDP.

We found a significant reduction in dietary intakes of vitamin A and vitamin C among women with HDP compared with healthy controls. A cross-sectional study found that women with PE tended to intake lower vitamin A compared to non-PE women (26). The serum level of vitamin A in patients with HDP in this study was also significantly lower than that in the control group, which was consistent with several studies on patients with PE (27, 28). Data from Denmark (29) and Jordan (20) suggested that the reduced intake of vitamin C was associated with an increased risk of PE. The mechanisms underlying the association may be related to impaired oxidation resistance or elevated inflammation level because of oxidative stress (30). In addition, we found a decreased serum level of total bilirubin in subjects with HDP compared with the controls. Data from National Health and Nutrition Examination Survey [2009-2012] revealed that a higher serum bilirubin level reduced hypertension risk by inactivating and inhibiting the production of reactive oxygen species in vascular cells (31). Wannamethee et al. demonstrated that both the dietary vitamin C intake and plasma vitamin C level were negatively correlated with CRP, which is a marker of endothelial dysfunction (32). As expected, a higher level of CRP was observed in patients with HDP in the current study.

Our study showed that there was no significant difference in alpha-diversity between the two groups, but the Shannon index and Chao1 index in the case group had a decreasing trend compared with the control group, suggesting a lower richness and uniformity of gut microbiota in patients with HDP compared with that in the control group. Similarly, previous studies found that the alpha-diversity of pregnant women with PE in the third trimester also showed a decreasing trend compared with the controls, though the difference was not statistically significant (18, 33, 34).

In our study, Bacteroidota, Bacteroidaceae, and Bacteroides were enriched in pregnant women with HDP. Bacteroidota is a gram-negative bacteria that produces lipopolysaccharide (LPS) (35), and the elevated relative abundance of Bacteroidota suggest that the load of intestinal LPS in patients with HDP may also increase. In animals, LPS induced pathological conditions similar to PE (36). In addition, Bacteroides spp. was shown to play a harmful role in hypertension (37). Studies on patients with PE in the third trimester were consistent with the results of the current study (33, 34).

We found that the relative abundance of Actinobacteriota in pregnant women with HDP was significantly decreased compared with the controls. Actinobacteriota among patients with primary hypertension also showed a decreasing trend (37). However, two recent studies involving women with PE contradicted our result (18, 33). The role of Actinobacteriota in HDP needs to be further clarified. A significant decrease in Prevotellaceae and Prevotella was revealed among patients with HDP in this study. Prevotella may produce SCFAs using fiber and polysaccharides (38). In addition, studies in China suggested that Prevotella promoted the occurrence of hypertension by inflammation potentially (39, 40).

In this study, the relative abundances of Bifidobacteriaceae and Bifidobacterium in patients with HDP decreased compared with the healthy controls, which was consistent with the trend in a previous study of patients with PE in Shanghai (17) and patients with hypertension in Tangshan (39) and Henan (40). Bifidobacterium plays an important role in maintaining health (41). Bifidobacterium can maintain the homeostasis of gut microbiota, protect intestinal mucosal barrier, and reduce LPS (42). An animal study indicated that gut Bifidobacterium in rats with PE increased after supplementation of probiotics, which may control blood pressure through the activation of angiotensin-converting enzyme II (43). We found a positive correlation between Bifidobacterium and albumin level. A decreased albumin level indicates an increased permeability of cell membrane due to arteriospasm in women with HDP. This correlation suggested that Bifidobacterium and albumin may cooperatively contribute to HDP.

We reported a novel observation that the relative abundance of Bifidobacterium was positively correlated with dietary intake of antioxidant vitamin C in patients with HDP. In a spontaneously hypertensive rat model, the anti-hypertensive function of vitamin C supplementation via improving the diversity and abundance of gut microbiota was confirmed (44). Meanwhile, inflammatory response and oxidative stress related to up-regulated blood pressure were reduced in hypertensive rats after treatment with vitamin C. Similarly, in humans, vitamin C significantly increased microbial alpha-diversity and fecal SCFAs compared to placebo (45). However, vitamin C increased the level of Bifidobacterium in vitro but not in humans. Interestingly, in both in vitro and in vivo experiments, intestinal vitamin C uptake was inhibited by LPS (46), which may be reduced by Bifidobacterium.

The present study also found that intestinal butyrate-producing Lachnospiraceae and Blautia were at a low level in patients with HDP. Lachnospiraceae was decreased in women with PE (17, 34), which may be explained by inhibiting the production of plasminogen activator inhibitor-1 through butyrate to reduce blood pressure (47). Previous results on gut Blautia in patients with PE (17) and patients with hypertension (39) were consistent with this study. In animals, the abundance of Blautia was negatively correlated with SBP (48). However, Lv et al. found that Blautia was enriched in patients with PE (49).

To our knowledge, this is one of the first studies to explore the relationship between dietary vitamin and mineral intake and gut microbiota in patients with HDP. Second, we took the lead in using the adjusted logistic regression model to estimate the association between differential gut microbial genera and HDP risk. Our study also has some limitations. First, the causality cannot be determined because of the case–control design of the study. Large longitudinal studies are needed to investigate the associations between dietary nutrition, gut microbiota, and HDP. Second, nutrient supplementation and fecal transplantation in animal models are needed to clarify the underlying mechanisms regarding the relationships between dietary nutrient intake, gut microbiota, and HDP.

In conclusion, the gut microbiota composition of patients with HDP was significantly changed compared with healthy controls. The relative abundance of Bacteroides was increased, whereas the relative abundances of Blautia, Prevotella, and Bifidobacterium were decreased in patients with HDP compared with the controls. The relative abundance of Bifidobacterium was significantly negatively associated with HDP. Moreover, dietary vitamin C and gut Bifidobacterium may cooperatively contribute to reduce the risk of HDP.
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As the essential regulator of intestinal bacterial diversity, probiotics are a potential treatment for chronic high-salt diet (HSD)–induced metabolic dysfunction. Probiotic cells entrapped in microgels have been confirmed as being more effective than free cells in protecting bacteria against unfavorable conditions, that is, enhancing their stress resistance. This study explored the physiological mechanism by which probiotic microgels relieve HSD–induced hepatorenal injury. Herein, Lactobacillus rhamnosus was encapsulated in alginate-chitosan microgels which the percentage of alginate/chitosan was applied 1.5:0.5 (w/w) in this system, and the encapsulation significantly improved the probiotic viability in simulated gastrointestinal conditions. Mice were fed an HSD with L. rhamnosus (SDL) or L. rhamnosus microgels (SDEL). After 8 weeks of administration, dietary sodium was confirmed as inducing the hepatic and renal damages in mice, based on indicators, including serum biomarker levels, histopathological features of tissues, and pro-inflammatory cytokine contents in blood levels. However, the serum levels of urea nitrogen, creatinine, uric acid, glutamic-pyruvic transaminase, glutamic-oxalacetic transaminase, and alkaline phosphatase in the SDL and SDEL-fed mice were significantly lowered compared to the HSD-fed mice, especially in the SDEL group. HSD increased the abundances of Anaeroplasma, Enterorhabdus, Parvibacter, and Bacteroides, while the microgels increased the abundances of Lactobacillus, Bifidobacterium, Mucispirillum, and Faecalibaculum. Significant variations of fecal metabolome were validated for SDEL-treated mice, containing those linked to entero-hepatic circulation (e.g., cholic acid), carbohydrate metabolism (i.e., L-lactic acid), and increased antioxidants including citric acid. Furthermore, the probiotic microgels ameliorated intestinal damage by improving barrier and absorption functions. These results augmented existing knowledge on probiotic application for salt toxicity.

Keywords: microgels, high-salt diet, gut microbiome, probiotic, hepatorenal injury


INTRODUCTION

Probiotics are defined as living microorganisms that, when consumed in sufficient amounts, can exert beneficial effects on the host (1). For instance, probiotics can alleviate aging-related leaky gut (2), ameliorate autistic-like behaviors (3), reduce complications associated with colorectal cancer surgery (4), promote gastrointestinal symptoms in patients with celiac disease (5), and relieve constipation (6). Notably, healthy benefits can be gained from the oral intake of adequate amounts of living cells in quantities sufficient for survival through the upper gastrointestinal tract to the small intestine to colonize at the mucosal membrane of the colon. However, the viability of probiotics can be reduced during food preservation or handing through oxygen enrichment and/or thermal treatments (7). Encapsulation technology is one of the most effective methods available to improve the viability and stability of probiotics in fermented foods and the human gastrointestinal tract. Several materials have been investigated to encapsulate probiotics, such as polysaccharides (predominantly sodium alginate, chitosan, and starch), proteins, and lipids, which are employed to protect probiotics against the freezing and acid associated with the harsh environments present in commercial manufacturing, preservation, and oral delivery (8). Alginate and chitosan are naturally occurring biopolymers that are finding widespread applications in food and pharmaceutical industry. Alginate is used extensively in food industry as a thickener, emulsifier and as a stabilizer. Chitosan is a potentially useful pharmaceutical material owing to its good biocompatibility and low toxicity (9). Alginate and chitosan, by virtue of their physicochemical properties and mild gelation conditions, have gained the acceptance of researchers as matrices for the purpose of probiotics peroral delivery (10).

Chronic kidney disease (CKD) and renal dysfunction impose a tremendous burden on the healthcare system worldwide. It is widely considered that renal injury is caused by a suboptimal diet in humans, including high-salt diets (HSDs), high-fat diets, and/or excess foods (11–13). The human gastrointestinal tract provides habitat for more than 100 trillion commensal bacteria. Metagenomic analyses have revealed that CKD is highly correlated with intestinal dysbacteriosis, which may be linked to metabolites from the gut microbiota (14, 15). Renal excretory capability is an indispensable role of the host-microbial symbiosis. It enables intestinal absorption of the beneficial microbial metabolites, whereas the kidney removes useless and potentially harmful metabolites (16). This method of interorgan communication, closely processed through small molecule messengers, is regarded as remote sensing and signaling (17). Accumulating evidence from patients with CKD displays strong support for the kidney's role in host-microbial symbiosis (18, 19). Some of microbiota-derived metabolites, including indoxyl sulfate, deoxycholic acid (DCA), and trimethylamine oxide, were confirmed to accumulate in the blood parallel to the cause of the renal dysfunction development and proven to be related to clinical outcomes in patients with CKD (20–22). This paradigm has been coined the gut-kidney axis. Although probiotics have displayed beneficial effects on renal injury through modulating the intestinal microbiota modulation (23, 24), to date, the mechanism and impact of probiotics microgels on salt-induced renal impairment have not yet been elucidated.

Previously, research studies have validated that HSD could cause liver injury and affect the intestinal microbiota in mice, particularly reducing the abundance of Lactobacillus genus in the gut (25, 26). Additionally, oral treatment with Lactobacillus improved salt-induced experimental autoimmune encephalomyelitis and hypertension in mice (27). Considering these previous findings, we hypothesized that L. rhamnosus in microgels could effectively ameliorate salt-induced hepatorenal injury. Accordingly, L. rhamnosus was encapsulated in alginate/chitosan microgels, the physicochemical properties were analyzed, and they were used to treat the HSD mice in this study. After 8 weeks of treatment, the composition of the intestinal microbiota, fecal metabolites, serum biochemical indexes, hepatic and renal morphology, and intestinal function of mice was determined. The current research identifies mechanisms for the beneficial outcomes of L. rhamnosus in microgels on hepatorenal injury, and facilitating the development of probiotic supplements for treating CKD.



MATERIALS AND METHODS


Bacterial Strain and Culture Conditions

Lactobacillus rhamnosus ATCC 7469 used in this study was obtained from the Guangdong Microbial Culture Collection Center (Guangzhou, China). L. rhamnosus stock solution was preserved in de Man, Rogosa and Sharp (MRS) broth supplemented with 25% glycerol (v/v) at −80°C and incubated aerobically in the fresh MRS broth medium for 12 h at 37°C. Cultures were centrifuged at 8,000 rpm for 10 min at 4°C, washed twice with normal saline solution (0.9% NaCl solution) to obtain cells, resuspended as bacterial cell pellets at 1010 colony-forming units (CFU)/mL and set aside for later use. In this study, the total viable bacteria were enumerated in triplicate using the drop-plate method after 2 days grown at 37°C on an MRS agar plate.



Microencapsulation of L. rhamnosus

Bacterium encapsulation was performed using the method presented by Gao et al. (28) with some modifications. Briefly, sodium alginate solution of 1.5% (w/v) was prepared by being dissolved in normal saline solution and then filtered with a sterile membrane filter (0.22 μm pore size; Millipore, Bedford, MA, USA). Then 1 mL of resuspended L. rhamnosus solution, containing 1010 CFU, was centrifuged at 8,000 rpm for 5 min and suspended in sodium alginate solution. Approximately 1 mL suspension was extruded into the 1.1% (w/v) CaCl2 solution by an 0.5 mm-external diameter needle to shape the calcium alginate beads. The beads were hardened for 30 min and then transferred to 0.5% (w/v) chitosan solution at a beads/solution ratio of 1:10 (v/v) for 20 min to form an alginate-chitosan microcapsule membrane. The beads were then washed with normal saline solution to remove excess chitosan. Charges on the membranes were counteracted by adding a 0.15% alginate solution, coating the bead with another membrane for 20 min. Finally, the microcapsules were collected, washed, and transferred into 0.055 M sodium citrate for 5 min to harvest the microcapsules.



Morphology of L. rhamnosus Microgels

Frozen microgels were freeze-dried at −40°C and 1 MPa in a vacuum dryer (LGJ-10, Songyuan Huaxing Technology Develop Co., Ltd., Beijing, China) for 48 h. Lyophilized L. rhamnosus microgels were mounted on aluminum specimen stubs, sputter-coated with a thin layer of gold, and investigated using scanning electron microscopy (SEM; Carl Zeiss EVO MA15-Smart SEM, Zeiss, Germany) under different magnifications.



In vitro Simulated Digestion of L. rhamnosus Microgels

Simulated intestinal fluid (SIF) and simulated gastric fluid (SGF), which simulate digestive fluids in the gastrointestinal tract, were established as directed by the U.S.P. (https://www.usp.org). Briefly, 1 L SGF (pH 1.2) was prepared to contain 2 g NaCl, 3.2 g pepsin, 7 mL HCl, and deionized H2O. The stock intestinal solution was prepared including 6.8 g KH2PO4, 77 mL NaOH (0.2 M), and 0.5 L deionized H2O. Subsequently, 10 g pancreatin were mixed into the stock intestinal solution, with an adjusted pH of 6.8, and diluted with deionized H2O to 1 L to obtain SIF. Each 1 mL L. rhamnosus solution or the L. rhamnosus microgels (1010 CFU) was mixed separately with 9 mL of SGF, SIF, or 2% bile-salt solution, and digested in an incubator shaker at 37°C. The probiotic viability was determined at 0–60 min, using 10 min intervals. The probiotic amount of the microcapsules is quantified in log 1010 CFU/mL by sonicating 100 μL of the wet capsules in 1 mL of peptone water for 10 s using a Vibra-cell probe sonicator (VC 505, Sonics, USA). Then the viable bacteria were assessed using the drop-plate method after 2 days grown at 37°C on an MRS agar plate (29).



Viability of Probiotics During Long-Time Storage

One-milliliter sample of free or encapsulated cells was mixed with 9 mL of sodium citrate after storing at 4°C for 8 weeks. After vortex mixing, samples were placed on a shaker at 37°C until microgels totally disintegrated. Viable bacteria were calculated by the plate count method on MRS agar in triplicate.



Animal Intervention

Thirty-two male C57BL/6J mice (8-week-old; specific pathogen-free) were purchased from Pengyue Laboratory Animal Technology Co., Ltd. (Jinan, China) with production license number SCXK (Lu) 2019-0003. All mice were kept singly in clean conditions with a 12 h light/dark cycle and ample ventilation, at an ambient temperature of 24°C, and relative humidity of 50–70%. This study, approved by the Animals Ethics Committee of the Experimental Animal Center of Shandong University of Traditional Chinese Medicine (No. SYXKLU20170022, Jinan, China), complied with the EU Directive 2010/63/EU for the care and use of laboratory animals.

Mice were given a basic rodent-chow pellet diet and water ad libitum during the first week to enable acclimatization to the environment, followed by an 8-week administered diet (Figure 1). The animals were stochastically divided into four groups, each containing eight mice: CON group fed with a standard diet; SD group fed with 4% NaCl diet; SDL group fed with 4% NaCl diet and orally treated with 200 μL fresh L. rhamnosus suspensions (2 × 109 CFU); and SDEL group fed with 4% NaCl diet and orally treated with 200 μL fresh L. rhamnosus microgels (2 × 109 CFU) suspensions. Meanwhile, the mice in the CON, SD, and SDL groups were orally treated with the same volumes (200 μL) of the empty alginate-chitosan microgels suspensions. Furthermore, potable water for the SD, SDL, and SDEL mice was supplemented with 1% NaCl. All diets were sterilized by the 25 kGy γ-irradiation and prepared following the American Institute of Nutrition (AIN)-93G purified diet standard to satisfy the nutritional requirements for laboratory rodents. Fodder and potable water for the experimental animals were changed daily, and extra fodder was stored at −20°C. The animals were weighed weekly over the 8 weeks of diet intervention experiments.


[image: Figure 1]
FIGURE 1. Animal and experimental design.




Sample Collection

The sampling methods were carried out essentially as described previously (30). At the end of the experimental period, the mice were not fed in the evening, and the next day, fresh feces and serum were collected, and the mice were sacrificed using cervical dislocation. After rinsing three times with sterile normal saline, renal, hepatic, colonic and small intestinal tissues were fixed using fresh 4% paraformaldehyde solution. After sectioning, these tissues were assessed with hematoxylin and eosin (H&E) staining to observe the pathological changes under a microscope. In addition, the kidney and liver tissues were investigated by Masson staining to evaluate the histology of organ fibrosis, and the pathological scores of kidney and liver tissues were calculated per the method of Fang et al. (31).



Gut Microbiota Profiling

The purity of DNA was isolated from fecal samples by following the QIAamp DNA stool mini kit protocol (Qiagen, GmbH, Hilden, Germany). Processing of separated DNAs, Illumina MiSeq amplicon sequencing, and procedures for library generation were performed according to the general method described previously (30). The V4–V5 regions of the bacterial 16S rRNA gene sequences were amplified using the system of polymerase chain reaction (PCR) containing the specific primers (515F: 5′-GTGCCAGCMGCCGCGG-3′ and 907R: 5′-CCGTCAATTCMTTTGAGTTT-3′) and a HiFi Hot Start Ready Mix (KAPA Biosystems, Woburn, MA, USA). Amplicons from the second PCR round were purified, pooled, and paired-end (PE) sequenced.

The raw Illumina paired-end reads in FASTQ format were quality trimmed using Trimmomatic software (32) to detect and cut off ambiguous bases and then matched using FLASH software (33) following the parameters as previously reported (25). The Quantitative Insights into Microbial Ecology (QIIME, version 1.8.0) pipeline was employed to process sequence data with 75% of the bases showing quality scores above 20 (base-calling accuracy of 99%) (34). All effective tags were clustered into operational taxonomic units (OTUs) at a 97% stringency threshold using the workflow provided by the QIIME wrappers (35). All representative reads were identified and classified into taxonomic levels using a nucleotide Basic Local Alignment Search Tool comparison against the Greengenes (16S rRNA) database and the classifier tool of the Ribosomal Database Project II Classifier with a confidence score threshold of 70% (36).



Fecal Metabolomic Profiling

In brief, fecal pellets were spiked with 20 μL of an L-2-chlorophenylalanine solution (1 mg/mL in distilled water) as an internal standard and the metabolites were extracted with chloroform and methanol. After homogenization and bath sonication, the supernatant liquid was transferred into a fresh glass vial. The microbial-host co-metabolites were analyzed using an Agilent 7890A GC system (Agilent Technologies, Santa Clara, CA, USA) coupled to a Pegasus HT time-of-flight mass spectrometry (Leco, Saint Joseph, MI, USA) following the parameters as previously reported (26).



Analysis of Serum Biochemical Indexes and Intestinal Function

Biochemical indicators in serum, including blood urea nitrogen (BUN), creatinine (CRE), uric acid (UA), glucose (GLC), glutamic-pyruvic transaminase (ALT), glutamic-oxalacetic transaminase (AST), alkaline phosphatase (ALP), and triglycerides (TG), were evaluated on an automatic biochemical analyzer (Au680, Beckman Coulter, Inc., Brea, CA, USA). The serum interleukin (IL)-17a and IL-22 levels were measured using enzyme-linked immunosorbent assay (ELISA) kits (Gersion Bio-Technology Co., Ltd., Beijing, China) according to the manufacturer's protocol.

To assess the intestinal barrier function, the serum levels of D-lactate (D-LA) and diamine oxidase (DAO) were analyzed using the respective ELISA kits (Gersion Bio-Technology Co., Ltd.) according to the manufacturer's protocol. The morphological development of the small intestine, including crypt depth and villus height, were measured using Image Pro-Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) to analyze the absorptive function. The pH value of the colonic contents was determined as previously described (26).



Data Analysis

All results are represented as the mean ± standard deviation (SD) of replicate tests or as the median with interquartile ranges. As appropriate, the t-tests were performed to analyze the independent measurements using SPSS version 22.0 software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance was used to analyze the differences between groups; multiple groups were compared with the Turkey post-hoc test. Significance was established at P < 0.05. All data analyses were run in R-statistical software (version 2.13.0; Free Software Foundation, Boston, MA, USA). Multivariate analyses [principal co-ordinates analysis (PCoA)] was performed using the Simca-P 14.1 software package (Umetrics, Umea, Sweden).




RESULTS


Characterization of L. rhamnosus Microgels in vitro

In this section, SEM was employed to inspect the morphology of the L. rhamnosus microgels (Figure 2A). The SEM results show that the freeze-dried microgels were regularly olive-shaped, and the surfaces of the microgels appeared shrunken and wrinkled. Small cracks and high porosity could be found at the rough surface of microgels under higher magnification, consistent with a previous finding (37). The viability of bacterial cells is decreased by acidic and alkaline digestive fluids, enzymes, and bile salts in the host's gastrointestinal tract. We evaluated the effect of encapsulation of cell viability under simulated gastrointestinal environments to mimic these harsh conditions and calculate the survival rates of free or encapsulated probiotic cells. The results indicated that in both free and encapsulated cells, the viability of bacterial cells was reduced in simulated in vivo conditions. The viability of free probiotic cells was lost after 30 min exposure in both SGF and SIF (Figures 2B,C). The effect of encapsulation on L. rhamnosus viability in long-term storage was evaluated by storing freeze-dried samples at 4°C for 8 weeks to simulate commercial storage. The viability of free or encapsulated probiotic cells did not significantly differ at the first and second week in storage (P > 0.05). Subsequently, the viability of free probiotic cells was significantly decreased than that of encapsulated probiotic cells at the third week to 8 week (P < 0.001; Figure 2E).
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FIGURE 2. Morphology and characteristics of L. rhamnosus microgels. (A) The freeze-dried L. rhamnosus microgels were characterized using scanning electron microscope. The viability of L. rhamnosus microgels in a simulated gastrointestinal environment was separately assessed in (B) simulated gastric fluid, (C) simulated intestinal fluid, and (D) bile salt. (E) Anti-inactivation of L. rhamnosus microgels were analyzed in 8 weeks storage. Values are presented as the mean ± SD; n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs. L. rhamnosus microgels.


Interestingly, the viability of the probiotics encapsulated in alginate/chitosan microgels was greatly improved, with higher resistance to gastric fluids. The viability of L. rhamnosus in microgels was 6.66 ± 0.21 and 5.47 ± 0.15 log1010 CFU/mL at 60 min exposure in SGF and SIF, respectively (Figures 2B,C). The viability of L. rhamnosus in microgels (4.77 ± 0.15 log1010 CFU/mL) exposed to 2% bile salt for 60 min was significantly increased over that of the free probiotic cells (3.50 ± 0.10 log1010 CFU/mL) (P < 0.05, Figure 2D). Therefore, the L. rhamnosus cells were successfully encapsulated in alginate/chitosan microgels, and the microgels improved the viability and resistance of bacterial cells in simulated gastrointestinal environments.



Analysis of Hepatorenal Injury

After 8 weeks of supplementation, biomarkers of renal function (serum BUN, CRE, and UA contents) and liver injury (serum AST, ALT, and ALP activities) were measured. The results showed that the serum levels of BUN (Figure 3E), CRE (Figure 3F) and UA (Figure 3G) in the SD group were significantly increased compared with those in the CON group (P < 0.05), confirming that dietary salt-induced the renal dysfunction occurred in the SD-fed mice. Likewise, the serum ALT (Figure 3H), AST (Figure 3I), and ALP (Figure 3J) activities in the SD group were significantly increased compared with those in the CON group (P < 0.05), confirming that impaired liver function existed in the SD-fed mice. Additionally, the serum concentration of glycolipid (including GLC and TG) and inflammatory factors (e.g., IL-17a and IL-22) in the SD group were considerably increased compared with those of the CON group (P < 0.05, Figures 3K–N). The treatment of the SD-fed mice with L. rhamnosus or its microgels significantly reduced all of the serum biochemical parameters levels. Notably, the BUN, CRE, AST, GLC, TG, IL-17a, and IL-22 levels in the SDEL were significantly decreased compared with those in the SDL group (P < 0.05). Finally, there were no statistically significant differences in the mice's body weights among the four groups throughout the experimental period (P > 0.05; Supplementary Figure 1).
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FIGURE 3. L. rhamnosus and L. rhamnosus microgels administration attenuated HSD-induced hepatorenal injury. (A) Representative kidney sections with H&E and Masson staining (200× magnification). The black arrow indicates vacuolations and swelling of glomerular cells, red arrows indicate interstitial angiectasis hyperemia, and green arrows indicate edema in renal interstitial spaces. (B) Representative liver sections with H&E and Masson staining (200× magnification). Green arrows indicate the loss of cellular boundaries around the central vein of hepatocytes. Compare (C) the renal fibrosis and (D) the liver fibrosis scores in various groups. Serum levels of (E) BUN, (F) CRE, (G) UA, (H) ALT, (I) AST, (J) ALP, (K) GLC, (L) TG, (M) IL-17a, and (N) IL-22 were determined in different groups. Data are expressed as mean ± SD; n = 8. Different letters were significantly different (P < 0.05).


We used H&E staining to examine the histological changes of pathological tissue morphology and glomerular volume, as well as Masson staining to show the degree of fibrosis (Figures 3A,C). The severity of the tissue lesions varied among the four groups. The CON group showed structural integrality in renal tissue cells, normal appearance of the hepatic lobular structure and central vein, and no changes in glomerular morphology. In the SD group, the renal tissues appeared to have undergone some definitive pathological changes, including vacuolations and swelling of glomerular cells (black arrow), interstitial angiectasis hyperemia (red arrows), edema in renal interstitial spaces (green arrows), and severe renal tubule interstitial fibrosis. Treatment of SDL and SDEL mice could significantly curtail these adverse changes in the SD group. In particular, following SDEL intervention, swelling of the glomerular cells was alleviated. The nuclei were typical, and interstitial angiectasis hyperemia decreased. In cross-sections, the appearances of the kidney, glomerulus, and renal tubule structure were regular, and renal tubule interstitial fibrosis levels were restored significantly.

The H&E and Masson staining methods were also employed to observe the micromorphology of the liver tissues (Figures 3B,D). In the CON group, the liver showed a typical structure, with the nucleus located in the middle of the hepatic cells, no apoptosis, and hepatocytes arranged as cords and distributed uniformly. In the SD group, the hepatic cords were dissociated loosely and randomly, and there was neutrophilic granulocyte infiltration in hepatocytes, loss of cellular boundaries around the central vein of hepatocytes (green arrows), and prominent fibrosis in the liver tissue. As expected, the hepatic injury was effectively ameliorated to varying extents after 8 weeks of treatment with L. rhamnosus or L. rhamnosus microgels. In comparison with SDL-fed mice, the liver cells of the SDEL-fed mice were more evenly arranged with clear nuclei, no swollen cytoplasmic vesicular, and no fibrosis in liver tissues. Briefly, treatment with L. rhamnosus microgels significantly mitigated the hepatorenal injury of SD-fed mice.



Analysis of Fecal Microbiota

After removing unqualified sequences, the CON, SD, SDL, and SDEL groups yielded more than 51,309, 69,761, 71,065, and 71,732 effective tags, respectively. Species were annotated with representative 16S rRNA gene sequence fragments. The effective sequences of all samples qualified OTUs were clustered based on ≥97% sequence identity. The box-and-whisker plot (Figure 4A) shows the relative abundances of seven major phyla analyzed to be significantly different (P < 0.05) among the CON, SD, SDL, and SDEL groups, as follows: Bacteroidetes, Actinobacteria, Epsilonbacteraeotat, Deferribacteres, Acidobacteria, Verrucomicrobia, and Patescibacteria. Linear discriminant analysis effect size (LEfSe) identified the differentially abundant bacterial genera that were differentially abundant in the four groups. At the family level, Eggerthellaceae, Bacteroidaceae, Rikenellaceae, Clostridiaceae_1, and Anaeroplasmataceae, as the biomarkers, were more abundant in the SD group. In contrast, Bifidobacteriaceae, Muribaculaceae, Deferribacteraceae, Lactobacillaceae, Alcaligenaceae, and Helicobacteraceae were more abundant in the SDEL group (Figure 4B). At the genus level, Anaeroplasma, Enterorhabdus, Lactococcus, Parvibacter, Tyzzerella, Lachnoclostridium, and Bacteroides, as the biomarker, were more abundant in the SD group, while Lactobacillus, Bifidobacterium, Parasutterella, Helicobacter, Mucispirillum, Faecalibaculum, Muribaculum, and Acetatifactor were more abundant in the SDEL group (Figure 4C). The α-diversity—which consists of richness estimates (i.e., Chao 1 index) and diversity values (including Shannon and Simpson indices)—of the microbial community were measured. The richness estimates of the microbial community in the SD, SDL, and SDEL groups was significantly higher than that of the CON group, while the diversity values of the microbial community in CON and SD groups was lower than that of the SDEL group (Figure 4D). PCoA indicated the bacterial diversity among the four groups; 27.79% of the total variance was attributable to the three principal components (PC1, PC2, and PC3), which were stable and reliable. The chord diagram reveals the top 25 abundant genera in the four groups (Figure 4F), showing that Ambiguous, Alistipes, and Bacteroides were the three predominant taxa in all the groups, accounting for 2.51–24.25% of the total OTUs. The differential abundance among the four groups showed that the L. rhamnosus microgels caused variation, for instance, in the levels of hepatorenal injury and the structure of the mouse gut microbiome. The discrepancy of functional profiles between different groups predicted by PICRUST (38). The results showed the overall differences in KEEG abundances among the microbiomes and revealed that biosynthesis of other secondary metabolites, metabolic diseases, immune system diseases, glycan biosynthesis and metabolism, transport and catabolism, excretory system, metabolism of other amino acids, metabolism of cofactors and vitamins, carbohydrate metabolism, and lipid metabolism in the SDEL group was significantly lower than that in the SD group (Figure 4G; P < 0.005).
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FIGURE 4. (A) Relative abundance of seven phyla in the CON, SD, SDL, and SDEL groups: Bacteroidetes, Actinobacteria, Epsilonbacteraeotat, Deferribacteres, Acidobacteria, Verrucomicrobia, and Patescibacteria. (B) Cladogram of linear discriminant analysis effect size (LEfSe) analysis identified the most differentially abundant taxa of gut microbiota in the different groups. (C) Histogram of LDA scores by comparing inter-group variance at the relative abundance level by LEfSe analysis. (D) Microbial richness estimates (Chao index) and diversity indices (Shannon–Wiener and Simpson) in the different group at the 8-week point. (E) PCoA shows separation of the fecal bacterial composition of the different groups. (F) The chord diagram reveals the four groups' top 25 abundant genera (abundance >0.1%). (G) Microbial community functions predicted by PICRUSt of the different groups.




Metabolic Functionality

Fecal metabolic profiling is a functional readout of gut microbiota that enables comprehension of the possible mechanisms underlying how the microbiota influences host health (39). A total of 592 peaks were identified, and 468 metabolites persisted after eliminating background noise using the interquartile range denoising method. Missing raw data values were generated using half of the minimum value. PCoA (Figure 5A) illustrates the data distribution and the separation in the metabolic compositions of the different groups. Specifically, 69.20% of the total variance resulted from PC1 PC2, and PC3, which were stable and reliable. The variables by which the content differed between the SD and SDEL groups are shown in the form of a volcano plot (Figure 5B), wherein each dot represents a metabolite: red dots represent upregulated metabolites, blue dots represent downregulated metabolites, and green dots represent metabolites with non-significant differences (P > 0.05). However, the volcano graph was complex since the various variables were included. Consequently, 70 differential metabolites between the SD and SDEL groups were identified based on the variable importance in the projection (VIP) value (>1.0) of the orthogonal partial least squares discriminant analysis and the Student's t-test P-value (< 0.05). The heatmap visualization (Figure 5C) was used to show differential metabolites, thus refining the analysis. A total of 58 metabolites, such as cholic acid, glucose, uridine, kynurenic acid, urocanic acid, hippuric acid, and L-tyrosine, exhibited significantly decreased abundance in the feces of SDEL-treated mice, whereas the abundance of 12 metabolites, such as L-lactic acid, 3-hydroxybutyric acid, saccharic acid, aspartate, citric acid, and β-tocopherol was significantly increased compared to levels in the feces of SD-fed mice. In particular, the abundance of L-lactic acid in the SDEL group increased the most, more 3.65 times than that of the SD group (Supplementary Table 1).
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FIGURE 5. Fecal metabolic profiling of the CON, SD, SDL, and SDEL groups. (A) Scatterplot of PCoA scores in different groups. (B) Volcano plot showing the differential variables between the SD and SDEL groups. Each metabolite is represented by a dot, where the red dots indicate up-regulation, the blue dots indicate down-regulation, and the green dots indicate no statistical difference. (C) Heatmap of 70 metabolites at normalized levels differentially abundant (P < 0.05) among the three groups. The dendrogram shows the distances of the metabolites based on their relative abundances. The normalized abundance values are depicted visually from red to blue, representing the highest and lowest abundances. (D) Enriched KEGG pathways in the SD group compared with the SDEL group. The statistical significance values (P < 0.05) are depicted visually from red to green, representing the most and least differences, respectively. The dot sizes on the vertical axis represent the metabolite counts in the metabolic pathways.


The significantly different metabolites occurring in the SD and SDEL groups were assigned based on metabolic pathways present in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. This analysis suggested that the differentially abundant metabolites in the SDEL group were all associated with central carbon metabolism in cancer, ABC transporters, arginine biosynthesis, tyrosine, alanine, aspartate and glutamate metabolism as well as renal cell carcinoma pathways (P < 0.01, frequency-distance relationship correction; Figure 4D).



Integration of Among Metabolites, Bacteria, and Clinical Chemistry Data

Pearson's correlation analysis was employed to determine the correlations among gut microbiota differentially metabolites, and serum biochemical parameters. The resulting metabolic association heatmap (Figure 6) displays positive and negative correlations among the identified genera, the metabolite levels, and the clinical chemistry data. The dominant genera in SD group, including Anaeroplasma, Enterorhabdus, Lactococcus, Parvibacter, Tyzzerella, Lachnoclostridium, and Bacteroides, displayed strong positive correlations with D-erythro-sphingosine, glucose, kynurenic acid, maltotriose, N-acetyl-d-mannosamine, L-lysine, 5-methyluridine, 2-aminoheptanedioic acid, N-carbamylglutamate, deoxycholic acid, 3-hydroxysebacic acid, and all of the serum biochemical parameters. The dominant genera in the SDEL group, including Lactobacillus, Bifidobacterium, Parasutterella, Helicobacter, Mucispirillum, Faecalibaculum, Muribaculum, and Acetatifactor, displayed strong positive correlations with L-lactic acid, 3-hydroxybutyric acid, and allothreonine. Overall, L. rhamnosus microgels impacted the bacterial community and substantially altered the fecal metabolic profiling, affecting the host health.
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FIGURE 6. The Pearson correlation analysis among the 36 gut bacteria (P < 0.05), 17 fecal metabolites (P < 0.001), and 10 clinical chemistry data (P < 0.05) in the SD group compared with the SDEL group. R-values, the sector area, are depicted from blue to red, where red represents positive correlations and blue negative correlations.




Intestinal Function and Morphology

The colonic barrier function and the small intestinal absorption functions were investigated in the CON-, SD-, SDL-, and SDEL-fed mice. Serum DAO activity and D-LA concentration were assessed to evaluate the effects of SDEL treatment on the intestinal permeability of SD-fed mice. Serum levels of DAO and D-LA were significantly higher in the SD group compared to the CON group (P < 0.05), indicating impaired colonic barrier function in the SD-fed mice (Figures 7A,B). In contrast, the levels of DAO and D-LA were significantly decreased in the SDL and SDEL groups compared to the SD group (P < 0.05), indicating reduced colonic barrier function following treatment of L. rhamnosus and its microgels. However, the DAO and D-LA levels in the SDEL group were significantly lower than the SDL group (P < 0.05), suggesting that L. rhamnosus microgels significantly reduced intestinal permeability in SDEL-fed mice. The pH of the colonic contents of the SD group (8.56 ± 0.24) was significantly different to that of the CON (7.54 ± 0.28), SDL (7.81 ± 0.28), and SDEL (7.31 ± 0.32) groups (P < 0.05). There was no statistically significant difference in pH value between the CON and SDEL groups (P > 0.05; Figure 7C). Furthermore, the villus height (V), crypt depth (C), and the V/C ratio in the small intestine were analyzed to evaluate the function of small intestinal absorption. The V/C ratio in the SDEL group was significantly higher than that in the CON, SD, and SDL groups (P < 0.05; Figure 7D), indicating that the L. rhamnosus microgels significantly restored the normal function of small intestinal absorption.
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FIGURE 7. The colonic and small intestinal functions of the CON-, SD, SDL, and SDEL-fed mice. (A) Serum DAO activities and (B) D-LA concentrations indicate mice's colonic barrier function. (C) The pH of the colonic contents of the mice in different groups. (D) The villus height (V, mm), crypt depth (C, mm), and V/C ratio, which indicate the absorption function of the small intestine of the mice in different groups. (E) Colonic photomicrographs (100× magnification) of the mice in different groups. The black arrow indicates inflammatory cell infiltration; red arrows indicate edema in the submucosal layer. (F) Photomicrographs (100× magnification) of small intestinal villi of the mice in different groups. Black arrows and green arrows indicate infiltration of inflammatory cells and necrotized local muscularis. Data are expressed as mean ± SD; n = 8. Different letters were significantly different (P < 0.05).


In both the CON- and SDEL-fed mice, colonic sections showed typical structures and boundaries of the mucosal, submucosal, muscularis, and serous layers. The mucosal glands were abundant, goblet cell structures were observed, and the bowel wall thickness was normal (Figure 7E). Conversely, in the colonic tissues of SD-fed mice, edema was found in the submucosal layer with an expanded gap (red arrow) and inflammatory cell infiltration (black arrow) was present between the mucosal glands (Figure 7E). The submucosa was slightly edematous (red arrow) in the colonic tissues of SDL-treated mice (Figure 7E). Furthermore, in both the CON and SDEL groups, the small intestine's submucosal, mucous, muscularis, and serous layers showed typical structures and boundaries (Figure 7F). However, infiltration of inflammatory cells (black arrows) and necrotized local muscularis (green arrows) into the small intestine was observed in the SD group. In the SDL-treated mice, the local muscularis had necrotized (green arrow; Figure 7F).




DISCUSSION

Excessive sodium intake has been identified as a risk factor for CKDs, the leading proponent of premature death worldwide (40). Recently studies have reported the association of salt-induced non-communicable diseases, such as CKDs (14), hepatic steatosis (25), and hypertension (26), with gut microbial dysbiosis. As the microbial habitat, the colon is the principal organ responsible for sodium homeostasis, and colonic epithelial cells help protect mammals against salt overload (41). The beneficial effects of probiotics have been confirmed in combating renal dysfunction by regulating the microbial community (24). Previous studies (42, 43) have confirmed that gavage with only L. rhamnosus can reversed the hepatic inflammation and slight renal injury associated with hyperuricaemia by regulating gut microbiota. However, the acidity of the gastrointestinal tract is a harsh environment that limits the mucoadhesion and colonization of alien probiotics. To date, microcapsules are still an ideal candidate to protect probiotics from the environmental stresses in food and medical industries (44). Zhuge et al. (45) delivered that L. salivarius in microgels could boost viability during transit through the gastrointestinal organs and attenuate liver injury by reducing inflammation and intestinal permeability. Zhao et al. (46) confirmed that probiotic (specifically, Lactobacillus and Bacillus subtilis) microcapsules could reduce inflammation, improve fat metabolism, and restore intestinal barrier functions, thus contributing to the treatment of metabolic syndrome in vivo. Nevertheless, the mechanism and effects of probiotics microgels on salt-induced hepatorenal failure have not been investigated. As Lactobacillus abundance is reduced in the gut by increased dietary sodium intake (26, 27), a correlation between Lactobacillus abundance and clinical outcomes of people consuming high salt diets is particularly interesting. The aims of the current study included encapsulating L. rhamnosus species in alginate and chitosan to prepare the microencapsulation for probiotic protection and evaluate the effects of L. rhamnosus microgels on salt-induced hepatorenal injury.

Both sodium alginate and chitosan are polyelectrolytes. Alginate extracted from brown seaweed (Phaeophyceae) is widely used for drug delivery due to its reliable water-holding capacity and heat stability. As linear copolymers composed of alternating sequences of β-D-mannuronic and α-L-guluronic acid residues (47), alginate will combine with multivalent cations (for example, Ca2+) to form gels or gentle matrices that can trap sensitive substances such as living probiotic bacteria (48, 49). Interestingly, an essential property of alginate is that they form insoluble gels formed at low pH conditions, but become soluble at neutral or higher pHs due to the ionically cross-linked carboxylate groups in the uronate blocks. This feature affords advantages in using of alginate as a support for probiotic delivery, avoiding the solubilization of gels in the gastrointestinal tract and providing adequate protection of bacteria within the acidic environment. Furthermore, the solubility of alginate at the gastrointestinal pH facilitates the release of viable cells into the gut (47). Alginate gel's mechanical and physicochemical properties can be further improved by forming an electrostatic complex membrane with a polycation, such as chitosan (50). Previous studies successfully encapsulated L. plantarum, Escherichia coli, and B. longum (28, 51, 52) into microgels containing alginate and chitosan. In the current study, similar strategies were used to prepare L. rhamnosus microgels using alginate and chitosan as the wall materials. The resulting effective gastric acid and bile acid resistances in vitro (Figure 2) shows uniformity in the reported encapsulation effects with previous studies (29, 53). The probiotic microgels had a defensive and reparative function in HSD-induced hepatorenal injury (Figures 3A–D).

Intestinal bacteria are either directly or indirectly involved in regulating the occurrence and development of hepatorenal injury through microbiome metabolite–host interactions. The structure of gut microbiota and its metabolites differed significantly between the CON and SD groups (Figures 4, 5). The α-diversity of bacterial communities were not confirmed, however, when comparing the CON- and SD-fed mice using the analyses of Shannon-Wiener and Simpson values (Figure 4D). Nonetheless, current study results showed that the SD group's microbiota was particularly enriched with the Parvibacter, Campylobacter, and Marvinbryantia genera. In contrast, other genera decreased, for example, Lactobacillus, Oscillibacter, Roseburia, and Blautia, compared with the CON group (Figures 4C,F), which is consistent with previous studies (25, 27). The abundance of Lactobacillus increased to varying degrees in the feces of SDL- and SDEL-treated mice and is particularly elevated raised to the highest abundance in the SDEL group (Figures 4C,F). Such outcomes confirm that alginate-chitosan encapsulation could exhibit superior protection of L. rhamnosus viability in vivo and ultimately colonization in the gastrointestinal tract.

Concomitantly, the well-known probiotic taxa, including Bifidobacterium, Faecalibaculum, and Mucispirillum, were observed in the SDEL group with more abundance (Figure 4C). These species had play a pivotal role in protection against CKD (54), colitis (55), and colorectal cancer (56), respectively. The enriched probiotics in the SDEL group were perhaps due to a lower pH value in the colonic environment of the SDEL-fed mice (Figure 7C), which stimulates probiotics growth, inhibits potential pathogenic growth, and modulates the immune system (57). As the metabolite of microbial fermentation, lactic acid is a chiral molecule that exists as L-lactic acid and D-lactic acid. L-lactic acid can be directly involved in human metabolism without any side effects. However, because mammalian tissues lack the enzyme metabolizing D-lactic acid, it has been reported that excessive levels of D-lactic acid may cause metabolic disorders and even acidosis (58). A previous study described L. rhamnosus as a homofermenter that solely produces L-lactic acid (59). L-lactic acid has displayed physiological and pathological functions in vivo, such as affecting of Clostridium difficile infections (60), a neuroprotective function (61), and regulating the lipid metabolism (62). In the present study, the abundance of L-lactic acid in the SDEL group, significantly increased by an average of 1.30 times more than in the SDL group (Figure 5C and Supplementary Table 1), which infers that L. rhamnosus may be more abundant than in the SDL group.

Additionally, microbial production of 3-hydroxybutyric acid has many potential applications as an intermediate for the synthesizing antibiotics, vitamins, aromatics, and pheromones in the host (63). 2-keto-L-gluconate (2-KLG), as a critical intermediate in vitamin C synthesis, could decrease the virulence of bacteria in vivo (64). Besides, the gut microbiota can convert primary bile acids—digestive chemicals produced by the liver—to secondary bile acids, including toxic DCA. DCA products pass into the liver through the hepatic portal vein and impair liver dysfunction (65). In the animal models, this metabolite of circulating bile acids was elevated in CKD and can induce vascular mineralization and osteogenic differentiation (66). In this study, the fecal metabolome results showed increased abundances of 3-hydroxybutyric acid and 2-KLG in the fecal samples of SDEL-treated mice. In contrast, the levels of cholic acid and DCA were significantly lowered compared with the feces of SD-treated mice (Figure 5C and Supplementary Table 1). Treatment of L. rhamnosus microgels led to the increased abundances of probiotic species including Lactobacillus, Bifidobacterium, Mucispirillum, and Faecalibaculum, disclosing strong positive correlations with L-lactic acid and 3-hydroxybutyric acid levels (Figure 6), which may exert beneficial effects on the hepatorenal health of the host. Furthermore, metabolites related to the central carbon metabolism in cancer, ABC transporters, arginine biosynthesis, tyrosine, alanine, aspartate and glutamate metabolism, and renal cell carcinoma pathways were significantly changed in the SDEL group relative to the SD group (Figure 5D). Accumulating evidence suggests that proteins associated with the central carbon metabolism in cancer (67), ABC transporters (68), and arginine biosynthesis (69) pathways are involved in the hepatorenal injury.

HSDs can decrease the Lactobacillus abundance in the murine gut, stimulate intestinal Th17 cells to respond, promote IL-17a production by intestinal epithelial cells, and induce inflammatory reactions (26, 70, 71). Meanwhile, IL-17a can govern the expression, pro-inflammatory effects, and tissue-protective properties of IL-22, and the presence or absence of IL-17a regulates the pathological vs. tissue-protective functions of IL-22 (72). This study confirmed that the intestinal Lactobacillus abundance significantly decreased and serum IL-17a and IL-22 levels significantly increased in SD-fed mice, while the L. rhamnosus microgels significantly increased intestinal Lactobacillus abundance and lowered the IL-17a and IL-22 levels in mice (Figures 3M,N, 4C). The intestinal functions, such as the colonic barrier function and the small intestine's absorption function, are highly associated with salt-induced non-communicable diseases (25, 26). Improving intestinal functions is a potential treatment for liver and kidney diseases (12, 73). With a focus on the microenvironment, it can be seen that L. rhamnosus microgels enhanced the colonic barrier function (Figures 7A,B) and the absorption function of the small intestine (Figure 7D), lowered the pH value of colonic contents (Figure 7C), and maintained the normal intestinal structures (Figures 7E,F) in the SD-fed mice. These actions indicated the positive effects of L. rhamnosus microgels in mitigating and repairing hepatorenal injury induced by high dietary salt levels.



CONCLUSIONS AND PERSPECTIVES

In conclusion, the encapsulation of L. rhamnosus into microgels loaded with alginate and chitosan shows excellent outcomes in enhancing probiotic viability in simulated gastrointestinal transit while also attenuating salt-induced hepatorenal injury through regulating the intestinal microbiota and metabolite profiles in mice. The data from the current study confirms the clinical potential of L. rhamnosus microgels in modulating and repairing hepatorenal and intestinal functions, gut microbiota and metabolism, and host immunity. Nevertheless, the mouse's average daily sodium intake was significantly higher than their tolerance, which likely does not occur in humans for extended periods (74). Human hepatorenal injury results from excessive salt consumption and other clinical and environmental factors over long periods (75). Thus, the effects of L. rhamnosus microgels on ameliorating clinical hepatorenal injury requires further clinical investigation to understand the entire scope of L. rhamnosus microgel treatments.
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Diabetic nephropathy is a severe complication of diabetes and the leading cause of end-stage renal disease and death. Therefore, we must find effective prevention and treatment approaches to the problem. Oat has a long history of use for its nutritional and medicinal properties, such as maintaining physiological blood glucose levels. Oat β glucan is one of the major bioactive substances produced by oat. However, the protective effects of oat β glucan on diabetic nephropathy are still unclear. This study generated a rat model of diabetic nephropathy to explore the potent therapeutic ability and mechanism of oat β glucan in renal function by 16S rRNA genes sequencing. Diabetic nephropathy model was established in forty rats by left nephrectomy and single intraperitoneal injection of streptozotocin. These rats were randomly divided into the model group and three oat β glucan intervention groups. Twenty rats underwent sham operation and were randomly divided into normal control group and oat β glucan control group. Animals were treated by oral gavage for 8 consecutive weeks. The results showed that oat β glucan reduced blood glucose level and improved renal function (P < 0.05). Oat β glucan significantly improved serum inflammatory levels (P < 0.05). The diversity of intestinal microflora in diabetic nephropathy rats decreased with time prolongation, while oat β-glucan reversed the result. Compared with the model group at week 8, the abundances of Eubacterium, Butyricicoccus, and Ruminococcus were elevated significantly after oat β glucan intervention (P < 0.05). Correlation analysis indicated that abundances of Eubacterium, Butyricicoccus, and Ruminococcus were significantly negatively correlated with the levels of renal impairment markers. In summary, the findings of this study showed that oat β glucan can increase the diversity of intestinal flora, regulate the composition of intestinal flora, modulate intestinal flora metabolism, alleviate the inflammatory response, and further delay the development of diabetic nephropathy. Therefore, oat β glucan has the potential to be developed into the novel and safe drug for diabetic nephropathy.
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INTRODUCTION

Diabetes mellitus is a group of metabolic diseases that are characterized by hyperglycemia and arise from defects in insulin secretion, insulin action, or both (1). In recent years, with the aging of the population and the change of people's lifestyles, the prevalence of diabetes is growing annually (2). The International Diabetes Federation estimated that, globally, the prevalence of diabetes is expected to exceed 625 million people by 2045 (3). Diabetic nephropathy (DN) is one of the most frequent and serious chronic complications of diabetes mellitus and supervenes as the result of microvascular lesions in the renal glomeruli (4). Four to seventeen percentage of patients with type 1 diabetes will develop DN 20–30 years after their initial diagnosis. Up to 20% of patients with type 2 diabetes already have DN when diagnosed with diabetes and a further 30% to 40% develop DN, mostly within 10 years of diagnosis (5). DN is considered the leading cause of end-stage renal diseases and increases the risk of death (6). It poses a huge social medical and economic burden to individuals, families and the country. Therefore, we must find effective prevention and treatment approaches to the problem.

The etiology and pathogenesis of DN are complex and diverse. Studies suggest that factors other than hyperglycemia, such as hypertension, dyslipidemia, oxidative stress, and inflammatory response, may play a role in DN pathogenesis (7). Pharmacologic treatments for DN are mainly hypoglycemic (such as sulfonylurea drugs, biguidine drugs, α-glycosidase inhibitors, and insulin) and hypotensor (such as angiotensin converting enzyme inhibitors, angiotensin receptor blockers, and calcium channel blockers). However, they often cause serious side effects such as low glucose levels, lactic acidosis, swelling of legs or ankles, and stomach discomfort (8). In non-pharmacological intervention aspect, a healthy lifestyle with regular physical activity and healthy eating is recommended. However, it exhibits limited clinical efficacy and fails to prevent the development of DN (9). Therefore, it is necessary to define pathogenesis of DN and find more effective measure at the source.

As is well-known, the gut microbiota is an intricate ecosystem in which interactions exist among microbes and between microbes and their host (10). It has been shown that gut dysbiotic-microbiota has been implicated in the development of DN (11). Based on the gut-kidney axis theory, dysbacteriosis disrupts the gut barrier and thus increases gut permeability. Consequently, influx of endotoxins and uraemic toxins into the kidney via the circulation stimulates the activation of inflammatory responses both locally and systemically. In turn, deterioration of kidney function leads to gut dysbiosis (12). Studies have revealed that chronic low-grade inflammation can aggravate renal cell apoptosis and fibrosis, leading to the development and progression of DN (13). Therefore, modulating the gut bacteria composition may be a potential effective therapy for DN.

Oat (Avena sativa L.), as an ancient crop, has been widely cultivated throughout the world for 2000 years. Oat plays a role in blood glucose lowering (14), weight loss (15), and prevention of cardiovascular diseases (16) and cancer (17). Our previous clinical study has showed that short- and long-term oat intake had significant effects on controlling hyperglycemia, lowering blood lipid, and reducing weight for overweight T2DM patients (14). Furthermore, we applied metabolomics analysis to demonstrate underlying benefits and mechanisms of naked oat bran on serum metabolites of dyslipidemic rats (18). It has been found that oat β glucan (OG), the main functional factor of oat, is not digested in the human small intestine and enters the colon, where it is fermented by the gut microflora (19). The health benefits of OG as soluble dietary fiber have been widely reported, such as regulating blood glucose (20) and improving immune imbalance (21). Importantly, OG has been shown to modulate the composition of gut microflora of humans and animals (22, 23). Given a significant role for gut microbiota in metabolism, it is likely that the effects of OG on the host are multifaceted and involve regulation of microbe-host interactions. Although studies have revealed that OG intake favored the glycaemic control of diabetes mellitus patients, the effect of OG in the control of the occurrence and development of diabetic nephropathy remains poorly understood. However, considering the moderating effects of OG on gut microbiota, it can be speculated that OG might possess immeasurable potential in the treatment of diabetic nephropathy.

Therefore, the aim of the present study was to explore the effects of oat β glucan on delaying diabetic nephropathy progression and whether the effects are caused by intestinal flora through 16S rRNA genes sequencing. This study will provide a scientific basis for prevention and treatment of diabetic nephropathy.



MATERIALS AND METHODS


Materials and Reagents

Common feedstuffs were purchased from Beijing Keaoxieli Feed Co, Ltd (American Institute of Nutrition-1993 Maintenance, AIN-93M). OG (purity 70%) was purchased from Shaanxi Senfu Natural Products Co, Ltd. ELISA microplate reader (MA Model 450 Microplate Reader) was purchased from Labsystems Multiskan Co, Ltd.



Animal Treatment

Sixty male Sprague Dawley rats (weighing 180–220 g) of specific pathogen free (SPF) class were purchased from the Department of Laboratory Animal Science, Peking University Health Science Center (Beijing, China). Rats were kept under controlled conditions (23 ± 1°C, 55% humidity, 12:12 h of light:darkness alternating) and fed standard chow and water. All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Peking University (LA2021459) and complied with the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85–23, revised 1996).

After 1 week of acclimatization, DN model was established in 40 rats by left nephrectomy and single intraperitoneal injection of streptozotocin (65 mg/kg·bw). These rats were randomly divided into the model group (distilled water gavage, referred to as the DN group), and three oat β glucan intervention groups [0.275, 0.55, and 1.1 g/kg·bw oat β glucan lavage, hereinafter referred to as the low-dose oat β glucan (LOG), medium-dose oat β glucan (MOG), and high-dose oat β glucan (HOG) group, respectively]. Another 20 rats underwent sham operation and were randomly divided into normal control group (distilled water gavage, NC group) and oat β glucan control group (0.55 g/kg·bw oat β glucan gavage, OGC group). Animals were treated by oral gavage for 8 consecutive weeks. The dose selections for OG were based on our preliminary study (14). We found that daily consumption of naked oat (100 g) exerts significant clinical improvements in diabetes mellitus patients, with the content of functional factor β glucan being about 5%. In clinical practice, the dose of 5 g/d oat β glucan for patients weighing 60 kg is equivalent to 0.55 g/kg·bw for rats, which is set as the MOG group. In addition, the LOG group (0.275 g/kg·bw) and the HOG group (1.100 g/kg·bw) were added.

During the experiment, the general conditions of animals were observed daily, including coat color, mental state and daily activities, and the food intake, body weight, and glucose levels were regularly recorded. Twenty-four-hour urine and fecal samples were collected using metabolic cages, and then stored at −80°C at weeks 0, 4, and 8.



Blood Glucose, Renal Function, and Early Indexes of Nephropathy Assay

After fasting the rats for 6 h, blood glucose levels were determined weekly using a glucometer. The concentrations of blood urea nitrogen (BUN), serum uric acid (SUA), and serum creatinine (SCr) were measured using automatic biochemical instrument purchased from Japan Olympus Corporation automatic biochemical instrument AU480.

Urine samples were processed according to the instructions of the ELISA kits (E-EL-M0389C, Elascience, China), and the contents of IgG, cystatin C (CysC), and retinol binding protein (RBP) were detected separately. Standards or urine samples (50 μL) were added and incubated at 37°C for 60 min. After washing each well 5 times, TMB chromogen was added in order and incubated at 25°C for 15 min, avoiding light. Then, the reaction was terminated with a stop solution and the optical density (OD) value of each well was measured at a 450 nm wavelength in a microplate reader. After the reaction is terminated at 25°C for 15min, read the OD of each well and convert the sample concentration according to the regression equation of the standard curve. Sample concentration was calculated according to linear regression equations of the standard curve.



Morphological Observation

The kidney was used for histopathological examination. Kidney samples were fixed in 10% formaldehyde, dehydrated by a gradient mixture of ethyl alcohol and water, and transparentized with xylene. Then samples were embedded with paraffin and sectioned into 5 μm slices. Subsequently, sections of paraffin-embedded kidneys were stained by means of hematoxylin-eosin (HE) staining. The kidney tissue section slides were incubated in hematoxylin for 5 min, washed with tap water, incubated in 95% ethanol, and stained with eosin and phloxine for 1 min. Then, the sections were dehydrated in ethanol and xylene, and sealed with neutral resins. Finally, tissues were examined under a light microscope (Olympus BX43) followed by image acquisition.



Inflammatory Indicator Assay

Serum samples were processed according to the instructions of the ELISA kit (Invitrogen, Carlsbad, CA, USA), and the contents of Lipopolysaccharides (LPS), interleukin 6 (IL-6), interleukin 8 (IL-8), tumor necrosis factor-α (TNF-α), vascular endothelial growth factor (VEGF), and monocyte chemotactic protein 1 (MCP-1) were detected separately. Antigens were properly diluted with coating buffer; then 5% Bovine Serum Albumin (BSA) was added into each well and incubated at 37°C for 40 min. The plate was then washed 3 times with washing solution, 3 min for each, after which, diluted samples were added to each well at 37° for 40–60 min. The enzyme-labeled antibody was added, incubated at 37°C for 30–60 min, and the substrate was added away from light at 37°C for 3–5 min. Finally, color was developed with TMB substrate for 20 min before stop solution was added to stop the reaction. The concentrations were determined using a microplate reader at a wavelength of 450 nm and calculated based on a standard curve.

Urine samples were processed according to the instructions of the ELISA kit (Invitrogen, Carlsbad, CA), and the contents of interferon γ induced protein 1 (IP-10), MCP-1, and macrophage inflammatory protein-1δ (MIP-1δ) were detected separately. Fifty micro liter of samples were incubated in ELISA wells of microtiter strips coated with the antibody. After four washes, a stabilized TMB chromogen was added and incubated at 25°C for 30 min in the dark. The reaction was stopped and absorbance at 450 nm was measured within 2 h in an ELISA reader. A standard curve was produced using freshly prepared serial dilutions of the kit's reference standard.



Illumina Sequencing

The gut microbial genomic DNA was extracted from stool samples using a stool DNA extraction kit (QIAamp®Fast DNA Stool Mini Kit). The feces samples (200 mg) were put in sterile centrifuge tubes and vortexed for 1 min after adding InhibitEx buffer. The solution was incubated at 70°C for 5 min, centrifuged for 1 min at 3,400 g, and the supernatant removed. The supernatant (200 μL) was then transferred into a sterile microcentrifuge tube, along with 25 μL Proteinase-K. Two hundred micro liter of absolute ethanol was then added and mixed by vortexing. Then, samples were pipetted to the QIAamp spin column and centrifuged for 1 min. Buffer AW1 (500 μL) was added, and the mixture was centrifuged for 3 min. The DNA was eluted in 200 μl of Buffer ATE, directly pipetted on the QIAamp membrane, and collected in a clean Eppendorf tube.

Quality and quantity of the DNA were evaluated using spectrophotometrically with NanoDrop 2000 (Thermo Fisher Scientific, USA), as well as standard 1% agarose gel electrophoresis. The 16S rRNA genes V3–V4 hypervariable region was amplified using primers 341F (CCTACGGGRSGCAGCAG) and 806R (GGACTACVVGGGTATCTAATC). Using the diluted genomic DNA as a template, PCR was performed with KAPA HiFi HotStart ReadyMix PCR kit high-fidelity enzyme (Kapa Biosystems Inc., Boston, MA, USA). All PCR products were detected by 2% agarose gel electrophoresis and recovered by the AxyPrep DNA Gel Extraction Kit (Axygen, Union City, USA). Then library quality was checked using a Thermo NanoDrop 2000 UV microphotometer and 2% agarose gel electrophoresis.

Illumina HiSeq2500 PE250 sequencing platform was performed after the qualified libraries were mixed according to the target data volume. The qualified double-stranded DNA library was transformed into a single-stranded circular DNA library through DNA-denaturation and circularization. Subsequently, the single chain molecules were fixed onto the Solexa Sequencing Chip (flow cell) and amplified by PCR. DNA polymerase I and four types of fluorescently labeled dNTP were added, one base was inserted in each cycle, and the fluorescence signal was captured. Finally, fluorescent groups and terminating groups were chemically cut and a “sticky” end was introduced at the 3′-end of the fragment. The second round of single nucleotide base was incorporated and the fluorescence signal results collected in each round were counted successively to obtain the sequence of template DNA fragment.

Bioinformatics analysis software such as Pandaseq, uSearch, Qiime, and Picrust were used for data Mosaic filtering and species annotation analysis. R language data packet, RDP database, LDA Effect Size (LEfSe), and other methods were used to analyze the classification operating units, species abundance and diversity, and significant differences. P < 0.05 was used as the criterion for significance. The correlation between different species and phenotypic indicators and the correlation between species and species were computed in R (version 3.6.2). R-values between 0.7 and 1.0 together with P < 0.033 can be considered highly correlated.



Statistical Analysis

Data were analyzed using SPSS software version 27.0. The experimental data are expressed as the mean ± standard deviation (X ± SD). Normality and variance homogeneity of data were analyzed by using a single sample K–S test and Levene's test for homogeneity of variances before analysis. Pairwise comparisons were tested by Kruskal–Wallis non-parametric tests. P < 0.05 was used as the criterion for significance.




RESULTS


OG Reduced the Blood Glucose Level in DN Rats

At the beginning of the study (week 0), blood glucose levels in the DN group increased significantly compared to the NC group (P < 0.05; Figure 1). Blood glucose levels of DN rats gradually increased with time, but no significant changes were observed in the NC group. Compared with the DN group, blood glucose levels decreased significantly in all intervention groups, among which the levels decreased more obviously in the HOG group (P < 0.05). There were no significant differences in blood glucose between the NC and OGC groups (P > 0.05).


[image: Figure 1]
FIGURE 1. Blood glucose level changes of the rats in each group over time.




OG Improved Renal Function in DN Rats

At week 0, compared with the NC group, the BUN, SUA, and SCr levels in the DN group increased significantly (P < 0.05), indicating that the model was established successfully. As the intervention time extended, renal function in DN rats had improved by OG to different degrees, but no dose–effect relationship was seen. OG treatment had no effect on the BUN, SUA, and SCr levels, and SUA/SCr ratio in normal rats (Table 1).


Table 1. Changes in renal function of the rats in each group (n = 10).

[image: Table 1]

No statistically significant differences in the IgG, CysC, RBP levels were found among the all groups at any time point (P > 0.05), indicating that OG did not affect diagnostic indices for the early detection of DN.



OG Ameliorated Pathological Changes of the Kidney in DN Rats

At week 8, the rats in the NC group showed normal histological features, with neatly arranged renal tubular epithelial cells and normal shape and size of glomeruli. Mesangial hypercellularity and glomerular basement membrane thickening were revealed, renal tubular epithelial cells were disorder and shed, and slight hyaline changes were seen in the DN group. OG treatment resulted in a trend improvement in thickening of the glomerular basement membrane and injury of renal tubular epithelial cells compared with the DN group. The structures of glomeruli and renal tubules were normal, with the epithelial cells arranging neatly in the HOG group, close to that of the NC group. Slight hyaline changes were still present in the LOG group (Figure 2).


[image: Figure 2]
FIGURE 2. Pathological changes of the kidney of the rats in each group. Scale bar: 20 μm; original magnification 400×.




OG Improved Serum Inflammatory Levels in DN Rats

DN rats increased the serum levels of IL-6, VEGF, and MCP-1 (P < 0.05), which were significantly attenuated by OG treatment (P < 0.05). Moreover, IL-8 level was decreased significantly in the MOG group and LPS level was decreased significantly in the HOG group compared with the DN group (P < 0.05; Table 2).


Table 2. Serum levels of inflammatory factors of the rats in each group (n = 10).

[image: Table 2]

No statistically significant differences in urine inflammatory indices were found between the NC and DN groups at any time point (P > 0.05). A trend of declining MIP-1δ level over time was observed, but did not reach statistical significance in the MOG group compared with the DN group. Furthermore, no statistically significant differences in urine inflammatory indices were found between the NC and OGC groups (P > 0.05; Table 3).


Table 3. Inflammatory changes in the urine of the rats in each group (n = 10).

[image: Table 3]



OG Regulated Gut Microbiota Dysbiosis in DN Rats

The alpha diversity of bacterial communities was evaluated according to Chao1 index and Shannon's diversity index (Figures 3, 4). At week 0 and week 4, there was no statistical significance in Chao1 index and Shannon's diversity index among each group (P > 0.05). At week 8, the Chao1 and Shannon's diversity index decreased significantly in the DN group compared with those in the NC group, while the LOG, MOG, and HOG groups showed higher Chao1 and Shannon's diversity index than those of the DN group (P < 0.05). Among them, the increase in the HOG group was the most obvious. There was no statistically significant difference between the NC and OGC groups at all three time points (P > 0.05).


[image: Figure 3]
FIGURE 3. Chao1 index of gut microbiota at 0 (A), 4 (B), and 8 (C) weeks. Chao1 index was used to estimate the total number of species in samples: larger Chao1 values indicate more species.



[image: Figure 4]
FIGURE 4. Shannon index of gut microbiota at 0 (A), 4 (B), and 8 (C) weeks. Shannon index (B) was used to reflect the diversity of the sample population: the larger the Shannon, the higher the diversity of the flora.


Beta diversity was measured via unweighted Unifrac distance, using the first two principal coordinates to visualize the dissimilarity distances and the variation between samples (Figure 5). The principal coordinate analysis (PCoA) scatterplot illustrated the dissimilarities of gut bacterial communities between the NC and DN groups at both 4 and 8 weeks (P < 0.05). Compared with the DN group, the community structures observed were significantly different in the LOG group (P < 0.05). However, there was no significance difference among the DN, MOG, and HOG groups. Microbial communities were not statistically different between the NC and OGC groups (P > 0.05).


[image: Figure 5]
FIGURE 5. Beta diversity of gut microbiota at 0 (A), 4 (B), and 8 (C) weeks. PCoA plots reflect the beta diversity of gut microbiota: the abscissa represents the contribution rate of the first principal component to the sample difference, the ordinate represents the second principal component, and the percentage represents the contribution rate of the second principal component to the sample.


The relative abundance at the phylum level of six groups at each time point was shown in Figure 6. The dominant phyla in the gut microbiota were Firmicutes and Bacteroidetes. With prolonged treatment time, the ratio of Firmicutes/Bacteroidetes showed a decline in the DN group. The ratio of Firmicutes/Bacteroidetes increased over time in the MOG and HOG groups, and the elevation in the HOG group is even greater. Figure 7 showed the results for the highest relative abundance ranking top 20 at genus level. Many microbial taxa significantly differed among the groups using LEfSe analysis (Figure 8). There was a significant increase in the relative abundance of Bifidobacterium and Klebsiella, and a reduction in Clostridium cluster IV, Butyricicoccus, Eubacterium, Ruminococcus, and Spirillum in the DN group compared with the NC group (P < 0.05). Compared with the DN group at week 4, the abundance of Ruminococcus was elevated significantly in the LOG group (P < 0.05). Compared with the DN group at week 8, the abundance of Prevotella was decreased significantly in the LOG group, the abundance of Butyricicoccus was increased significantly in the MOG group, and the abundance of Akkermansia was increased significantly in the HOG group (P < 0.05). In the OGC group, the abundance of Akkermansia was significantly increased, and the abundance of Enterococcus was significantly decreased (P < 0.05).


[image: Figure 6]
FIGURE 6. Gut microbial alterations at phylum level of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks. Bar plots reflect average relative abundance profiles at phylum level.



[image: Figure 7]
FIGURE 7. Gut microbial alterations at genus level of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks. Bar plots reflect average relative abundance profiles at genus level.



[image: Figure 8]
FIGURE 8. LEfSe significant differences in abundance (LDA score > 2) of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks.


We observed trends in association among gut microbiota (Figure 9). Bacteroides abundance had significant positive correlations with Bifidobacterium abundance, but significant negative correlation with Clostridium cluster IV, Eubacterium, and Lactobacillus abundances. Bifidobacterium abundance had significant positive correlations with Escherichia/Shigella and Klebsiella abundances. Clostridium cluster IV abundance had significant positive correlations with Lactobacillus and Butyricicoccus abundances. Klebsiella abundance had significant negative correlations with Eubacterium, Spirillum, and Saccharibacteria genera incertae sedis abundances (P < 0.05, r > 0.4, or r < −0.4).


[image: Figure 9]
FIGURE 9. Heatmaps of the correlation coefficients among the differential microorganisms of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks. Coloring indicates the direction of association (blue: positive; red: negative). The degree of correlation is highlighted in color: the stronger the correlation, the darker the color.




Association Between Gut Microbiota and Phenotypes

To find the main microflora affecting the changes of clinical indicators, we analyzed the correlation between the gut microbiota and phenotypes (Figure 10). BUN showed significant positive correlation with Bifidobacterium and Klebsiella abundances, and negative correlation with Eubacterium, Butyricicoccus, and Saccharibacteria genera incertae sedis abundances (P < 0.05, r > 0.4, or r < −0.4). The level of SUA was inversely correlative to Eubacterium, Ruminococcus, Spirillum, and Clostridium cluster IV abundances, while SUA was significantly positive correlation with Klebsiella abundance. SCr showed strong negative correlation with Butyricicoccus, Ruminococcus, Spirillum, and Eubacterium. MCP-1 was significantly negatively correlated with Butyricicoccus abundance. LPS was significantly positively correlated with Bacteroides abundance. MIP-1δ was significantly negatively correlated with Spirillum and Saccharibacteria genera incertae sedis abundances.


[image: Figure 10]
FIGURE 10. Heatmaps of the correlation coefficients between the phenotypes and the differential microorganisms of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks. Coloring indicates the direction of association (red: positive; blue: negative). +P < 0.05; *P < 0.01.




The Altered Function of the Gut Microbiota Was Partly Restored After OG Treatment

To determine how OG affected the metabolism of the intestinal microbiota and hence renal function in DN rats, we performed functional prediction analysis based on the 16S datasets (Figure 11). Amino acid metabolism, retinol metabolism, vitamin B6 metabolism, and purine metabolism pathways were enriched significantly in the DN group. Pyruvate metabolism and lysine degradation pathways enriched in the LOG group. Beta-alanine metabolism, riboflavin metabolism, and citrate cycle (TCA cycle) pathways were significantly enriched in the MOG group. Lipid metabolism and insulin signaling pathways were significantly enriched in the HOG group.


[image: Figure 11]
FIGURE 11. Gut microbial gene functions of the rats in each group at 0 (A), 4 (B), and 8 (C) weeks.





DISCUSSION

We generated a rat model of DN using left nephrectomy and single intraperitoneal injection of streptozotocin, and explored the effect and mechanism of OG improving renal function by modulating gut microbiota composition in DN rats. We found that OG can regulate changes of intestinal flora, alleviate the inflammatory response, and further delay the development of DN.

Since kidney injury is a progressive process, we measured most of indicators at three time points and observed changes during the process dynamically. In our study, the levels of blood glucose, renal impairment markers, and inflammatory cytokines were increased in DN rats, which is fully consistent with the feature of DN. Elevated blood glucose caused increased levels of oxidative stress, secreted inflammatory cytokines, and caused systemic and local inflammation (24). Accumulating number of researches demonstrated that systemic and renal local inflammation can promote renal tissue damage, which is recognized as crucial factors in DN development. We found that OG treatment could decrease blood glucose level, which is consistent with other studies (25). Of interest, our study revealed for the first time that OG treatment could improve renal function in DN rats, presenting time-effect relationship. Dose-dependent effect was not seen, which possibly owed to the narrow dosage range of OG. Furthermore, OG could also improve the renal morphological changes, objectively reflecting its efficiency in ameliorating renal injury in rats.

Deterioration of renal function shifts the primary site of urea excretion from the kidney to the colon. In turn, the sustained presence of urea in the colon triggers the proliferation of urease-producing bacteria, leading to gut dysbiosis. The shift in microbiota composition enhances gut ammonia production, thus raising the physiological pH of the gut lumen and leading to increased intestinal permeability (26). In our study, elevated LPS levels were presumably due to intestinal flora disturbance and increased gut permeability in DN rats. Consequently, LPS and bacterial products translocated into the circulation and induced both local inflammation and chronic systemic inflammation, further exacerbating the deterioration of renal function. Interestingly, our study found that OG effectively attenuated serum inflammation. This might be attributed to the fact that OG was effective in modulating gut microbiota.

Next, we further explored the changes of the intestinal flora using 16S rRNA genes sequencing and defined whether the changes were a part of the upstream regulatory mechanism in the occurrence and development of DN. In our study, the intestinal flora diversity of DN rats was lower than that of normal rats, which was similar to previous studies (27). OG treatment for 8 weeks induced a positive effect on increasing the diversity of the flora, indicating that OG for a long-term intervention could regulate gut microbiota to maintain intestinal flora homeostasis. Of note, an decreased ratio of Firmicutes/Bacteroidetes may be a feature of DN-driven disruptions in microbiota, which is consistent with some studies (28, 29). Moreover, the abundance of Bacteroides was elevated and butyrate-producing bacteria such as Butyricicoccus, Eubacterium, and Ruminococcus abundances were reduced in DN rats. Fortunately, supplementation with OG did prevent these changes. Bacteroidetes and Bacteroides can synthesize LPS and promote neutrophils and monocytes/macrophages activation (30), which might be one of the causes of systemic and local low-grade inflammation. However, Firmicutes and butyrate-producing bacteria contribute to short-chain fatty acids (SCFAs) synthesis, maintain the intestinal barrier (31), and regulate the inflammatory reaction (32). We speculated that OG ameliorating renal injury may be partly attributed to modulation of gut microbiota as well as influencing production of gut microbiota-derived SCFAs.

In addition, we also found that relative abundance of Escherichia/Shigella genus was increased in the DN group, but decreased by OG treatment. Studies have revealed that the increase in Escherichia/Shigella population may exacerbate gut leakiness by penetrating the intestinal epithelial barrier and produce ethanol by substrate fermentation. Ethanol enters the liver through blood circulation, leading to a disorder of fatty acid metabolism (33). Escherichia damages renal tubular epithelial cells and glomerular endothelial cells by producing Shigella-like toxins (34). Therefore, the decrease in the abundance of Escherichia/Shigella by OG treatment may be another reason for improvements in renal function.

We found that Klebsiella was increased in DN rats, which was in accordance with several studies (35). Interestingly, we found that Bifidobacterium was also increased in DN rats, which was inconsistent with a number of studies. This might be because dysbiotic expansion of Klebsiella and other potentially pathogenic bacteria caused the increase of toxins, exfoliation of epithelial cells, and accumulation of mucins in the gut. At this point, Bifidobacterium failed to adhere to epithelial cells and colonize the gut, and thus held the dominant position in the feces (36). This may suggest that a longer intervention are needed to implement the expected results.

To probe whether improvement in renal function is due to a direct effect on the changes in gut microbiota by OG treatment or to an effect on blood glucose via modulating gut microbiota, we performed correlation analysis between gut microbiota and phenotypes. We found that Eubacterium, Butyricicoccus, and Ruminococcus were significantly negatively associated with renal impairment markers, such as BUN, SCr, and SUA. It presents the evidence that these microfloras can regulate the function of the kidney directly. Of course, this requires our further verification and exploration. Furthermore, we also found that Klebsiella and MIP-1δ was significantly negatively associated with Spirillum and Saccharibacteria genera incertae sedis. Although functional roles of the two bacteria remain poorly characterized, there are intertrophic relationships and commensal networks among bacteria in gut. We therefore speculated that both bacteria may have potential probiotic functions, leading to the synergistic decrease of MIP-1δ concentration by OG glycolysis. Further research can be done to clarify this question in the future.

Intestinal flora directly involved in the metabolisms of proteins, amino acids, and carbohydrates (37). Functional annotation analysis showed that disturbed nutrient metabolism existed in DN rats. At week 4, the HOG group enriched microbial gene functions associated with insulin signaling pathway. This might be because the beneficial bacteria that produce SCFAs were dominant in the gut of rats by HOG treatment, such as Prevotella, Lactobacillus, and Ruminococcus. SCFAs are the main products of the fermentation of non-digestible carbohydrates by the gut microbiome, which can serve as energy source for epithelial cells in the gut and protect the gut barrier (35). This further confirms our above conjecture about the reason for increased Bifidobacterium in the feces of DN rats. SCFAs can also improve insulin sensitivity by suppressing chronic inflammation in the host (38). Studies indicated that SCFAs can improve glucose tolerance and attenuate β cell apoptosis in obese and diabetic animals, probably due to the role as a histone deacetylase inhibitor (39). Therefore, we surmised that adequate OG should be introduced as prevention intervention in early-stage DN, ameliorating DN via improving intestinal bacterial metabolism.

In summary, we found that prolonged OG treatment could increase the diversity of the flora, promote the growth of Lactobacillus and the release of butyrate, which could ameliorate inflammation and consequently improve renal function in DN rats using 16S rRNA genes sequencing. Our findings provide a safe and effective means for preventing and treating DN. Meanwhile, future studies may opt for a higher purity of oat β glucan.
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Although resveratrol (RES) is barely detectable in the plasma and tissues upon oral consumption, collective evidence reveals that RES presents various bioactivities in vivo, including anti-inflammation and anti-cancer. This paradox necessitates further research on profiling and characterizing the biotransformation of RES, as its metabolites may contribute profound biological effects. After 4-week oral administration, 11 metabolites of RES were identified and quantified in mice by HPLC-MS/MS, including dihydro-resveratrol (DHR), lunularin (LUN), and conjugates (sulfates and glucuronides) of RES, DHR and LUN. Importantly, DHR, LUN, and their conjugates were much more abundantly distributed in tissues, gastrointestinal tract (GIT), and biological fluids compared to RES and its conjugates. Moreover, we established that DHR and LUN were gut bacteria-derived metabolites of RES, as indicated by their depletion in antibiotic-treated mice. Furthermore, the biological activities of RES, DHR, and LUN were determined at physiologically relevant levels. DHR and LUN exhibited stronger anti-inflammatory and anti-cancer effects than RES at the concentrations found in mouse tissues. In summary, our study profiled the tissue distribution of the metabolites of RES after its oral administration in mice and uncovered the important role of gut microbial metabolites of RES in the biological activities of RES in vivo.
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INTRODUCTION

Resveratrol (trans-3, 5, 4′- trihydroxystilbene, RES) is a phytochemical abundant in grapes, wines, peanuts, and mulberries. Voluminous studies have reported the beneficial effects of RES against various chronic diseases, including colitis (1, 2) cardiovascular diseases (3, 4), diabetes (5, 6), and renal diseases (7, 8). However, previous studies demonstrated that only a trace amount of RES could be detected in the plasma and organs upon consumption in both humans and animals, which was presumably due to its extensive metabolism in vivo (9–14). Therefore, further studies are warranted to fully profile and characterize the metabolic fate of RES, as its biotransformation may yield metabolites with significant biological activities.

Upon oral consumption, dietary polyphenols are subjected to complex and dynamic biotransformation in the different compartments of the gastrointestinal tract (GIT). In the upper GIT (stomach and small intestine), polyphenols are metabolized by various enzymes, such as cytochrome P450 superfamily enzymes, sulfotransferases, and UDP-glucuronosyltransferases, to form conjugated metabolites (15). Unabsorbed polyphenols and their conjugates reach lower GIT (cecum and colon) and interact with gut microbiota (16). Previous studies mainly focused on the distribution and biological function of RES conjugates in the circulation and peripheral tissues, but not GIT (11, 13, 17, 18), even though, more than 65% of RES-derived metabolites were recovered in GIT (12). Therefore, understanding the dynamic biotransformation of RES and the distribution of its metabolites in different segments of GIT is critical to eliciting its biological effects. Especially, the bioconversion of RES by gut microbiota in lower GIT should not be disregarded (19).

Dihydroresveratrol (DHR), lunularin (LUN) and 3,4′ - dihydroxy-trans-stilbene have been identified as gut microbiota-derived metabolites of RES via in vitro fermentation experiments (20). However, important knowledge gaps remain unclarified, such as (1) the relative abundance of these gut microbiota-derived metabolites compared to RES in different tissues; (2) the biological activities of these gut microbiota-derived metabolites compared to RES at physiologically achievable concentrations.

We herein attempt to concretely dissect the biotransformation of RES in GIT and depict the distribution and abundance of its metabolites in biological fluids and peripheral tissues after long-term oral consumption of RES. In addition, this study established the roles of gut microbiota in the biotransformation of RES using both in vitro fermentation model and an antibiotic-treated mouse model. Furthermore, based on the concentration of RES, DHR, and LUN found in the kidney and colon, we compared the anti-proliferative, anti-clonogenic, and anti-inflammatory activities of DHR and LUN to that of RES. The current study provided comprehensive insights into the metabolic process of RES occurring in the GIT. Importantly, our findings supported that gut microbiota-derived metabolites, DHR and LUN play important role in the biological activities of RES in vivo.



MATERIALS AND METHODS


Materials

Resveratrol (>99% purity) was purchased from Quality Phytochemicals (Edison, NJ, USA). Pinostilbene (PIN; >98% purity) and DHR (>98% purity) were obtained from Yuanye Bio-Technology Co., Ltd (Shanghai, China). LUN (>98% purity) was purchased from Aikon Biopharma LLC (Nanjing, China). Sulfatase (type H-1, from Helix pomatia, containing sulfatase and β-glucuronidase) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile, methanol, acetic acid, and ethyl acetate were purchased from Fisher Scientific (Fairlawn, NJ, USA). All these solvents are HPLC grade. Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethyl2-thizolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St Louis, MO, USA).



Animal Experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Massachusetts Amherst. Twenty male CD-1 mice (6-week-old) were obtained from Charles River Laboratory (Wilmington, MA, USA). After 1 week of acclimation, 10 mice were randomly chosen to receive a standard AIN93G diet containing 0.05% (w/w) RES (human equivalent dose of 4.6 mg/kg/day), while the other 10 remained on the standard diet. Urine and feces were collected with metabolic cages. All mice were sacrificed with CO2 asphyxiation after 4 weeks. The liver, kidney, stomach, small intestine, cecum, colon, and bile were collected and stored at −80°C for further analysis. The small intestine was transversely cut equally into four parts, labeled as SI-1, 2, 3, and 4 referred to as the duodenum, jejunum, proximal ileum, and distal ileum in human. Blood samples were centrifuged at 3,000 g for 15 min at 4°C to collect serum.

In the antibiotic experiment, eight male CD-1 mice (6-week-old) were purchased from Charles River Laboratory (Wilmington, MA, USA) and housed individually. After 1 week of acclimation, all mice received RES enriched diet for 5 days, which contained 0.025% (w/w) RES in the standard AIN93G diet. From day 6, all mice were continuously fed with RES enriched diet but received antibiotic water, which was supplemented with broad-spectrum antibiotics (1.0 g/L ampicillin and 0.5 g/L neomycin) (21). On day 10, all mice were sacrificed with CO2 asphyxiation. The urine and fecal samples were collected on day 5 and day 10 with Labsand (Braintree, MA, USA).



Sample Preparation

Serum, bile, and urine samples were extracted according to previous protocol with minor modification (22). Briefly, samples were vortex-mixed with acidified (2.5% acetic acid) acetonitrile and stood at ice for 20 min to precipitate protein. After centrifugation (14,000 rpm, 10 min, 4°C, Thermo Fisher Scientific), the supernatant was evaporated to dryness under vacuum. Tissue samples were prepared based on previous protocol (13). Briefly, tissues were homogenized by bead ruptor (OMNI, CA, USA) with methanol/water/acetic acid (80:20:2.5) solution, followed by centrifugate at 14,000 rpm for 5 min. Especially for kidney samples, the homogenate was sonicated for 20 min before centrifugation. The residues were extracted one more time and the pooled methanol layers were evaporated to dryness by speed vacuum (SPD111V-120SpeedVAC, Thermo Scientific, MA, USA). The internal standard PIN (5 μmol/L) was spiked to all samples during extraction. All sulfated and glucuronide metabolites were measured by enzymatic hydrolysis of the processed samples with β-glucuronidase and sulfatase as reference described (20).



Orbitrap Fusion HPLC-MS/MS and HPLC-MS Analysis

The metabolites were eluted with a Zorbax SB-Aq C18 column (Agilent Technologies, Santa Clara, CA, USA) at a flow rate of 0.6 ml/min. Mobile phase A was 5% acetonitrile in water, mobile phase B was 100% acetonitrile. Gradient elution started at 15% solvent B, linear gradient from 15 to 70% solvent B over 18 min, held at 70% B for 3 min, followed by washing and reconditioning the column. The Mass-spectra conditions were optimized at negative electrospray ionization mode, as follows: ion spray voltage 3.5 kv, ion transfer tube temperature 325°C, vaporizer temperature 275°C, sheath gas 15 Arb, aux gas 6 Arb, Orbitrap resolution 120K, and collision energy 30%. Data acquisition and processing were accomplished using Xcalibur V4.1 (Thermo Scientific, MA, USA).

The identified metabolites of RES were quantified by using the Shimadzu Model 2020 HPLC-MS (Shimadzu, Kyoto, Japan). The conditions of chromatography and Mass-Spectra were the same as those of Orbitrap Fusion HPLC-MS/MS. The data was processed with Labsolutions Software (Shimadzu, Kyoto, Japan).



In vitro Fermentation

Pooled fecal samples (3–4 mice) were collected from the cecum and colon of mice that were fed with a standard diet and placed into the anaerobic chamber (A35 anaerobic workstation, Whitley, USA) immediately. Aliquots of fecal samples were suspended in Gifu Anaerobic Broth (GAM, Hemedia, PA, USA). Pooled small intestine digesta were collected from mice fed with RES for 4 weeks and incubated with the fecal suspension under anaerobic conditions for 48 h. Digesta was defined as the complex aqueous suspensions of undigested matters and solubilized nutrients in the GIT lumen (23). Small intestine digesta incubated for 48 h in GAM without fecal microbiota was used as controls. Forty-eight hours later, the fermenta were collected and extracted with ethyl acetate for HPLC-MS analysis (24).



Cell Viability Assay, Colony Formation Assay, Nitric Oxide Measurement, and TLR-4 Reporter Assay

Human colon adenocarcinoma cell line HT-29 (HTB-38), colorectal carcinoma cell line HCT-116 (CCL-247), renal carcinoma cell line A498 (HTB-44), and renal adenocarcinoma cell line 786-O (CRL-1932) were purchased from American Type Cell Collection (ATCC, Manassa, CA). Mouse macrophage RAW264.7 (TIB-71) was obtained from ATCC. HT-29, HCT-116, A498, and 786-O were subjected to MTT and colony formation assays as described previously to explore the anti-proliferative and anti-clonogenic effects of RES, DHR, and LUN against cancer cell lines (25, 26). Reactive oxygen species production was measured as previously reported with LPS stimulated-RAW264.7 macrophage model (27). Briefly, 10 × 104/well of RAW264.7 cells were incubated in a 96-well back plate for 24 h in RPMI media supplemented with LPS and RES metabolites at stated concentrations. The cells were then washed with PBS and incubated with 100 μl of 10 μM 2′,7′ - dichlorofluorescin diacetate in PBS for 30 min in dark. Subsequently, 100 μl of 0.3 mM of tert-butyl hydroperoxide in PBS were added and incubated for 1 h. The oxidized 2′,7′- dichloroflurorescin was measured at the excitation wavelength of 485 nm and the emission wavelength of 528 nm using microplate reader (BioTeck Instrument, Winooski, VT, USA). HEK-Blue™ mTLR-4 cells, in which murine TLR-4, MD2, CD14 co-receptor genes, and inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene were co-transfected into human HEK293 cells, were purchased from InvivoGen (San Diego, CA). The mTLR-4 cells were employed to investigate if RES, DHR, and LUN suppressed inflammation via regulating the TLR4-mediated NF-κB signaling pathway. This experiment was conducted as previously described (28). Briefly, 2 × 104/well of mTLR4 cells were suspend in a 96-well plate for 8 h in the HEK-Blue™ detection medium supplied with LPS and testing metabolites at indicated concentrations. The production of secreted SEAP was assessed by reading absorbance at 620 nm. Notably, the concentrations of RES, DHR, and LUN that have been used in the above assays were determined based on the concentrations detected in the kidney and colon of mice fed with RES for 4 weeks.



Statistical Analysis

Data were tested for normality using the Shapiro-Wilk normality test and statistical significance was determined using GraphPad Prism 8. Data that passed the normality were analyzed using one-way ANOVA with Tukey post hoc test for multiple groups with only one variable tested. Two-way ANOVA with Sidak post-test was used for comparison with multiple variables tested in more than two groups. Data passed normality were shown as mean ± standard error (SEM). P-value < 0.05 was considered statistically significant.




RESULTS AND DISCUSSION


Identification of RES Metabolites

Resveratrol metabolites in the urine and fecal samples were identified using Orbitrap Fusion Mass Spectrometer. Negative control samples (urine and feces collected from mice fed with a standard diet) were included to eliminate confounding peaks and spectra that were not related to RES-derived metabolites. Eleven metabolites of RES were successfully identified: DHR, LUN, three RES conjugates (RES-sulfate, RES-glucuronide, and RES-sulfoglucuronide), four DHR conjugates (DHR-sulfate, DHR-glucuronide, DHR-biglucuronides, and DHR-sulfate-glucuronide), and two LUN conjugates (LUN-sulfate and LUN-glucuronide). The detailed chromatograms and spectra of RES metabolites were summarized in Figure 1 and Table 1. The retention time (RT) and spectra of RES (RT:13.67 min, [M–H]−: 227.0708), DHR (RT:13.42 min, [M–H]−: 229.0865), and LUN (RT:17.14 min, [M–H]−: 213.0916) were matched with the commercial standards. The rest of the metabolites were identified based on their deprotonated molecular ions and diagnostic product ions (DPIs) within 5 ppm measurement error (Figure 1B and Table 1).


[image: Figure 1]
FIGURE 1. Identification of RES metabolites with HPLC-MS/MS. Chromatograms of 11 RES metabolites identified in the urine and feces after sustained oral consumption of RES with HPLC-MS/MS (A). The MS/MS spectra of RES, DHR, LUN, RES-sulfate, RES-glucuronide, RES-sulfoglucuronide, DHR-sulfate, DHR-glucuronide, DHR-biglucuronides, DHR-sulfoglucuronide, LUN-sulfate and LUN-glucuronide (B).



Table 1. Metabolites of resveratrol were identified with high-resolution HPLC-MS/MS in the urine.

[image: Table 1]

Resveratrol-glucuronide, DHR-glucuronide, and LUN-glucuronide possessed deprotonated molecular ions at m/z 403.1029, m/z 405.1186, and m/z 389.1236, respectively. They were 176 Da more than their corresponding parent moieties. In their MS spectra, the DPIs at m/z 227.0703, m/z 229.0395, m/z 213.0912, and m/z 175.0293 were detected. Therefore, they were tentatively identified as glucuronidated metabolites. DHR-biglucuronides generated an [M–H]− ion at m/z 581.1506. The MS characteristic DPIs at m/z 405.1160 and m/z 175.0238 revealed that the biglucuronidation most likely occurred to DHR.

Resveratrol-sulfate, DHR-sulfate, and LUN-sulfate showed [M–H]− ions at m/z 307.0269, m/z 309.0433, and m/z 293.0484, respectively. They were 80 Da greater than their parent moieties, which indicated the existence of sulfate moiety. In MS spectra, they yielded DPIs at m/z 227.0703, m/z 229.0395, and m/z 213.0912. Thus, they were tentatively identified as isomeric sulfated metabolites.

Our results suggested that RES were transformed to DHR and LUN, which were consistent with previous findings (10, 11, 29). Subsequently, RES, DHR, and LUN underwent sulfation and glucuronidation to produce their corresponding conjugates (30).



Distribution of RES and Its Metabolites in Tissues and Biological Fluids

We quantified the concentration of RES and its metabolites in the liver, kidney, and biological fluids including urine, serum, and bile in mice. Due to the paucity of available standards for sulfate and glucuronide conjugates, they were semi-quantified by enzymatic hydrolysis (20). RES was not detectable in the liver, kidney, serum, or bile (Figures 2A–D), which indicated that RES underwent extensive metabolism after oral consumption and further emphasized the bioactive potential of its metabolites. Moreover, DHR, LUN, and their conjugates were much more abundant than RES-conjugates (Figures 2A–D). As shown in Figure 2, DHR + DHR-conjugates and LUN + LUN-conjugates were 5.3- and 4.6- folds higher in the bile, 1.2- and 4.8- folds higher in the serum, 10.3- and 3.4- folds higher in the liver, and 2.9- and 3.1-folds higher in the kidney than RES + RES-conjugates, respectively. The above results suggested that besides RES-sulfate, RES-glucuronide, and RES-sulfoglucuronide that were reported previously, DHR, LUN and their conjugates were more abundant metabolites after oral consumption of RES. Higher amounts of DHR + DHR-conjugates than RES + RES-conjugates were reported before (31), while our results for the first time demonstrated the high abundance of LUN and their conjugates in mouse tissues. Considering the absence of RES and the high abundance of DHR, LUN, and their conjugates in tissues, it is reasonable to speculate that these metabolites might play critical roles in biological functions.


[image: Figure 2]
FIGURE 2. Tissue distribution of RES metabolites. Concentrations of RES, DHR, LUN, and their conjugates in the bile (A), kidney (B), liver (C), serum (D), and urine (E).


Furthermore, high concentrations of RES (179.1 μmol/L) and its conjugates (145.3 μmol/L) were detected in urine (Figure 2E). It suggested that a large amount of RES+RES-conjugates was excreted through urine compared with DHR, LUN and their conjugates, which further supported the results shown in Figures 2A–D. Importantly, the relatively high concentrations of DHR and LUN in the bile should be noted which may be attributed to the reabsorption through the enterohepatic circulation (Figure 2A) (32).



Distribution of RES and Its Metabolites in GIT

Previous studies mainly focused on the distribution of RES metabolites in peripheral tissues but not in GIT, especially the colon. The extensive metabolism of RES resulted in the accumulation of RES metabolites in the GIT via efflux pump and bile secretion, where they might be subjected to substantial biotransformation by gut microbiota. For a better understanding of the dynamic metabolic fate of RES after oral consumption, we quantified the abundance of RES metabolites in both the digesta (inner content) and mucosa of different parts of GIT (stomach, small intestine, cecum and colon).

A considerable amount of RES was detected in the stomach digesta, as well as relatively lower levels of RES-conjugates, DHR, DHR-conjugates, LUN, and LUN-conjugates (Figures 3A,D). Conjugates in stomach digesta could attribute to the metabolizing ability of gastric tissue (33). The presence of DHR and its conjugates in the stomach digesta has been reported before by Azorin-Ortuno et al. (12), which was tentatively explained by the presence of microbial groups in the stomach. This may also explain the appearance of LUN and its conjugates in the stomach lumen. Besides, another pivotal reason for the presence of DHR, LUN and their conjugates in the stomach is coprophagia, by which mice obtained considerable amount of DHR and LUN from feces (34).
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FIGURE 3. Levels of RES metabolites in gastrointestinal digesta and tissues. Concentrations of RES, DHR, LUN, and their corresponding conjugates in digesta (A–C). Relative abundance of RES metabolites in digesta (D). The concentration of RES, DHR, LUN, and their corresponding conjugates in GIT tissues (E–G). Relative abundance of RES metabolites in GIT tissues (H).


Resveratrol, DHR, and LUN dominated (78.06%) in the stomach digesta (Figure 3D). However, once the digesta entered the SI, the concentrations of RES, DHR, and LUN showed a dramatic decline, meanwhile, their conjugates significantly increased to 80.81% of total RES metabolites (average of SI-1 to SI-4; Figure 3D). The substantial amount of conjugates in the SI digesta could be attributed to phase II enzymes that are rich in SI enterocytes and continuous influx of biliary conjugates through the enterohepatic circulation (12).

Intriguingly, when digesta moved from the last segment of SI (SI-4) to the cecum the relative abundance of RES-conjugates, DHR-conjugates, and LUN-conjugates decreased from 44.95, 12.98% and 29.15 to 3.56%, 4.83 and 2.17%, respectively (Figures 3A–D). When it further moved down to the colon, the relatively abundance of RES-conjugates, DHR-conjugates, and LUN-conjugates accounted for 0.73, 0.01, and 3.48% of the total metabolites, respectively (Figures 3A–D). Meanwhile, the relative abundance of their corresponding parent compound, RES, DHR and LUN, were dramatically increased to 6.22, 32.45, 57.10% in the colon. The cecum and colon host high diversity and density of gut microbiota, which may contribute to the process of deconjugate. A previous study reported that oral administration of RES-sulfate resulted in a detectable level of RES in the plasma, supporting the deconjugate process (35).

The distribution of RES and its metabolites in the GIT mucosa had a similar pattern with GIT digesta, as shown in Figures 3E–H. It is noteworthy that the overall concentration of RES and its metabolites were considerably lower in GIT mucosa compared to digesta. Interestingly, DHR and LUN, rather than RES, were the major metabolites detected in colonic mucosa, indicating DHR and LUN may significantly contribute to the health effects of RES in the colonic diseases.



The Role of Gut Microbiota in the Biotransformation of RES

Given the distinct metabolic patterns of RES in small intestine vs. large intestine, we hypothesized that gut microbiota plays an important role in the deconjugation of phase II metabolites and production of DHR and LUN in the cecum and colon. To appreciate the interindividual differences in the composition/function of gut microbiota, mice were individually caged. The metabolites of RES in urine were measured before and after antibiotic treatment in the mice. As shown in Figures 4A,B, all eight mice could transform RES to DHR with variation, while only three mice could produce LUN before antibiotic treatment. LUN was a trace metabolite in mice #2, which only account for <5% of the total metabolites. While DHR and its conjugates account for 84.75% of the metabolites in #2 mice (Figures 4A,B). In mice #6 and #8, LUN and its conjugates accounted for 44.48 and 68.82% of the metabolites in the urine, respectively. These results could attribute to the interindividual differences in gut microbiota. In the other five mice, RES-conjugates, DHR, and DHR-conjugates were major metabolites with variation in abundance (Figures 4A,B).
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FIGURE 4. Gut microbiota-mediated RES biotransformation. The concentrations of RES, DHR, LUN, and their conjugates in the urine before antibiotic treatment (A,B). The concentrations of RES, DHR, LUN, and their conjugates in the urine after antibiotic treatment (C,D). The concentration of RES, DHR, LUN, and their conjugates in SI digesta before and after anaerobic fermentation with mouse fecal bacteria (E). Three independent experiments were performed (E). Significant differences are indicated: *P < 0.05, **P < 0.01 (E). Mice were numbered as number (#) 1, #2, #3 …to #8 in our experiment, which was described in the text of “The Role of Gut Microbiota in the Biotransformation of RES”.


Our previous study showed that antibiotic treatment could decrease the abundance of mouse gut microbiota by more than 500 folds (36), therefore, diminish the metabolic function of gut microbiota. Herein, we showed that DHR, LUN, and their conjugates completely disappeared after 5 days of antibiotic treatment (compare Figures 4A–D). These results demonstrated that DHR and LUN were gut microbial metabolites of RES. These findings provided fundamental information on the metabolic pathway of RES after oral consumption in human. The pronounced interindividual differences in gut microbiota should be taken into account during the investigation of health-related effects of RES and other dietary compounds in the future. Moreover, it is important to understand the alteration of gut microbiota composition and its implications in the biotransformation of dietary compounds in the context of human health and diseases.

To establish the deconjugation role of gut microbiota, we incubated SI digesta collected from RES-fed mice, with gut bacteria obtained from mice fed with a regular diet to determine the levels of free- and conjugated-metabolites before and after the fermentation. After 48 h of anaerobic incubation, the conjugates RES-M, DHR-M and LUN-M completely disappeared and the abundance of RES, DHR and LUN increased (Figure 4E), which established the indispensable role of gut microbiota in the deconjugate reactions of RES-, DHR-, and LUN-conjugates. Importantly, after fermentation the concentration of DHR significantly enhanced compared to the sum of DHR and DHR-conjugates before fermentation (P < 0.01, Figure 4E). Meanwhile, the concentration of RES after fermentation was dramatically decreased compared to the total of RES and RES-conjugates before fermentation (P < 0.05, Figure 4E). Above observations indicated that RES could be transformed to DHR by gut microbiota, which was consistent with previous studies and our results in Figures 4A–D (20). The concentration of LUN at 48 h was comparable to the levels of LUN + LUN conjugates before fermentation (Figure 4E), suggesting RES was not converted to LUN in our experimental conditions. Multiple factors, including limited microbial strains could produce LUN (Figures 4A,B), LUN-producible strains were not culturable in vitro and LUN might be further transformed to other metabolites that have not been identified, could explain the lack production of LUN (20). Based on the above results, the proposed metabolic fate of resveratrol was summarized in Figure 5.
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FIGURE 5. Proposed metabolic pathway of RES. Solid arrows in black indicated metabolism conducted by digestive enzymes. Solid arrows in blue indicated the involvement of gut microbiota. Arrows in dashed lines represented speculated metabolic paths.




DHR and LUN Showed Stronger Anti-cancer and Anti-inflammatory Effects Than RES at Physiological Concentrations

Based on the readout in Figures 2, 3, a limited amount of RES could be detected across the tissues and biological fluids, which encourages the further characterization of the biological activities of RES metabolites. Previous studies revealed that the phase II metabolites of RES such as RES-3-O-sulfate and RES-3-O-gucuronide only exhibited moderate bioactivities (37, 38). Therefore, we focused on illustrating the bioactivities of two gut microbiota-derived metabolites, DHR and LUN, in this study. RES exhibited protective effects in colitis and renal diseases (2, 8). Meantime, considerable amount of DHR and LUN were detected in the kidney and colon (Figures 2, 3). Thus, the chemopreventive effects of DHR and LUN were examined in renal and colonic cancer cell lines. To establish the protective effects of RES and its metabolites in a physiologically relevant manner, we deliberately used the concentrations found in these tissues to determine their bioactivities.

Since RES was not detectable in the kidney, the renal protective effects of RES inevitably pointed to its metabolites. A498, a “classical” human renal carcinoma cell line, is widely used as a model of clear cell renal cell carcinoma (ccRCC) (39). 786-O, with the phenotype of ccRCC, is the primary cell line that is most commonly used in renal carcinoma-focused research (38). These two cell lines were adopted to evaluate the anti-proliferative and anti-clonogenic effects of DHR and LUN at renal relevant concentrations as indicated in Figure 2B. Four levels of DHR, LUN, and DHR + LUN were used at 0.5, 0.75, 1, and 1.5×. Concentration at 1× was equivalent to the concentrations (DHR: 14.3 nmol/g; LUN: 53.6 nmol/g) found in kidney tissues (Figure 2B). Concentrations at 0.5, 0.75, and 1.5× were half, three quarters and one and half times of the concentrations of RES metabolites at 1×, respectively. As shown in Figures 6A,B, LUN, but not DHR, inhibited the proliferation of both 786-O and A498 cells in a dose-dependent manner. LUN showed stronger inhibitory effects than DHR in both 786-O and A498 cells at tested concentrations above 0.75× (P < 0.05). LUN caused 15.6, 16.5, 18.2 and 25.4% of inhibitions on 786-O cells at 0.5, 0.75, 1 and 1.5×, respectively (Figure 6A). The combination of DHR and LUN produced stronger inhibitory effects at a concentration of 1×, treatment of DHR+LUN caused 23.2% (P < 0.05) death of 786-O cells (Figure 6A). A498 and 786-O cells were also subjected to colony formation assay at the 1× concentration. The colonies were scanned and counted as shown in Figures 6C,D (Supplementary Figure S1). LUN, but not DHR, significantly inhibited the clonogenic formation of A498 and 786-O cells by 43.38 and 48.44%, respectively (P < 0.01). A combination of DHR and LUN exhibited stronger inhibitory effects than LUN alone in 786-O (P < 0.01, Figure 6C). As shown in Figures 6C,D, DHR + LUN suppressed the colony formation by 54.15 and 62.03% in A498 and 786-O cells, respectively. These results suggested that the renal protective effects of RES were attributed to its gut microbiota-derived metabolites (DHR and LUN) in the kidney.
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FIGURE 6. Anti-proliferative and anti-clonogenic effects of DHR and LUN in renal carcinoma cell lines at tissue-relevant concentrations. Anti-proliferative effects of DHR and LUN in 786-O (A) and A498 (B) renal carcinoma cells. Anti-clonogenic effects of DHR and LUN in 786-O (C) and A498 (D) cells. Three independent experiments were conducted. Data presented as mean ± SEM. Significant differences are indicated: *P < 0.05, **P < 0.01.


To establish anti-colonic cancer potential of DHR and LUN, we determined their anti-proliferative and anti-clonogenic effects on two widely used human colon cancer cell lines (HCT-116 and HT-29) at the concentrations found in the mouse colonic tissues (Figure 3). Treatment of 1× stood for concentrations measured in the colonic tissue, that was, 4.3 nmol/g of RES, 42.8 nmol/g of DHR, and 60.5 nmol/g of LUN. At the tested concentrations, RES did not show any biological effects in all cell types (Figure 7). DHR showed a tendency to suppress the proliferation of HCT-116 cells but did not achieve statistical significance. LUN profoundly inhibited the proliferation of HCT-116 cells at concentrations higher than 1× compared to RES (P < 0.01). Markedly, DHR+LUN together showed stronger inhibitory effects than DHR and LUN alone at 1.0×. Compared to 8.2 and 12.7% of inhibition induced by DHR and LUN, DHR+LUN inhibited cell growth by 24.8% (P < 0.01) at a concentration of 1.0× (Figure 7A). The combination of all three compounds (RES + DHR + LUN) exerted the strongest inhibition, however, it was marginally greater than that produced by a combination of two metabolites (DHR + LUN). This finding further demonstrated the meager contribution of RES itself to its in vivo protective effects against colon cancer. It is noteworthy that at the concentration of 1.5×, DHR + LUN+RES showed no significant inhibition of the growth of normal human colon CCD-18Co cells (Supplementary Figure S2A). This result indicated that cytotoxic effects of RES, DHR, and LUN were cancer cell specific.
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FIGURE 7. Anti-proliferative, anti-clonogenic, and anti-inflammatory effects of RES, DHR, and LUN at the colonic tissue levels. Anti-proliferative effects of RES, DHR, and LUN on HCT-116 cancer cell line (A). Anti-clonogenic effects of RES, DHR, and LUN on HT-29 cancer cell line (B). The inhibition of RES, DHR, and LUN on NO production in LPS-stimulated RAW264.7 macrophages (C). Inhibitory effects of DHR, LUN, and their combination on LPS-induced SEAP production in HEK™ mTLR-4 cells (D). Three independent experiments were conducted. Data presented as mean ± SEM. Significant differences are indicated: *P < 0.05, **P < 0.01.


HT-29 cells were subjected to different treatments at 1×. After 12 days of incubation, the colonies were photographed and quantified as shown in Figure 7B and Supplementary Figure S2B. The numbers of colonies formed followed the order of RES ≈ DHR > LUN > DHR + LUN > RES + DHR + LUN. RES and DHR alone at tested concentration did not show significant effects on colony formation. Compared to DHR alone, treatments of LUN, DHR + LUN, and RES + DHR + LUN restricted the clonogenic survival of HT-29 cells by 35.2, 45.0, and 56.7%, respectively (P < 0.05; Figure 7B). These results indicated that RES metabolites might play more vital roles in inhibiting colon cancer cells than RES itself in the colonic tissue after oral consumption of RES.

Besides the anti-proliferative and anti-clonogenic effects, RES metabolites also exerted a stronger anti-inflammatory ability than RES at the colonic concentrations (Figure 7C). LUN showed a dose-dependent inhibition on LPS-induced NO production (an important inflammatory mediator) by 14.2, 21.6, 28.3, and 38.2% at 0.5, 0.75, 1, and 1.5×, respectively (P < 0.01). Overall, DHR did not produce a significant anti-inflammatory effect, which was consistent with the previous study (36). The combined treatment of DHR and LUN caused a significant decrease in the production of NO compared with LUN alone (P < 0.05) at concentrations above 1×. The combination of all three compounds (RES, DHR, and LUN) did not produce stronger inhibitory effects in comparison with the combination of DHR and LUN (Figure 6C), suggesting DHR and LUN rather than RES were more important in anti-inflammatory activities in the colon.

To gain further understanding of the anti-inflammatory signaling pathway, we employed mTLR-4 cells to examine if DHR and LUN suppressed inflammation via regulating TLR-4 mediated NF-κB pathway. Stimulation of mTLR-4 cells with a bacterial toxin LPS activated NF-κB and activator protein 1 (AP-1), which induces the production of SEAP. As shown in Figure 7D, a single treatment of LUN at all tested concentrations caused a significant dose-dependent inhibition of SEAP production compared to RES alone (P < 0.01). Furthermore, cotreatments with serial concentrations of DHR + LUN resulted in suppression of SEAP production by 25.4, 40.6, 51.5, and 75.6% at 0.5, 0.75, 1, and 1.5×, respectively. The involvement of RES strengthened the inhibitory effects of DHR + LUN on SEAP expression but was not statistically significant at lower concentrations (0.5 and 0.75 ×; Figure 7D). Further analyses are required to clarify the specific molecular mechanisms of the anti-inflammatory effects of DHR and LUN. It should be noted that RES exhibited stronger inhibitory effects on cancer cell lines (37) and NO production than DHR and LUN at the same concentration. However, this dose range of RES is not achievable in our in vivo feeding study (Supplementary Figure S2C).

Overall, our results demonstrated that LUN exhibited stronger biological activities compared to RES at tissue-relevant levels. DHR alone showed moderate bioactivities in almost all tested cell models. While the combination of DHR and LUN often displayed stronger beneficial effects compared with LUN and DHR alone, suggesting potential synergistic effects that are worth to be investigated in the future. By using physiological relevant concentrations, our study strongly supported that DHR and LUN contributed a great portion of the beneficial effects of RES in renal and colonic diseases. The biological effects of DHR and LUN in renal and colonic diseases need to be validated in vivo in the future, which may provide preventative or therapeutic strategies for patients unresponsive to RES due to the lack of proper gut microbial strains.




CONCLUSION

The present study systemically elucidated the dynamic biotransformation of RES by focusing on its metabolic fate in the GIT. Eleven metabolites of RES have been successfully identified. The conjugates of RES, DHR, and LUN were dominantly distributed in the SI and largely deconjugated back to their parent compounds in the lower GIT by gut microbiota. Moreover, our antibiotic-treated mouse experiment concluded that DHR and LUN were produced by gut microbiota. Importantly, DHR, LUN, and their combination exerted stronger anti-proliferative and anti-inflammatory effects in the renal and colonic cell lines, at concentrations achievable in these tissues, suggesting that DHR and LUN may significantly contribute to the chemopreventive properties elicited by RES in the kidney and colon. Overall, our findings provided a solid scientific basis for understanding the health effects of RES from the perspective of biotransformation and are of great value for future research on RES in the prevention and treatment of renal and colonic diseases in humans.
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Xylitol-Containing Chewing Gum Reduces Cariogenic and Periodontopathic Bacteria in Dental Plaque—Microbiome Investigation
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Background: Dental caries and periodontal disease remain the most prevalent oral health problems in the world. Chewing xylitol gum may help reduce the risk of caries and periodontitis for dental health benefits. However, little evidence has shown healthy food estimation by sequencing 16S rDNA in oral microbial communities. This study investigated the clinical effect of xylitol chewing gum on dental plaque accumulation and microbiota composition using the PacBio full-length sequencing platform in 24 young adults (N = 24). The participants were randomly assigned to xylitol chewing gum and control (no chewing gum) groups. Participants in the chewing gum group chewed ten pieces of gum (a total of 6.2 g xylitol/day). Dental plaque from all teeth was collected for weighing, measuring the pH value, and analysis of microbial communities at the beginning (baseline, M0) and end of the 2-week (effect, M1) study period.

Results: The results suggested a 20% reduction in dental plaque accumulation (p < 0.05) among participants chewing xylitol gum for 2 weeks, and the relative abundance of Firmicutes (a type of pathogenic bacteria associated with caries) decreased by 10.26% (p < 0.05) and that of Bacteroidetes and Actinobacteria (two types of pathogenic bacteria associated with periodontitis) decreased by 6.32% (p < 0.001) and 1.66% (p < 0.05), respectively. Moreover, the relative abundance of Fusobacteria was increased by 9.24% (p < 0.001), which has been proven to have a higher proportion in dental plaque of healthy adults. However, the dental plaque pH value stayed in a healthy range for the two groups.

Conclusion: In conclusion, chewing xylitol gum would benefit cariogenic and periodontal bacterial reduction in the oral cavity, which could help to prevent the diseases related to these bacteria.

Keywords: oral microbiota, oral health and hygiene, dental plaque, dental caries (DMFT), 16S rDNA sequencing analysis, xylitol gum, periodontal health, periodontopathic bacteria


INTRODUCTION

Dental caries and periodontal disease are the most prevalent oral problems in humans, and each one alone can lead to tooth loss. The World Health Organization (WHO) has indicated that almost all adults and over 60% of children have dental caries (1). The occurrence of caries from clinical research is higher in patients with diets of high carbohydrate intake and lower saliva production, and cariogenic microorganisms adhere to the biofilm on the tooth surface. These factors can process hard tissue minerals over time and destroy their organic components (2). For example, Streptococcus is considered a highly cariogenic bacterium capable of this destruction (3, 4). Many assessments can evaluate the oral health status, such as the weight of dental plaque (5), microbial community (6), pH value of dental plaque (7), and colonization measurement of specific cariogenic bacteria (8, 9).

Xylitol is a 5-carbon sucrose substitution (C2H12O5, molecular weight: 152.15 g/mol) derived from beechwood, also found naturally in small amounts inside strawberries and cauliflowers (10). This natural sugar is accepted as a safe substance to reduce dental caries risks (11). Xylitol can disrupt energy production process (EPS) of cariogenic microorganisms and decrease acid production from bacterial fermentation and bacterial adherence ability on teeth surfaces (12). Chewing gum is one of the most ubiquitous products around the globe, with a world market fabrication of more than 560,000 tons annually (13). Xylitol gum has been proven to have many advantages, such as stimulating saliva flow, increasing the pH value, and eliminating food debris and dental plaque easily (14, 15). In the last decades, the Food and Drug Administration (FDA) and European Food Safety Authority (EFSA) have approved Xylitol consumption as part of a balanced diet (16, 17). Different researchers have studied the inhibition of cariogenic bacteria levels and the reduction in dental plaque accumulation after short-term (18–20) and long-term (12) usage of xylitol gum in many clinical studies. Previous clinical findings have indicated that the effective dose of xylitol is over 5–6 g per day with a chewing time of at least 5 min to significantly decrease the risk of caries (21). Additionally, a higher dose of xylitol does not have any additional improvement; instead, it may cause side effects such as diarrhea (22). However, few studies have investigated whether chewing xylitol decreases oral inflammation and changes the oral microbiota through third-generation sequencing technology.

Oral microbiota research has been conducted for diagnosis in the last decade. Comprehensive genomic profiling in dental caries using supragingival plaque has been investigated in children and elderly patients using next-generation sequencing (NGS) technology (23, 24). Streptococcus was found to be significantly increased in dental caries. However, the difficulty from previous studies was short-length read assembly with lower resolution despite the lower cost (25). The PacBio platform involves third-generation sequencing (PacBio SMRT; Pacific Biosciences of California, Inc., Menlo Park, CA, United States) for accurate analysis with the longest read lengths in microbial communities (26, 27). The error rate can be effectively reduced to 1% by single-molecule circular consensus sequencing (28).

Although several xylitol-related clinical experiments have been performed, there have not been many comprehensive investigations of the oral microbiota among young adults using a strict protocol (29, 30). In this study, we hypothesized that xylitol could influence cariogenic and periodontopathic bacterial growth in the oral cavity, which could later influence the oral microbiota. A randomized controlled trial (RCT) was designed to investigate microbiota changes using PacBio platform third-generation sequencing in young adults after chewing xylitol gum and those who did not chew gum for 2 weeks.



MATERIALS AND METHODS


Participant Screening and Recruitment

For initial screening, each 2 (mL) of saliva was collected from 100 volunteers. The sample was first diluted 50-fold with phosphate-buffered saline (PBS) and further diluted 10-fold serial dilution for several times. Afterward, 50 μl of diluted saliva was plated on Mitis Salivarius-Bacitracin (MSB) agar and incubated for 3 days in an anaerobic chamber (37°C, 5% CO2 plus 95% N2) following bacterial colony counts. The volunteers were required to have at least 105 CFU/mL S. Mutant colonization in the saliva, representing a high risk for dental caries (31).

After screening, we found 24 young adults (N = 24) participants were qualified for the study. All participants had more than 20 teeth, provided written informed consent, and were asked not to take any medication for 3 days before the experiment. Participants were excluded if they had a systemic disease or conditions (e.g., diabetes, cancer, cardiovascular disease), localized pain (e.g., localized abscess, localized infection), pregnant women, habitual consumers of xylitol-containing products, smoking, or alcohol. The decayed, missing, and filled teeth (DMFT) index was calculated, and full mouth scaling was offered 2 weeks prior to the baseline stage for clinical examination.

Subsequently, baseline (M0) and effect (M1) dental plaque samples were collected for further examination. The flowchart is shown in Figure 1. The protocol was approved by the Taipei Medical University Joint Institutional Review Board (Approval No. N201910042) and followed the guidelines of the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement. All participants were randomly assigned into one of two groups after baseline measurement.


[image: image]

FIGURE 1. Sample collection flowchart and investigation schedule for subjects. After the initial washout period, participants were randomly assigned into one of two groups (Control with no-gum chewing, xylitol gum). Supragingival dental plaque was collected at baseline and 2 weeks after the treatment period for assessment. The questionnaire was shown in Supplementary Table 1.




Chewing Gum Selection

Xylitol gum (King Car Industrial Co., Ltd., Taipei, Taiwan) contained 0.62 g/pellet of xylitol, and the gum base included mint flavoring, soy lecithin, glycerin, titanium dioxide, and carnauba wax. The chewing gum was labeled with a letter on the package to differentiate between them.



Study Protocol

Each participant was requested to allocate 1 month for this clinical study and use the same brand of toothpaste throughout the study period. In addition, the use of mouthwash and other xylitol-related products during this period was forbidden. After the washout period, subjects were randomly classified into one of two groups: a control group (no gum chewing) and xylitol gum chewing group. All subjects received a 2-week “washout period” during which no gum was chewed after full mouth scaling, followed by a 2-week treatment period. The subjects in the chewing gum group were asked to chew two pieces per time, five times every day, and at least 5 min for each chewing (30). The subjects in the control group were requested to brush twice a day, using the same brand of fluoride-containing toothpaste as the chewing gum group, but without chewing any gum during the whole period. The assessment of the effect on dental plaque was recorded after a 2-week trial.



Sample Collection

The total period of this study was 4 weeks. For the baseline (M0) and effect (M1) examinations, subjects were asked to refrain from the following: brushing their teeth for at least 48 h, eating at least 6 h before the examination, and drinking at least 2 h before the examination. Gracey curettes were used to collect the supragingival plaque from all teeth of each subject without activating it on the tooth’s buccal and lingual/palatal surfaces. Curettes were sterilized before use, and the samples were stored in a sterile Eppendorf tube for further analysis. After the sampling was completed, the sample was labeled according to the grouping. Supragingival plaque samples were analyzed for weight, pH value, and 16S rDNA full-length sequencing.



Experimental Design

This study mainly followed the “Estimate the Health Food Effect for Dental Health” guidelines, which were released by the Ministry of Health and Welfare (MOHW) (31). Changes in dental plaque accumulation, pH value, and 16S full-length rDNA sequencing were assessed for the effects on subjects’ dental health. At baseline (M0) and 2 weeks after baseline (M1), the dental plaque from all teeth of each subject was collected, weighed for plaque accumulation, and measured for pH value. The dental plaque weight was evaluated using a digital electronic microbalance, and the pH value was determined using a micro pH electrode (Orion Model 9863BN, Thermo Scientific, Chelmsford, MA, United States) to estimate the caries susceptibility.

For 16S rDNA full-length amplicon sequencing with the PacBio SMRT sequencing platform, plaque was extracted and prepared according to the manufacturer’s protocol of the GenElute™ Bacterial Genomic DNA Kit (Sigma-Aldrich, St. Louis, MO, United States). The final DNA solution from this sample was collected with an elution solution (10 mM Tris–HCl, 0.5 mM EDTA, pH 9.0) for further sequencing. The full-length 16S rDNA sequence was amplified using the bacterial-specific universal PCR primers 27F and 1492R according to the manufacturer’s instructions. The raw reads were processed using pbccs (v.3.4.0) in SMRT Link Analysis v6.0.0, which generated consensus sequences with low error rates. Sequences for each sample were processed using the software package QIIME version 1.9.0 (32). To avoid possible sequencing errors, operational taxonomic unit (OTU) picking was performed using mothur v.1.39.5 with 97% identity (33). Chimeric sequences were identified using UCHIME v4.2 with the Gold database and made OTU table (34). The microbial diversity analyses of our samples were based on the Human Oral Microbiome Database (HOMD) v15.2 using QIIME.

We chose IBM SPSS, version 19 (IBM Co., Armonk, NY, United States) for further statistical analysis and compared the difference between effect and baseline assessments in each group. The effect of the gum was assessed using the Student’s t-test or Wilcoxon test. The microbial community analyses from the OTUs were performed using the Kruskal–Wallis test and Wilcoxon test, when appropriate.




RESULTS

The background and dental information from all participants are shown in Table 1. There were 13 subjects in the xylitol gum group and 11 subjects in the control group. The average participants’ age range was 23–25 years, and the DMFT index ranged from 9 to 10. Age and DMFT index were not significantly different between the two groups because the present study is a randomized clinical trial. The demographics and specific information of participants were listed in Supplementary Table 2.


TABLE 1. Characteristics of participants from the control and xylitol gum groups.

[image: Table 1]
The average dental plaque weight, pH value, unique tags, Good’s coverage, and alpha diversity are shown in Table 2. At least 10,000 effective unique tags were classified into OTUs, and 99.0% of Good’s coverage remained in all groups (Supplementary Table 3). Thus, the sequencing depth was sufficient to recover the oral bacterial communities. Interestingly, the present data showed that chewing xylitol gum for 2 weeks (at M1) resulted in a 19% significant reduction in dental plaque weight (p < 0.05), while controls had an increase of 7%. In addition, the Shannon diversity index of the microbiota in the xylitol gum group significantly decreased after the trial due to the reduction in pathological microorganisms (p < 0.05), but no significant difference was observed in the effects in the control group. The effect on plaque samples in the xylitol gum group was reduced weight. A smaller amount of dental plaque was presented with a small taxonomically diversity than the control group. However, the average pH value in both groups remained within the healthy range with no significant change before and after the study period.


TABLE 2. Average dental plaque weight, pH value from the two groups at M0 and M1, respectively.
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Figure 2A shows the histogram of the relative abundance of oral bacterial phyla at M0 and M1 for the two groups. In the control group, the fluoride-containing toothpaste effect decreased the average abundance of Firmicutes and Bacteroidetes from 20.14 and 28.49% at baseline to 13.02 and 22.62%, respectively. The average abundance of Proteobacteria slightly increased from 19.80 to 23.89%, and that of Fusobacteria significantly increased from 19.12% at baseline to 27.28% after 2 weeks (p < 0.05). The results from the control group indicated that regular tooth brushing with fluoride-containing toothpaste and improved oral hygiene behaviors would have a slightly beneficial effect on dental health.
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FIGURE 2. The average profile of OTUs of oral dental plaque at the phylum level at M0 and M1 from the (A) control group and (B) xylitol gum group.


In Figures 2B, 3, the xylitol gum group shows a decrease in oral Firmicutes, and Bacteroidetes from 19.28 and 29.90% to 9.02 (p < 0.05) and 23.58% (p < 0.001), respectively. Notably, the average abundance of Actinobacteria was significantly decreased by 1.66% after 2 weeks of chewing xylitol gum (p < 0.05). The average abundance of Fusobacteria was increased by 6% after 2 weeks in the xylitol gum group (p < 0.001). The xylitol group had a significant increase (p < 0.001) in the relative abundance of Fusobacteria compared to that in the control group (p < 0.05).
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FIGURE 3. Comparison of relative abundance at the phylum level from the xylitol gum group at M0 and M1; *p < 0.05, and ***p < 0.001 respectively, using Wilcoxon’s test.


In addition, the cariogenic and periodontopathic bacteria at the family or genus level from the xylitol gum group are shown in Figures 4, 5. This result indicated a significantly decreased tendency of Streptococcus (p < 0.05), Lautropia (p < 0.01), and Abiotrophia (p < 0.05) (nutritionally variant streptococci), all of which are related to dental caries. Additionally, a lower abundance (p < 0.05) of Prevotellaceae, Porphyromonas, and Actinomyces after 2 weeks of chewing xylitol gum was observed, these bacteria are associated with periodontal disease. In more detail, the result of the major species-level bacterial community from control and xylitol groups were listed in Table 3. Taxa detected periodontopathic bacteria of Actinomyces spp., Actinomyces gerencseriae, Actinomyces meyeri, Actinomyces odontolyticus, Porphyromonas sp., Alloprevotella sp._HMT_914, Porphyromonas spp., Porphyromonas sp._HMT_278, Fusobacterium periodonticum were significantly decreased in xylitol gum group than control group. Similarly, cariogenic microorganisms of Abiotrophia defective, Streptococcus anginosu, Streptococcus gordonii, Streptococcus intermedius, Streptococcus oralis, Streptococcus salivarius, Lautropia mirabilis were also decreased in xylitol gum group. These results indicated that only chewing xylitol gum exerts a suppressing effect on both cariogenic and periodontopathic microorganisms in the oral cavity after 2 weeks of use.
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FIGURE 4. Comparison of the relative abundance of cariogenic bacteria at the family or genus level from the xylitol gum group at M0 and M1; *p < 0.05, **p < 0.01, respectively, using Wilcoxon’s test.
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FIGURE 5. Comparison of the relative abundance of periodontopathic bacteria at the family or genus level in the xylitol gum group at M0 and M1; *p < 0.05, respectively, using Wilcoxon’s test.



TABLE 3. Detection selected abundance of Abiotrophia, Actinomyces, Porphyromonas, Alloprevotella, Porphyromonas, Streptococcus, Fusobacterium, and Leptotrichia species carried by control and xylitol groups.
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To account for individual physiological differences, the relative change index (%, effectiveness/baseline) from oral bacteria was calculated for the xylitol gum and control groups. Figure 6 shows a significant relative change (P < 0.05) for these two groups, which indicates that chewing xylitol gum significantly suppressed the growth of Bacteroidetes compared to that of the control group.
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FIGURE 6. Comparison of the relative change in Bacteroidetes in the control and xylitol groups. The value of abundance of Bacteroidetes for M1 was divided by M0. Error bars indicate the interquartile values, and the dashed line represents the baseline (M0/M0 = 1); “*” indicates p < 0.05 when compared with the baseline using the two-tailed Wilcoxon test.


In Figure 7A, a linear discriminant analysis effect size-based taxonomic cladogram depicts successive circles that represent a phylogenetic level and a linear discriminant analysis (LDA) bar graph. The brightness of each dot is proportional to its effect size, and each LDA bar length was represented by a log10 transformed LDA. The taxa that met a significant LDA threshold value of >| ± 3| are shown. Only the species in the family Fusobacteriaceae were enriched in the control group (Figure 7A). The species in the phylum Firmicutes, phylum Bacteroidetes, phylum Fusobacteria, class Burkholderiaceae, class Fusobacteriia, and genus Lautropia were enriched in the xylitol gum group (Figure 7B). Similarly, Figure 8 shows a region of oral health distribution by confidence ellipses plotting the total cariogenic, periodontopathic bacteria and dental plaque accumulation. After 2 weeks of chewing xylitol gum (Figure 8A), most of the dots are found in the lower left area representing the effectiveness of xylitol inducing less dental plaque, and less total bacteria count. On the other hand, a slight change after 2 weeks in control group (Figure 8B).
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FIGURE 7. The main abundant taxa that differed before treatment (M0, baseline) and after the 2-week follow-up (M1) in the taxonomic cladogram based on Linear discriminant analysis effect size (LEfSe) analysis and its LDA score from the (A) control group (B) xylitol gum group.
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FIGURE 8. A scatter plot showing the distribution between dental plaque accumulation and a total of cariogenic and periodontopathic bacteria among the (A) Xylitol and (B) Control group, showing the confidence ellipses (51). Total of cariogenic and periodontopathic bacteria and dental plaque accumulation are plotted on the horizontal and vertical axes, respectively. Each blue dots represent baseline (M0), and the orange dots represent M1.




DISCUSSION

Over the years, humans have consumed various products for pleasure and health, including chewing gum (35). For decades, dentists discouraged the use of chewing gum due to sucrose additives. However, evidence showed that chewing gum would promote enamel remineralization by stimulating saliva flow and increasing plaque pH (36, 37). Chewing gum can be easily found with non-sugar sweeteners such as xylitol. The present study investigated the effect of xylitol chewing gum on dental plaque accumulation and its microbiota composition using the PacBio sequencing platform in 34 young adults. All subjects recruited in the study had a similar taxonomic composition when comparing the number of caries, missing teeth, and the DMFT index (Tables 1, 2). Notably, chewing xylitol gum was significantly reduced the weight of dental plaque and the abundance of pathogenic bacteria compared to the control group (Table 2 and Supplementary Table 2). Our results revealed a statistically significant difference in the plaque weight in the xylitol gum group (19% reduction) compared to the control group (p < 0.05). Moreover, subjects in the control group had 7% higher dental plaque weight than their baseline (Table 2). The increased dental plaque weight indicated a higher number of bacteria adhere to the tooth surface and the posterior biofilm formation that led to dental caries and periodontal disease.

The caries process comprises acidogenic and aciduric bacteria that are responsible for lowering the pH value and subsequent destruction of the hydroxyapatite matrix in enamel and dentine (38). In the present study, chewing xylitol gum decreased the abundance of Streptococcus, Lautropia, and Abiotrophia (nutritionally variant Streptococci) (Figure 4). These cariogenic microorganisms are associated with the cause or progression of the dental lesion (39). In the present study, Streptococcus levels had a statistically significant decrease (p < 0.05) between baseline and 2 weeks after the xylitol gum trial, which could prevent caries initiation or progression. This seemed to be related to the reduction of sucrose, increase in salivary flow and tooth surface self-cleaning during mastication. Xylitol’s benefits can lead to a significantly lower total bacterial percentage can be seen as early as a 2-days experimental duration according to a study published in 2018 (40). In their study, researchers have also found an effect of xylitol-containing chewing gum on the oral microbiota, but no significant difference was observed in the overall composition of the salivary microbiota between the baseline and follow-up samples of the two groups, including participants aged 19–52 years with a DMFT index from 0 to 24. In addition, the pH value of the dental plaque from our results was still considered healthy after 2 weeks, which showed 6.50 and 6.21 pH levels, respectively.

To the best of our knowledge, not only caries (41) but also patients with periodontitis (42, 43) have higher abundance levels of Bacteroidetes than healthy individuals. In the present study, only the xylitol gum group reduced the abundance of Actinobacteria (Actinomyces spp., A. gerencseriae, A. meyeri, A. odontolyticus), Prevotellaceae, and Porphyromonas (Porphyromonas spp., P. sp._HMT_278), but this reduction was not observed in the control group (Figure 3). The same tendency was previously described by He et al. (41) in their taxonomic and functional analyses of the supragingival microbiome from caries-affected and caries-free hosts. Their study also found that the family Prevotellaceae had a higher relative abundance in the supragingival dental plaque of caries patients, although the difference was not statistically significant (41). Importantly, the average abundance of Prevotellaceae (P. intermedia, P. nigrescens, P. oulorum, P. veroralis) in our study decreased at the family and species levels after subjects chewed xylitol for 2 weeks (Figure 5 and Table 3). This evidence suggests that the effectiveness of xylitol can reduce dental plaque and relieve gingival inflammation. Xylitol has only been reported to inhibit the gene expression of the inflammatory cytokines TNF-α and IL-1β in in vitro studies (44). Therefore, our result of xylitol’s clinical effect in microbiota suggests that chewing xylitol gum may have not only a potentially positive anti-inflammatory effect in the oral cavity but also bacteria inhibition growth, which was not previously investigated in human studies through high-throughput 16S rDNA full-length amplicon sequencing (45, 46). These data provide valuable insights into preventing oral infections such as caries and periodontal diseases by chewing xylitol gum.

The PacBio sequencing platform was used to estimate the mean percentage of supragingival plaque microbiota from each group. Our study found that only had Fusobacterium significantly increased in the control group. The average abundance of Firmicutes, Bacteroides, and Actinobacteria significantly decreased, while that of Fusobacterium significantly increased in the xylitol gum group. Similar studies have also suggested that Fusobacterium and Pasteurellaceae constituted a higher proportion of dental plaque in healthy adults (47, 48). According to our present findings, only xylitol gum had a beneficial effect on dental health. The xylitol effectiveness was evaluated to reveal its clinical advantages in the preventive oral health approach. Whereas the control group did not experience any significantly higher tendency of caries and periodontal disease. These findings can be related to the longer study period, and our study participants were recruited between ages 20–30 years with high DMFT levels. Referencing the different findings among previous studies (49) and our study, the level of the DMFT index might be related to the detectability of the benefits from chewing xylitol-containing gum. The higher the DMFT level, the more significant the clinical effect of xylitol in decreasing cariogenic and periodontopathic bacteria in dental plaque. In subjects with good oral hygiene, xylitol gum will have the same benefits for reducing the risk of caries as conventional chewing gum, such as medical reasons including halitosis and xerostomia reduction, aid to digestion, and psychological help like nervous tension relief (35). Last, the Firmicutes/Bacteroidetes (F/B ratio) value from all groups was less than one, which indicates no intense dysbiosis or inflammatory reaction during the study (50).

This study employed the full-length of a 16S rDNA PacBio SMRT sequence to evaluate the effectiveness of chewing gum for short-term use. This result indicated that xylitol gum had an excellent anti-cariogenic and anti-periodontopathic clinical effect based on oral microbiota modulation. However, there are still some limitations that could be improved in the future. First, a longer-term treatment over 1 month of observation was not performed in this study. Second, this method preserves the significance of differences in abundance from microbial communities. However, the increased sensitivity for specific bacteria should still be used in the traditional approach (i.e., laboratory culture-based colonization of selective media). Finally, adverse effects on the TMJ, jaw muscle pain, and even though none of the participants had diarrhea, it may occur with excessive chewing of xylitol gum (22).



CONCLUSION

In conclusion, our study showed statistically significant differences in dental plaque accumulation and associated microbial communities after chewing xylitol gum, as determined by the PacBio SMRT sequencing platform. The results showed that dental plaque accumulation decreased due to bacterial adherence, the relative abundance of cariogenic bacteria such as Streptococcus, Lautropia, and Abiotrophia and that of periodontopathic bacteria such as Porphyromonas, Actinomyces, and Prevotellaceae bacteria were significantly decreased by daily chewing of xylitol gum (intake of 10 pellets for a total of 6.2 g xylitol/day) for 2 weeks. Xylitol gum appeared to reduce the likelihood of caries and the development of periodontal disease by limiting bacterial growth. Based on our findings, no similar studies have employed third-generation sequencing technology, which could be used in future studies for more precise results.
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Background: Ulcerative colitis (UC) is an inflammatory bowel disease that causes inflammation and ulcers in the digestive tract. Approximately 3 million US adults suffer from this disease. Mesalazine, an anti-inflammatory agent, is commonly used for the treatment of UC. However, some studies have demonstrated side effects of mesalazine, such as acute pancreatitis and hypereosinophilia. Therefore, a better understanding of the anti-inflammatory mechanism of mesalazine in UC could help improve the effectiveness of the drug and reduce its side effects. In this study, we used a dextran sodium sulfate-induced UC mouse model, and applied network pharmacology and omics bioinformatics approaches to uncover the potential pharmaceutical targets and the anti-inflammatory mechanism of mesalazine.

Results: Network pharmacology analysis identified the core targets of mesalazine, biological processes, and cell signaling related to immunity and inflammatory responses mediated by mesalazine. Molecular docking analysis then indicated possible binding motifs on the core targets (including TNF-α, PTGS2, IL-1β, and EGFR). Metabolomics and 16S metagenomic analyses highlighted the correlation between gut microbiota and metabolite changes caused by mesalazine in the UC model.

Conclusions: Collectively, the omics and bioinformatics approaches and the experimental data unveiled the detailed molecular mechanisms of mesalazine in UC treatment, functional regulation of the gut immune system, and reduction of intestinal inflammation. More importantly, the identified core targets could be targeted for the treatment of UC.

Keywords: ulcerative colitis, mesalazine, metabolomics, metagenomics, biomarkers


INTRODUCTION

Inflammatory bowel diseases (IBD), mainly comprising ulcerative colitis (UC) and Crohn's disease, are complex multifactorial diseases (1). UC, a condition characterized by inflammation and ulceration of the colon and rectum, is a risk factor for colorectal cancer (2). The etiology of UC onset is complicated, and can be caused by complex synonym such as immune, genetic, environmental, and infection synonym (3). Epidemiological data indicate that due to changes in modern dietary habits, the incidence of UC has increased worldwide in recent years (4). According to the data from the Centers for Disease Control and Prevention in 2015, ~3 million US adults suffer from Crohn's disease or UC. More importantly, the number of diagnosed cases has increased significantly since 1999 (5). Recent studies have demonstrated that the occurrence and development of UC is closely related to disturbances in the intestinal flora. Intestinal bacteria play a regulatory role in maintaining gut homeostasis (6). Studies have shown that colonic bacteria in patients with UC can penetrate the mucus layer to interfere with epithelial cells and cause inflammation, suggesting that this could be the basis of the pathogenesis of UC (7). It has been reported that the chronic inflammatory response triggered by disturbance in gut microbiota homeostasis can cause infiltration of inflammatory cells, and the interaction between inflammatory factors can induce the development of UC (8). More importantly, there is accumulating evidence of a correlation between gut microbiota and host metabolite composition in different human diseases (9). Therefore, a better understanding of the pathogenic role of gut microbiota and metabolites in UC may reveal novel targets for tackling the disease and improving the efficiency of drug treatment.

Mesalazine (MZ), an active agent of 5-aminosalicylic acid, is prescribed for patients with UC because of its significant anti-inflammatory effect and safety (10). MZ inhibits the synthesis of inflammatory mediators and prostaglandins that cause inflammation and formation of leukotrienes (11). However, some clinical studies have demonstrated the side effects of MZ treatment, such as acute pancreatitis and hypereosinophilia (12, 13). Although some studies have explored the anti-UC molecular mechanism of MZ, further investigation in the form of mechanistic studies is needed to improve the effectiveness of MZ. The dextran sodium sulfate (DSS)-induced UC mouse model is commonly used to study UC pathogenesis. The model is simple to operate and acute or chronic UC can be easily induced in it by adjusting different intervention doses (14). Compared with other methods, the DSS-induced UC method has low cost, high success rate, and good reproducibility (15). The deterioration of intestinal tissue lesions, which is induced by DSS in mice with UC is similar to that in human patients with UC (16).

In this study, we first used network pharmacology and molecular docking to identify the core targets, biological functions, and therapeutic mechanisms of MZ. We used a DSS-induced UC mouse model, together with 16S ribosomal ribonucleic acid (16S rRNA) metagenomic sequencing and metabolomic analysis, to determine the structure and composition of gut microbiota in relation to the alteration of metabolite composition in UC. In addition, we aimed to determine the immunosuppressive effect of MZ through the modulation of the gut microbiota and metabolite composition. This study identified novel pharmaceutical targets of MZ. Moreover, we uncovered the relationship between the gut microbiota and metabolite composition in UC, to gain a better understanding of the molecular mechanism underlying the beneficial effect of MZ in UC treatment.



MATERIALS AND METHODS


Identification of MZ- and UC-Associated Genes

MZ-associated genes were identified by searching in different databases, including Swiss Target Prediction, BATMAN TCM, and HitPick databases. Then, the UC-associated genes were extracted using Uniprot, GeneCard, OMIM, DisGeNET, and Therapeutic Target Database databases (17). Moreover, the identified genes of MZ and UC were compared to collect the human database-correlated targets using the online software Venn diagram (18).



Interaction Network Analysis of the Common MZ- and UC-Associated Genes

The common MZ- and UC-associated genes were used to construct the gene network using STRING protein-protein interaction network functional enrichment analysis. Topological parameters from the median and maximum degrees of freedom were determined using the Network Analyzer of Cytoscape 3.7.1 software. The core targets were identified according to the degree value as follows: The median degree of freedom of the target point was 11.056, and the maximum degree of freedom was 40. Subsequently, the standard range of the core target was determined as 23–40 (19, 20). Core targets were subjected to gene ontology (GO) and Kyoto Encyclopedia of Genes Genomes (KEGG) pathway enrichment analysis. The terms and pathways were considered statistically significant if the p-value was < 0.05 (18, 21).



Molecular Docking Testing

Molecular docking analysis was used to determine the possible binding of MZ to the core targets. The cytoarchitectures of the targeted proteins were obtained from the Protein Data Bank database. Then, ChemBio 3D software with ChemOffice setting was applied to the three-dimensional module of protein structures using molecular mechanics-2 analysis. Autodock Vina software was used to determine the functional crystal structures and molecular graphics, as previously described (22, 23).



Animal Experimental Setup

Sixty C57BL/6 mice (6–7 weeks old, male) were purchased from Slack Jingda Experimental Animal Company (Changsha, Hunan) under the animal license number SCXK (Hunan) 2019-0004. All mouse experiments were approved by the Guilin Medical College-Experimental Animal Ethics Committee with an experimental animal ethics review number: GLMC202003117. The mice were kept in a relative humidity of 50% ± 10%, temperature of 20–25°C, and natural circadian rhythm light. Sixty mice were divided into three groups (20 mice each): (1) normal control group, (2) DSS group, and (3) DSS + MZ group. The normal control group freely drank pure water. On the other hand, the water was replaced with a 3% DSS solution in the DSS and DSS + MZ groups. The mice in the DSS + MZ group were given 0.8 g of MZ / body weight (kg) solution by gavage, once a day. The DSS-induced UC model was confirmed by the presence of bloody stool (Supplementary Figure 1). After the 7-day experimental period, the mice were euthanized by cervical dislocation, and the colorectal tissues were harvested and the feces were collected.



Gut Metabolomics Analysis

The intestinal tissue was harvested for metabolomics analysis, the gut metabolites were extracted using protein precipitation with organic reagents, ground repeatedly with the metabolite extract, and placed in a refrigerated centrifuge at 4,000 g for 20 min. Chromatographic separation was performed using an ultra-high-performance liquid chromatography (UPLC) system (SCIEX, UK) ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm, Waters, UK), and TripleTOF 5600 high-resolution tandem mass spectrometer (SCIEX, UK) in positive and negative ion modes (PIM NIM) was used to determine the metabolites in the samples. The MS data collection adopted the IDA mode, and the TOF mass range was 60–1,200 Da. The original detection data were converted into readable data using the MSConvert software. The primary mass spectrometry information of metabolites was identified using the Human Metabolome Database (HMDB), while the KEGG database was used as a reference for annotation analysis. Secondary mass spectrometry information was matched with an in-house standard database. If the mass difference between the measured sample result and the database value was <10 ppm, an annotation was made. Then, the molecular formula of the metabolite was determined using isotope analysis. In addition, quantitative screening analysis of differential metabolites was performed to distinguish variables between groups of samples. The t-test was used to evaluate the difference in metabolite concentrations between the treatment and control groups. The screening conditions for metabolites were q < 0.05 and VIP ≥ 1.



16S RRNA Intestinal Metagenomic Sequencing

Fecal samples were collected using normal saline flushing enema, and mouse feces were collected by centrifugation and used for 16S rRNA sequencing, which was performed by the Lianchuan Biological Company (Hangzhou). Briefly, DNA was extracted from fecal samples of mice in each group using a stool DNA extraction kit, and primers were designed. The forward 341F (5 '- CCTACGGGNGGCWGCAG−3') and reverse 805R (5 '- GACTACHVGGGTATCTAATCC−3 ') were used for PCR amplification of the fecal 16S rRNA v3-v4 variable region. After amplification, the products were detected using gel electrophoresis and purified using AMPure XT beads. Finally, Qubit was used for DNA quantification. Purified samples were sequenced according to the manufacturer's instructions. The original data were filtered by fqtrim 0.94, merged with FLASH, and then filtered again using Vsearch software 2.3.4. The feature table and sequence of each group were demodulated by dada2, and the SILVA classifier was used to normalize the relative abundance of samples to the characteristic abundance. Bioinformatics analysis was performed using Qiime2 (19).



Immunostaining

Colorectal samples were fixed with 4% paraformaldehyde buffer and prepared as 5 μm sections for immunohistochemical staining (24, 25). Briefly, the deparaffinized sections were incubated with 3% bovine serum albumin for 1 h. The sections were then incubated with 1:100 diluted primary antibodies against TNF-α, PTGS2, IL-1β, or EGFR (Bioss, Beijing, China) at 4°C overnight. After incubation with secondary antibodies, the antigen-antibody complex was stained with diaminobenzidine, and the nuclei were counterstained with hematoxylin (26, 27).



Statistical Analysis

Statistical analysis of the data was conducted using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). The data was tested for normal distribution using the Shapiro-Wilk test. Non-parametric statistical analysis between the multiple treatment groups was conducted using the Kruskal-Wallis test. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.




RESULTS


Mechanism of MZ-Mediated Anti-inflammatory Effect on UC

We identified 2711 UC-associated genes and 175 MZ-associated genes using a database search. Upon comparing these genes, 75 common targets were identified (Figure 1A). These common targets were subjected to STRING protein–protein interaction networks to determine the interaction between the common genes (Figure 1A). Nine core targets, namely ALB, TNF, INS, PTGS2, MMP9, IL-1β, EGFR, HSP90AA1, and MMP2, were identified using Cytoscape, that were associated with both MZ and UC (Supplementary Table 1). These nine core targets were subjected to GO and KEGG enrichment analyses. In the data analysis, we mainly focused on biological processes related to immunity, inflammatory responses, and cell signaling. Our results showed that the biological processes related to immunity consisted of regulation of immune effector processes, leukocyte-mediated immunity, lymphocyte-mediated immunity, humoral immune response, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, and cytokine production involved in immune response (Figure 1B). In addition, we identified many biological processes related to inflammatory responses, such as regulation of acute and chronic inflammatory response, regulation of inflammatory response, regulation of neuroinflammatory response, interleukin-6 production and secretion, and biosynthetic processes of interleukin-2 and interleukin-8 (Figure 1B). In the KEGG pathway analysis, our results highlighted many cell signaling pathways related to cellular functions, namely MAPK signaling pathway, PI3K-Akt signaling pathway, TNF signaling pathway, relaxin signaling pathway, NOD-like receptor signaling pathway, mTOR signaling pathway, GnRH signaling pathway, oxytocin signaling pathway, phospholipase D signaling pathway, NF-kappa B signaling pathway, Toll-like receptor signaling pathway, HIF-1 signaling pathway, and FoxO signaling pathway (Figure 1C). More importantly, many pathways related to immunity (Th17 cell differentiation and antigen processing and presentation) and inflammatory responses (IL-17 signaling pathway, TNF signaling pathway, and IBD) were highlighted (Figure 1C). Taken together, our results suggest that MZ-mediated immunosuppressive effects are mediated by the regulation of different targets involved in immunity and inflammatory responses.
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FIGURE 1. The identification of mesalazine (MZ)- and ulcerative colitis (UC)-associated genes and their immunosuppressive effect. (A) Venn diagrams show the number of common MZ- and colitis-associated genes. (B) The GO enrichment analysis highlighted the biological processes related to immunosuppressive effect of MZ on UC through the regulation of immunity, inflammatory responses, and cell signaling. (C) The KEGG pathway enrichment analysis highlighted the immunity and inflammatory response-related pathways controlled by MZ in DSS-induced UC model. The red bar presented inflammatory processes, the green bar represented the immunity, the blue bar represented the cell signaling pathways.




MZ Inhibited the Induction of TNF, PTGS2, IL-1β, and EGFR in DSS-Induced UC Model

Molecular docking analysis was used to determine the possible binding of MZ to its target proteins, including TNF, PTGS2, IL-1β, and EGFR. For TNF (PDB ID: 6OOY), the free energy of binding to MZ was −4.3 kcal/mol through hydrogen bond formation with amino acid residues SER-60 (3.3 Å), LEU-120 (2.5 Å), and TYR-151 (2.9 Å) (Supplementary Figure 2A). For PTGS2 (PDB ID: 5IKR), the free energy of binding to MZ was −6.5 kcal/mol through hydrogen bond formation with TYR-385 (2.6 Å) and SER-530 (2.4 Å) (Supplementary Figure 2B). For IL-1β (PDB ID: 5R85), the free energy of binding to MZ was −5 kcal/mol through hydrogen bond formation with LEU-26 (3.0 Å) and LEU-82 (3.1 Å) (Supplementary Figure 2C). For EGFR (PDB ID: 5UGC), the free energy of binding to MZ was −6.1 kcal/mol through hydrogen bond formation withMET-793 (3.1 Å) (Supplementary Figure 2D). Then, we further investigated the effect of MZ on these proteins in DSS-induced UC model using immunostaining analysis. Our results showed elevated levels of TNF-α, PTGS2, IL-1β, and EGFR in the colorectal tissues of DSS-induced UC mice (Supplementary Figure 2E). And, treatment with MZ attenuated these inductions (Supplementary Figure 2E).



Alteration of Gut Metabolites in DSS-Induced UC Model

Comparative metabolomic analysis was used to determine the metabolic changes in the DSS-induced UC model, and the effect of MZ on DSS-induced UC. Upon comparing the control group and the DSS-induced colitis group, we noted a significant dysregulation of 773 annotated metabolites, including 495 upregulated and 278 downregulated metabolites (Figure 2A), of which 156 metabolites were identified from a batch search on the human metabolome database (HMDB) in MS2 analysis. The dysregulated metabolites were subjected to KEGG enrichment analysis to understand the alteration of pathways in the DSS-induced UC model. Our results showed that DSS-induced UC caused significant dysregulation of a cluster of metabolites that are responsible for cellular processes, environmental information processing, human diseases, metabolism, and organismal systems (FDR <0.05) (Figure 2B). Autoimmune thyroid disease was highlighted in the category of human diseases. This was mainly caused by the downregulation of thyroxine. The inflammation mediated regulation of TRP channels was also altered in the DSS-induced UC model (Figure 2B). In addition, many metabolic pathways, including tyrosine metabolism, phenylalanine metabolism, tryptophan metabolism, arginine biosynthesis, lysine biosynthesis, glycerophospholipid metabolism, biosynthesis of unsaturated fatty acids, linoleic acid metabolism, ether lipid metabolism, glycerolipid metabolism, and biotin metabolism, were dysregulated in the DSS-induced UC model (Figure 2B).
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FIGURE 2. Change of gut metabolites in DSS-induced UC model. (A) Heatmap showed the level of gut metabolites in control group and DSS-induced colitis group. Red color represented the upregulation of metabolites. Blue color represented downregulated metabolites. (B) Rich factor plot showed the alteration of KEGG pathways in DSS-induced UC model. The size of dot represented the number of gene. The color intensity of dot represented the significance of the pathways.




Anti-inflammatory Effect of MZ Is Mediated Through the Induction of Serotonin

To further understand the immunosuppressive effect of MZ on DSS-induced UC, we compared the metabolite changes in the DSS and DSS + MZ groups. We observed a significant change in 17 annotated metabolites, including 9 upregulated and 8 downregulated metabolites (Figure 3A). The KEGG pathway analysis of the dysregulated metabolites showed that the treatment with MZ altered many metabolic pathways, such as linoleic acid metabolism and biosynthesis of unsaturated fatty acids (Figure 3B). More importantly, the MZ treatment increased the levels of serotonin, leading to the mediation of tryptophan metabolism and inflammation mediated regulation of TRP channels (Figure 3B). In addition, we also observed the induction of paracetamol and linoleic acid by MZ treatment.
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FIGURE 3. Alteration of gut metabolites in DSS-induced UC model caused by MZ treatment. (A) Volcano plot showed the change of gut metabolites after MZ treatment in DSS-induced UC model. Green dots represented reduced metabolites. Red dots represented induced metabolites. (B) Rich factor plot showed the alteration of KEGG pathways in DSS-induced UC model caused by MZ treatment. The size of dot represented the number of gene. The color intensity of dot represented the significance of the pathways.




Change in Gut Bacterial Community Richness in DSS-Induced UC Model Under MZ Treatment

Fecal 16S rRNA metagenomic analysis was used to determine the changes in the gut microbiome in the DSS-induced UC model after MZ treatment. At least 26 million valid bases were obtained for each sample (Supplementary Table 2). Operational taxonomic units (OTUs) were used to classify microbial diversity in terms of bacterial strains based on 16S rRNA gene sequence similarity. We identified 1,562 OTUs in the control group (Supplementary Figure 3A) and 1,452 OTUs in the DSS group (Supplementary Figure 3A), of which 398 OTUs were found to be common among the two groups (Supplementary Figure 3A). We then examined the effects of MZ on DSS-induced gut microbiome changes. We identified 1,340 OTUs in the DSS + MZ group (Supplementary Figure 3B), of which 430 OTUs were found to be common among the DSS and DSS + MZ groups (Supplementary Figure 3B). The identified OTUs were subjected to alpha diversity analysis to examine the species diversity in each sample using Shannon and Simpson indices, that reflect the richness and evenness of the bacterial community in the gut. When we compared the species diversity between the control, and DSS groups, we found a significant reduction in the Shannon (Supplementary Figure 3C) and Simpson (Supplementary Figure 3D) indices in the DSS group, as compared to those in the control group. More importantly, when we compared the species diversity between the DSS and DSS + MZ groups, we found that treatment with MZ could reverse the DSS-induced reduction in gut microbiome richness and evenness (Supplementary Figures 3C,D), reflected by the rebound of Shannon and Simpson indices in the DSS + MZ group as compared to those in the DSS group.



Rebalancing of the Gut Microbial Taxa in DSS-Induced UC Model by MZ Treatment

We then investigated the changes in the taxonomic composition of each sample at different taxonomic levels. Our results showed that DSS-induced UC significantly reduced the number of gut microorganisms at the phylum level (Supplementary Figure 4A). The gut microbial species belonging to the phylum Patescibacteria were significantly reduced in the DSS group (Supplementary Figure 4A). This decrease was attributed mainly to the reduction in the abundance of the Saccharimonadia class (Supplementary Figure 4B). In addition, we observed a significant reduction in the classes Bacteroidia and Coriobacteriia (Supplementary Figure 4B). In contrast, an increase in the Bacilli and Verrucomicrobiae classes was observed in the DSS group (Supplementary Figure 4B). We further examined the effect of MZ on DSS altered gut bacterial taxonomic composition. We found that MZ treatment reversed the DSS-induced decrease in the orders Betaproteobacteriales and Coriobacteriales (Table 1). At the genus level, we observed a DSS-induced reduction in Anaerotignum, Enterorhabdus, Erysipelatoclostridium, and Lachnospiraceae_UCG-006. Interestingly, treatment with MZ reversed these reductions (Table 2). The dysregulated gut microbiota was subjected to phylogenetic investigation of communities using reconstruction of unobserved states (PICRUSt), an ancestral state reconstruction algorithm. The results of KEGG orthology (KO) showed 73 significant alterations of pathways (p < 0.05), including the activation of L-histidine degradation, I myo-, chiro-scillo-inositol degradation, NAD biosynthesis II (from tryptophan), and L-tryptophan degradation to 2-amino-3-carboxymuconate semialdehyde (Supplementary Figure 4C), caused by MZ treatment. In addition, we observed the downregulation of enterobactin biosynthesis, fucose degradation, and a group of super pathways, including the biosynthesis of (Kdo)2-lipid A L-tryptophan, as well as the degradation of L-tryptophan, L-arginine, L-ornithine, L-arginine, putrescine, and 4-aminobutanoate (Supplementary Figure 4C).


Table 1. MZ treatment reversed the DSS-altered gut bacterial taxonomic composition at order level.
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Table 2. MZ treatment reversed the DSS-altered gut bacterial taxonomic composition at genus level.
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DISCUSSION

UC is a common chronic inflammatory gastrointestinal disease that affects gut function (28). While the pharmacological treatment options of UC are limited, MZ has been reported to be safe and effective for this purpose (10, 29). In patients with UC, MZ was found to inhibit the transcription factor NF-kappa B in inflamed mucosa in biopsies (30). However, many reports have demonstrated the potential side effects of MZ. For instance, MZ was reported to induce acute pancreatitis and eosinophilic glossitis in patients with UC (12, 13). Therefore, a better understanding of the molecular targets and mechanisms underlying the effect of MZ would help reduce its side effects and improve its effectiveness in treating UC. In this study, we used omics and bioinformatic analyses to delineate the biological functions and signaling pathways affected by MZ treatment.

First, the network pharmacology analysis identified the core targets of MZ, including ALB, TNF, INS, PTGS2, MMP9, IL-1β, EGFR, HSP90AA1, and MMP2. The GO and KEGG enrichment analyses further highlighted the immunosuppressive effect of MZ through the regulation of immunity, inflammation, and various cell signaling pathways. One of the important pathways affected by MZ is TNF signaling. TNF, also known as TNF-α, is a well-known proinflammatory cytokine that is released by white blood cells and can induce systemic or cellular inflammation, causing rheumatoid arthritis (31). Thus, the inhibition of TNF-α is an effective strategy for treating UC, as reported in clinical and animal studies (32, 33). Furthermore, molecular docking also indicated the targeting of TNF by MZ. In addition, our results highlighted the binding of MZ to PTGS2, IL-1β, and EGFR. PTGS2, alternatively termed COX-2, is an inflammatory enzyme associated with intestinal inflammatory disease like IBD (34). A previous clinical study has demonstrated a negative correlation between the protein levels of COX-2 and the disease severity of IBD (35). A review has also suggested that COX-2 can cause the clinical manifestations of a bacterial infection, including inflammation and septic shock (36). Moreover, the safety and efficacy of COX-2 inhibitors in patients with IBD have been previously reported in clinical practice (37). IL-1β is a pro-inflammatory cytokine that plays an essential role in acute or chronic inflammatory responses (38). A single nucleotide polymorphism study on IDB patients showed that a mutant of IL-1β increased the proportion of IBD-associated colorectal cancer in the population (39). More importantly, an increase in IL-1β levels was found to be associated with increased severity of IBD (40). A study involving DSS-induced UC in mice demonstrated the induction of IL-1β through NLRP3 inflammasome activation (41). EGFR, a 170 kDa transmembrane tyrosine kinase, can activate target genes in the nucleus to promote cell division and proliferation (42). In a preclinical study, an EGFR-dependent mechanism of intestinal injury was identified in DSS-induced UC mice (43). More importantly, these targets were found to be induced in our DSS-induced UC mouse model as well, and the treatment with MZ could reverse their induction, suggesting that all these targets can be used to evaluate the immunosuppressive effect of MZ. In addition, they can be used as novel markers for possible combination therapy for treating UC.

In the second part of the study, we used comparative metabolomic analysis to understand the role of gut metabolism modulation in the immunosuppressive effect of MZ on DSS-induced UC. We identified many metabolic dysregulations in the DSS-induced UC model. Most of these metabolic pathways play a pathological role in UC. For instance, tyrosine metabolism controls the various ways in which tyrosine is catabolized or transformed to generate a wide variety of biologically important molecules. Tyrosine kinases catalyze the phosphorylation of tyrosine residues in proteins. It has been reported that tyrosine kinase 2 (TYK2) plays an important role in inflammation through pro- and anti-inflammatory cytokines, and is involved in the pathogenesis of IBD (44, 45). Our results also highlighted the alteration of tryptophan metabolism in the DSS-induced UC model. Tryptophan metabolism is also associated with IBD (46). Moreover, tryptophan is a gut microbiota-derived metabolite that regulates inflammation in UC (47). In addition, inflammation induces tryptophan metabolism through the kynurenine pathway and yields immunologically relevant metabolites in UC, suggesting a close association between tryptophan metabolism and UC (48). In addition, we found a significant downregulation of thyroxine in the DSS-induced UC model. Thyroxine, also known as T4, plays a crucial role in digestive function, metabolism, and muscle control. In the digestive system, thyroxine increases the secretion of digestive juices and promotes smooth muscle function, thus facilitating contractions of gastric motility (49). Therefore, the reduction in thyroxine levels leads to malfunction of the digestive system.

To delineate the molecular mechanism underlying the beneficial effects of MZ in UC treatment, we used metabolomic analysis to determine the metabolite changes and their functional implications in MZ treatment. Although we only observed a small number of metabolite changes under the treatment, the pathway analysis highlighted that the changes in metabolites were related to the alteration of linoleic acid metabolism and biosynthesis of unsaturated fatty acids. Linoleic acid, a polyunsaturated omega-6 fatty acid, is commonly found in red meat and many oils. A cohort study conducted in Europe reported that a high dietary intake of linoleic acid increased the risk of developing incident UC (50). Another animal study also demonstrated that partial replacement of dietary linoleic acid with long-chain n-3 polyunsaturated fatty acids protected against DSS-induced UC in rats (51), indicating a role of linoleic acid in the pathogenesis of UC. In our study, we also observed the modulation of unsaturated fatty acids by MZ treatment. It has been reported that an imbalance in polyunsaturated fatty acids is one of the causes of IBD (52), because the modification of fatty acid metabolism stimulates inflammatory cytokines, leading to inflammation and UC (53). Therefore, MZ treatment could restore the levels of polyunsaturated fatty acids. In addition, it also controlled tryptophan metabolism and inflammation mediated regulation of TRP channels. The impact of gut microbiota on the intestinal immunity mediated by tryptophan metabolism has been previously reported (54). Tryptophan plays a crucial role in maintaining the balance between intestinal immune tolerance and preservation of the gut microbiota, which in turn influences gut immune homeostasis and the intestinal immune response (55). Our data showed that most of the effects of MZ treatment were achieved through the induction of serotonin. Serotonin plays a key role in the modulation of chronic inflammatory processes, including autoimmune diseases, through its immunomodulatory effect on the interaction between the nervous and immune systems (56). In addition, serotonin receptors regulate inflammatory responses in experimental colitis (57). A mouse study demonstrated that prophylactic administration of tryptophan could ameliorate colitis through its impact on serotonin receptor signaling (58). Our findings suggest that MZ treatment increases the levels of serotonin to mediate different signaling pathways, to ameliorate the autoimmune activity in UC.

UC is a systemic disease characterized by immunological alterations in the colon. Gut microbiome performs pivotal functions like promotion of digestion, xenobiotic metabolism, and regulation of innate and adaptive immunological processes (59). Many studies have demonstrated a close association between gut microbiota and gut metabolites (60). It has been reported that gut microbes play important roles in gastrointestinal health and disease, ranging from protective to pro-inflammatory actions (61). In context of regulatory T cells, it is plausible that the gut microbiome may play a role in other chronic immune-mediated inflammatory diseases. Therefore, in the last part of the study, we used 16S metagenomic sequencing to determine the changes in the gut microbiota in response to DSS-induced UC, aiming to understand the role of alteration of gut microbiota in the anti-inflammatory effect of MZ on UC. In our study, we found a significant reduction in the richness and evenness of the gut microbiome diversity in DSS-induced UC. This finding is similar to that of a recent study, in which patients with IBD were found to harbor, on average, 25% fewer microbial genes than healthy people (62). More importantly, a study of the gut of obese Danish individuals indicated that gut samples with low bacterial richness are characterized by a more pronounced inflammatory phenotype (63). This response could be explained by changes in host metabolite composition related to inflammation (64). Furthermore, we found that MZ reversed the reduction in richness and evenness of the gut microbiome in the DSS-induced UC model, suggesting a positive effect of the treatment. Interestingly, in context of the alterations in bacterial taxonomy, we observed that MZ treatment could reverse the colitis-induced reduction in the order Coriobacteriales. Bacteria of this order are gram-positive and belong to the phylum Actinobacteria. Moreover, it has been reported that the order Coriobacteriales increases significantly in the ceca of mice in response to stress (65) and is associated with changes in the inflammation phenotype (66). In addition, we observed a similar change in bacterial taxonomy following treatment with MZ. It includes the rebalancing of Enterorhabdus, which is a gram-positive and non-spore-forming bacillus that exists in mammalian intestines, and is associated with inflamed gut mucosa. It has been reported that the levels of Enterorhabdus are associated with Toll-like receptors (TLRs), which play a valuable role in the intestinal mucosal immune system by mediating TLR4/MyD88 signal transduction (67). Additionally, an increase in Enterorhabdus was reported to improve intestinal barrier integrity in the gut of a non-alcoholic fatty liver disease model (68). MZ treatment reversed the reduction in Erysipelatoclostridium and Lachnospiraceae UCG-006, indicating high efficacy of MZ in the treatment of UC. A DSS-induced UC mouse study demonstrated the association of Erysipelatoclostridium with reduced inflammatory intestinal damage (69). Lachnospiraceae UCG-006 has been reported to regulate intestinal homeostasis and physiology (70). More importantly, Lachnospiraceae UCG-006 was found to regulate the immune system and gut microbiota through its antiallergic and anti-inflammatory effects (71). Lastly, we used PICRUSt to determine the role of the rebalancing of bacterial taxonomy by MZ treatment. Our data demonstrated that MZ treatment could lead to a reduction in enterobactin biosynthesis. Enterobactin, a catecholate siderophore, is a potent inhibitor of myeloperoxidase. It suppresses the host innate immune response during inflammatory gut diseases (72). The reduced bioactivity of enterobactin was reported to enhance the tolerance to adverse pH, high concentrations of bile acids, and oxidative stress in the inflamed gut (73), leading to protection against intestinal inflammation (74). In addition, we found that MZ treatment might increase fructose levels by suppressing fructose degradation. It has been reported that fructose ameliorates DSS-induced acute UC by inhibiting M1 macrophage polarization as well as the NLRP3 inflammasome (75). Moreover, fucose protects the gut from intestinal inflammation by modulating the crosstalk between bile acids and gut microbiota in a chronic UC model (76).

In conclusion, the identified molecular targets and gut microbial taxa with differential abundance patterns common in UC may serve as biomarkers for the detection of UC, and indicate that there may be a common component of colitis etiology. Our work sheds light on the impact of MZ on the gut microbiome and innate immune responses in context of the treatment of UC. A better understanding of the mechanism of action of MZ could help identify optional targets for combined therapy, leading to increase in effectiveness and reduction of the side effects of MZ in UC treatment.
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Supplementary Figure 1. The pictures of stool samples collected from control, DSS-induced colitis group and DSS-induced colitis + MZ group.

Supplementary Figure 2. MZ targeted relieved the elevation of TNF-α, PTGS2, IL-1β, and EGFR in DSS-induced UC model. (A) The binding of MZ with TNF. (B) The binding of MZ with PTGS2. (C) The binding of MZ with IL-1β (D) The binding of MZ with EGFR. (E) Immunostaining analysis demonstrated that MZ treatment markedly suppressed the induced expressions of TNF-α, PTGS2, IL-1β, and EGFR in colorectal of DSS-induced UC model. The experimental data were expressed as the mean ± standard deviation. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.

Supplementary Figure 3. Relief of the DSS-altered gut microbiota by MZ treatment. (A) Venn diagram showed the operational taxonomic unit (OTU) shared by control group and DSS group. (B) Venn diagram showed the OTU shared by DSS group and DSS + MZ group. (C) Shannon index and (D) Simpson index showed the relieve of bacterial community's richness evenness caused by MZ treatment. The data were expressed as the mean ± standard deviation. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.

Supplementary Figure 4. The change of gut microbiome taxonomy in DSS-induced UC model. (A) DSS induced gut microbial community change in phylum level. (B) DSS-induced gut microbial community change in class level. (C) Prediction of functional change in DSS-induced UC model caused by MZ treatment. The experimental data were expressed as the mean ± standard deviation. Post-hoc pairwise comparisons between the groups were performed with the Dunn's test, to test statistical significance between the groups. The experimental data were expressed as the mean ± standard deviation. Significant results were determined using a cutoff of p < 0.05 and represented by asterisk.
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A Black Raspberry-Rich Diet Protects From Dextran Sulfate Sodium-Induced Intestinal Inflammation and Host Metabolic Perturbation in Association With Increased Aryl Hydrocarbon Receptor Ligands in the Gut Microbiota of Mice

Pengcheng Tu1†, Liang Chi1†, Xiaoming Bian2, Bei Gao2, Hongyu Ru1 and Kun Lu1*

1Department of Environmental Sciences and Engineering, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

2Department of Environmental Health Sciences, University of Georgia, Athens, GA, United States

Edited by:
Xingbin Yang, Shaanxi Normal University, China

Reviewed by:
Guijie Chen, Nanjing Agricultural University, China
Marie Van Der Merwe, University of Memphis, United States

*Correspondence: Kun Lu, kunlu@unc.edu

†These authors have contributed equally to this work

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

Received: 23 December 2021
Accepted: 21 April 2022
Published: 06 June 2022

Citation: Tu P, Chi L, Bian X, Gao B, Ru H and Lu K (2022) A Black Raspberry-Rich Diet Protects From Dextran Sulfate Sodium-Induced Intestinal Inflammation and Host Metabolic Perturbation in Association With Increased Aryl Hydrocarbon Receptor Ligands in the Gut Microbiota of Mice. Front. Nutr. 9:842298. doi: 10.3389/fnut.2022.842298

Dietary modulation of the gut microbiota recently received considerable attention, and ligand activation of aryl hydrocarbon receptor (AHR) plays a pivotal role in intestinal immunity. Importantly, black raspberry (BRB, Rubus occidentalis) is associated with a variety of beneficial health effects. We aim to investigate effects of a BRB-rich diet on dextran sulfate sodium (DSS)-induced intestinal inflammation and to determine whether its consequent anti-inflammatory effects are relevant to modulation of the gut microbiota, especially its production of AHR ligands. A mouse model of DSS-induced intestinal inflammation was used in the present study. C57BL/6J mice were fed either AIN-76A or BRB diet. Composition and functions of the gut microbiota were assessed by 16S rRNA sequencing and comparative metagenome analysis. Metabolic profiles of host and the gut microbiome were assessed by serum and fecal metabolomic profiling and identification. BRB diet was found to ameliorate DSS-induced intestinal inflammation and host metabolic perturbation. BRB diet also protected from DSS-induced perturbation in diversity and composition in the gut microbiota. BRB diet promoted AHR ligand production by the gut microbiota, as revealed by increased levels of fecal AHR activity in addition to increased levels of two known AHR ligands, hemin and biliverdin. Accordingly, enrichment of bacterial genes and pathways responsible for production of hemin and biliverdin were found, specific gut bacteria that are highly correlated with abundances of hemin and biliverdin were also identified. BRB dietary intervention ameliorated intestinal inflammation in mice in association with promotion of AHR ligand production by the gut microbiota.
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INTRODUCTION

The gut microbiota is well-recognized for its critical functions in the immune system (1, 2), metabolic processes (3), and diverse signaling pathways (4). Mounting evidence has indicated that an imbalanced gut microbiota is highly associated with various human diseases, including inflammatory bowel disease (IBD) (5), colorectal cancer (6), obesity (7), and neurological disorders (8). Even with an increasing understanding of the association between adverse health outcomes and gut microbial patterns, the functional link between gut bacteria and the host remains elusive. Concurrently, gut microbiome-derived specialized metabolites contribute in a significant way to host physiology (3, 9, 10). For example, bacterial metabolic products that are ligands to the aryl hydrocarbon receptor (AHR) lead to effects on intestinal immune cells and mucosal barrier (11–13). Thus, production of bacterial metabolites is an important factor for health implications of gut microbial activities.

Diet emerges as an essential determinant of gut microbial structure and function (14). It is suggested that the Western diet that is rich in saturated fat and simple sugars is associated with elevated risk of metabolic diseases such as obesity, diabetes, cardiovascular diseases, and chronic inflammation (15). Alternatively, diets rich in berries, a good source of antioxidant polyphenols and soluble fiber, protect from such metabolic diseases (16). Therefore, health implications of healthy or unhealthy dietary patterns are, respectively, associated with concomitant gut microbial changes (17). In addition, dietary modulation, especially whole food-based approaches, of the gut microbiome received considerable attention due to the advantages of low toxicity profiles and high patient compliance (18). We previously characterized the gut microbiome and its metabolic profile in healthy mice with consumption of black raspberries (BRBs) which indicated its potential in functional gut microbiome modulation (19, 20). Given the perspective of whole food-based approaches coupled with health benefits of berries, there is a need to elucidate the effects of black raspberries on microbiota-associated diseases such as intestinal inflammation through the lens of gut microbiome modulation.

Intestinal inflammation is involved in development of multiple intestinal disorders including IBD. IBD, including Crohn’s disease and ulcerative colitis, is a complex inflammatory disorder of the digestive tract, which is associated with an abnormal interaction between gut bacteria and immune system (5). In particular, intestinal AHR expression is found to be significantly diminished in IBD patients (21), and increased activation of AHR is shown to suppress inflammation in mice of experimental colitis (22). AHR is a ligand-activated transcription factor that has a variety of endogenous and exogenous ligands (23, 24). Mounting evidence showed that gut microbial metabolites are an important source of endogenous AHR ligands (25). For example, tryptophan metabolites produced by gut bacteria, such as indole-3-acetate, act as AHR ligands and play a protective role in intestinal homeostasis (26, 27). Together, these observations suggested the relevance of microbiome-derived metabolites to intestinal inflammatory status by acting as AHR ligands.

Given the functional role of AHR in intestinal immunity, coupled with production of AHR ligands by gut bacteria, to modulate gut microbial production of AHR ligands is an attractive therapeutic approach to intestinal inflammation and associated diseases. Particularly, a BRB-rich diet has been consistently shown to alleviate intestinal inflammation of experimental colitis (28) and suppress colorectal cancer in mice and humans (28–30). In the present study, we used the BRB diet as an approach for gut microbiome modulation to investigate its effects on intestinal inflammation. We hypothesized that a global understanding of gut bacterial metabolites could yield insights into currently uncharacterized microbiome-derived AHR ligands that have the potential to beneficially affect host health. We first validated the ameliorating effect on intestinal inflammation and host metabolic dysfunction by the BRB diet in dextran sulfate sodium (DSS)-treated mice. We next examined diversity and composition in the gut microbial communities. Furthermore, we showed that the cecal contents of BRB-fed mice had significantly higher AHR activity in addition to enriched levels of two known AHR ligands, hemin and biliverdin. Accordingly, significantly enriched bacterial genes and pathways responsible for production of hemin and biliverdin were found in the gut microbiome of BRB-fed mice, specific gut bacteria that are highly correlated with abundances of hemin and biliverdin were also identified, suggesting the involvement of gut microbial activities in producing these AHR ligands. This study offered insights regarding microbial production of AHR ligands as an attractive therapeutic approach for intestinal inflammatory disorders via BRB-based dietary modulation. More importantly, additional evidence was provided on the gut microbiota-host communications through microbiome-derived metabolites especially communications through individual microbiota-derived metabolites.



RESULTS


Ameliorating Effect on Dextran Sulfate Sodium-Induced Intestinal Inflammation by Black Raspberry Dietary Intervention

To determine the effects of BRB dietary intervention on intestinal inflammation, mice were given either AIN-76A diet (Control diet) or BRB diet (Control diet with 10% freeze-dried BRB powder; details of diet preparation and characterization are described in section “Materials and Methods”) in addition to plain water for 2 weeks, and 1% DSS was then added to the drinking water of DSS-treated groups for another 2 weeks to induce intestinal inflammation as described in Figure 1A. As shown in Figures 1B–E, gene expression of pro-inflammatory molecules was significantly increased by DSS treatment, and which was significantly suppressed by BRB diet. Specifically, DSS treatment significantly induced TNFα and iNOS expression in the colon tissue of mice, and such pro-inflammatory effects were significantly suppressed if concurrently given BRB diet (Figures 1B,C); we also observed similar trends in the expression of IL-6 and IL-1β (Figures 1D,E). The suppressed expression of pro-inflammatory molecules indicated the ameliorating effects on intestinal inflammation by BRB dietary intervention, which is consistent with the results of previous studies (28).
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FIGURE 1. Intestinal inflammatory levels of DSS-treated mice (AIN-76 + DSS) were significantly higher than that of controls (AIN-76A), which was alleviated in mice with BRB dietary intervention (BRB + DSS). (A) Experimental design; 40 mice were randomly assigned into 4 groups: AIN-76A, AIN-76A + DSS, BRB, BRB + DSS; mice from each group were fed the according diet, and 1% DSS was added in their drinking water for 2 weeks of mice with DSS treatment. Gene expression of inflammatory markers, including TNFα (B), iNOS (C), IL-1β (D), and IL-6 (E) were significantly increased by DSS treatment, and significantly inhibited by BRB dietary intervention. (AIN-76A, n = 5; AIN-76A + DSS, n = 4; BRB + DSS, n = 5; 5 mice were randomly selected per group, and for AIN-76A + DSS group, one mouse was excluded for poor quality of the extracted RNA; data were expressed as mean with SEM, one-way ANOVA followed by Tukey’s test; **p < 0.01 ***p < 0.001 ****p < 0.0001).




Protection by Black Raspberry Dietary Intervention From Host Metabolic Perturbation

We examined host plasma metabolome profiles to further investigate host response using an untargeted metabolomics approach. Principal component analysis (PCA) showed that the metabolome profiles of AIN76-A diet, AIN76-A diet + DSS and BRB diet + DSS groups (Supplementary Figure 1A). Moreover, 788 significantly altered features were discovered between AIN-76A diet and AIN-76A diet + DSS groups, and the comparison between AIN-76A diet + DSS and BRB + DSS groups revealed 846 significantly altered features, which shared 234 features with the former 788 features (Supplementary Figure 1B). Hierarchical clustering heat map constructed using the intensities of these 234 shared features showed consistent patterns within individual groups (Figure 2A). Metabolic perturbations induced by DSS treatment were largely suppressed by BRB dietary intervention, supporting the ameliorating effects of BRB on host inflammatory status. We next conducted identification of those 234 shared features. A number of metabolites (Supplementary Table 1) were identified based on accurate mass, MS/MS spectra and database matching. Figures 2B–F lists a few representative metabolites that were significantly perturbed by DSS, and the perturbation was then significantly suppressed by BRB dietary intervention. Several bacteria-derived metabolites associated with inflammation were significantly changed by DSS treatment but suppressed by BRB diet, for instance, uracil (Figure 2B) and indoleacrylic acid (Figure 2C). Previous studies showed that bacterial production of uracil favors intestinal inflammation (31), and indoleacrylic acid produced by the gut bacteria is protective against intestinal inflammation (32), which is consistent with their changes in the present study. Together the data indicated that the host metabolic perturbation induced by DSS treatment were partially suppressed by BRB dietary intervention, confirming the protective role of BRB diet in DSS-induced intestinal inflammation.
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FIGURE 2. Metabolic profiling of mouse plasma indicated that DSS treatment-induced host metabolic perturbation, at least in part, suppressed by BRB dietary intervention. (A) Heat map shows a clear restoration pattern of metabolic features by BRB dietary intervention. Plasma metabolites, including uracil (B), indoleacrylic acid (C), S-Adenosylhomocysteine (D), 3,4-Dihydroxyphenylglycol (E), and avenanthramide 1f (F), are significantly changed by DSS treatment, and significantly suppressed by BRB dietary intervention. (n = 9; data were expressed as mean with SEM, Welch’s two sample t-test was conducted AIN-76A vs. DSS, DSS vs. DSS + BRB, respectively; *p < 0.05).




Perturbation and Restoration of Diversity and Composition in Gut Microbial Communities

We next analyzed 16S rRNA sequencing data to investigate alterations in diversity and composition of the mouse gut microbiota induced by DSS treatment with or without BRB dietary intervention. Alpha diversities were measured and compared in the overall microbial community using observed OTUs, chao1, and PD whole tree metrics as shown in Figure 3A. Generally, DSS treatment reduced alpha diversities regardless of diet types, however, the reduction was attenuated in mice with BRB diet compared to that with control diet. Moreover, principal coordinate analysis (PCoA) shows that AIN76-A diet + DSS group was well separated from AIN76-A diet group; AIN76-A diet + DSS and BRB diet + DSS groups were also different (Figure 3B). Diversity analysis suggested that, with BRB dietary intervention, reduction in gut microbial species richness was partially restored with perturbation to a relatively smaller extent. In addition, DSS treatment substantially changed the gut microbial composition with a number of significantly altered gut bacteria. Figures 3C–E and Supplementary Figure 2 showed bacterial genera that were significantly altered by DSS treatment, and the alteration was significantly suppressed by BRB dietary intervention. Particularly, increased levels of Anaerotruncus, Trabulsiella, and Peptostreptococcaceae were previously found in fecal samples of patients with colorectal cancer and Crohn’s disease (33, 34), which is consistent with their changes in the present study. Taken together, the data suggested that DSS-induced perturbation in gut microbial diversity and composition was at least partly suppressed by BRB dietary intervention.
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FIGURE 3. Dextran sulfate sodium (DSS)-induced perturbation in gut microbial communities were partly rescued by BRB dietary intervention. (A) Alpha rarefactions using PD whole tree, observed OTUs, and chao1 metrics, the x-axis is sequencing depth; compared to control subjects, DSS induced significant reduction in alpha diversity, which was partly restored by BRB dietary intervention. (B) Principle coordinate analysis presents comparison of the mouse gut microbiota of different groups (AIN-76A, BRB, AIN-76A + DSS, BRB + DSS). Relative abundances of inflammation-associated gut bacterial genera including Anaerotruncus (C), A genus in family Peptostreptococcaceae (D), and Trabulsiella (E). (AIN-76A, n = 10; AIN-76A + DSS, n = 9; BRB + DSS, n = 10; *p < 0.05), **p < 0.01, ***p < 0.001.




Gut Microbial Metabolome Featuring Abundant Aryl Hydrocarbon Receptor Ligands in Mice With Black Raspberry Diet Treatment

Accumulating evidence suggested the link between AHR activity and intestinal inflammation (21, 22, 35). To investigate the mechanism underlying the ameliorating effect of BRB dietary intervention, we examined the AHR activity in the gut microbiome contents of mice on different diets. Figure 4A showed the AHR activation of cecal contents by AHR reporter assay. The levels of AHR activation of AIN-76A + DSS group were significantly lower than that of AIN-76A group. In contrast, mice on BRB diet had significantly increased levels of AHR activation compared to mice on control diet regardless of DSS treatment (AIN-76A vs. BRB + DSS; AIN-76A + DSS vs. BRB + DSS), suggesting that BRB diet leads to increased levels of AHR ligands in cecal contents. We next identified specific metabolites that are AHR ligands, we conducted untargeted metabolomics on fecal contents to identify the differential metabolites of the gut microbiome contents between mice on BRB diet or control diet. As shown in Figure 4B, the relative abundances of hemin and biliverdin, that are previously reported AHR ligands, were found to be significantly higher in mice fed BRB diet compared to mice fed control diet (24). Specifically, hemin was increased by 20-fold and biliverdin was increased by sixfold. Meanwhile, we verified the AHR agonist activities of these two metabolites using TCDD as positive control (Figure 4C). In addition, it is previously reported that AHR activation ameliorated DSS-induced colitis through prostaglandin E2 (PGE2) production in the colon (36). Accordingly, we observed increased levels of PGE2 in fecal samples with higher AHR activity (Figure 4D), further supporting the role of AHR activity in ameliorating the inflammation. Taken together, these data indicated that BRB diet-modulated gut microbial metabolome had higher AHR-activating capability as well as increased levels of AHR ligands including hemin and biliverdin, which probably accounted for the ameliorating effects on intestinal inflammation.
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FIGURE 4. Mice with BRB dietary intervention had increased levels of intestinal AHR activity resulting from higher levels of AHR ligands. (A) Levels of cecal AHR activity of different groups (AIN-76A, BRB, AIN-76A + DSS, BRB + DSS; n = 7; one-way ANOVA followed by Tukey’s test; ****p < 0.0001; ***p < 0.001). (B,C) The levels of AHR agonists, hemin and biliverdin, were significantly higher in the gut microbiome of mice on BRB diet compared to that on control diet (n = 10; Welch’s two sample t-test; ***p < 0.001). (D) PGE2, product of AHR-activated anti-inflammatory pathway, significantly increased in mice on BRB diet compared to controls. (n = 10; Welch’s two sample t-test.




Enrichment of Hemin and Biliverdin Probably Originated From Gut Bacterial Metabolic Activities

To determine whether the gut microbiota was a possible source for hemin and biliverdin, we compared microbial metagenome from mice on control or BRB diets. We identified a variety of bacterial pathways and genes that are responsible for heme biosynthesis and transportation, which were significantly more abundant in BRB diet-modulated gut microbiome (Figures 5A,B). To further explore the relationship between specific gut bacteria and intestinal AHR ligands, we conducted functional correlation between the gut microbial species and metabolites. Strong correlations were identified between relative abundances of gut bacterial species and intensities of hemin and biliverdin (rho > 0.8; p < 0.001). Specifically, bacterial species Methylobacillus flagellates, Teredinibacter turnerae, Cyanothece sp. PCC 7424, and Aromatoleum aromaticum are found to be highly correlated with both hemin and biliverdin (Figures 5C,D and Supplementary Figure 3). In addition, Methylobacillus flagellates and Teredinibacter turnerae were previously reported to possess the sets of genes that are involved in heme synthesis and transportation (37, 38), further supporting the involvement of bacterial metabolic activities in hemin and biliverdin. These data provided evidence on the possibility that increased levels of intestinal AHR ligands could be derived from the gut microbiota.
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FIGURE 5. BRB-modulated mouse gut microbiome had enriched bacterial pathways (A) and genes (B) involved in production of heme-related metabolites, which probably contributed to intestinal levels of hemin and biliverdin (n = 6; DESeq2 FDR adjusted p-value). (C,D) Scatter plots illustrating strong statistical association between relative abundances of gut bacterial species and mass spectrum intensities of hemin (C) and biliverdin (D), two bacterial species Methylobacillus flagellates and Teredinibacter turnerae are significantly correlated with both hemin and biliverdin (n = 6; rho > 0.8; p < 0.001), ****p < 0.0001.





DISCUSSION

We used a BRB-rich diet to study the involvement of the gut microbiota and its modulation in intestinal inflammation. The data clearly showed that BRB dietary intervention reduced DSS-induced inflammation in mouse colon and increased intestinal levels of AHR activity. More importantly, the elevated AHR activity probably originated from BRB-modulated production of AHR ligands by gut bacteria. Figure 6 shows the proposed mechanism underlying the ameliorating effects on intestinal inflammation. Compared to mice on control diet, mice on BRB diet suffered less severe intestinal inflammation from DSS treatment. Furthermore, DSS-induced perturbation in the gut microbiota was partially suppressed. Metabolic activities of gut bacteria were modulated by BRB consumption, which leads to increased intestinal levels of AHR ligands hence enhanced intestinal AHR activation, contributing to amelioration of inflammation and restoration of host metabolic profiles via diverse mechanisms including production of PGE2. These findings may offer novel insights regarding modulation of the gut microbiota and its metabolites as a new mechanism of beneficial health effects from BRB consumption. More importantly, dietary effects on gut bacterial production of AHR ligands provided additional evidence on the intertwined relationship among diets, the gut microbiome and host health.
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FIGURE 6. Dextran sulfate sodium (DSS) treatment caused gut microbial disruption in addition to severe intestinal inflammation, which was ameliorated if mice were concurrently fed BRB diet. BRB dietary intervention increased intestinal AHR activity by modulating the gut microbiota and promoting production of microbiome-derived AHR ligands, for instance, hemin and biliverdin. Intestinal AHR activation contributed to alleviation of inflammatory response and restoration of host metabolic perturbation via diverse mechanisms including production of PGE2.


Accumulating evidence suggested the association between IBD and the gut microbiota although other factors also play important roles such as genetic and environmental elements (39, 40). For instance, reduction in alpha diversities of the gut microbiota is highly associated with IBD development (41). Furthermore, it is well demonstrated that AHR plays a protective role in IBD via modulation of intestinal immune response and barrier integrity (22, 42). AHR can be activated by a range of ligands originating from dietary components or gut microbial metabolic activities (25). Microbiome-derived metabolites are an important source of intestinal AHR ligands (25). It is suggested that, perturbation in the gut microbiome associated with intestinal inflammation reduces production of microbiome-derived AHR ligands, leading to decreased AHR ligand availability in the intestine, hence decreased intestinal AHR activity. Perturbed intestinal AHR activity contributes to alterations in intestinal immune response and barrier functions that further amplify the gut microbiome perturbation in a vicious cycle, favoring chronic intestinal inflammation and consequently leading to IBD (43). Thus, restoration of the perturbed gut microbiome especially its production of AHR ligands will probably break the vicious cycle and ameliorate the intestinal inflammation. In the present study, we assessed the severity of intestinal inflammation and AHR activity in gut microbiome contents (Figures 1, 4); and we found that the inflammation was ameliorated in association with promotion of AHR ligand production by the gut microbiota (Figure 4), suggesting the protective role of AHR activation against intestinal inflammation. More importantly, enriched abundances of bacterial pathways and genes related to AHR ligand production in addition to strong correlations between bacterial species and AHR ligands suggested the involvement of the gut microbiota. Here, we have identified one potential contributor, namely, microbiome-derived AHR ligands to intestinal inflammatory status.

Aryl hydrocarbon receptor is a member of the basic helix–loop–helix–(bHLH) superfamily of transcription factors. A myriad of genes are regulated by AHR, including those encoding xenobiotic metabolizing enzymes, such as Cytochrome P450 1A1 (Cyp1a1) (44). Besides its toxicological involvement, AHR activation upon binding to a wide array of endogenous and exogenous ligands, leads to numerous key host physiological functions in intestinal barrier function and intestinal immune cells (43). AHR is expressed by intestinal epithelial cells (IEC) in the intestine. IECs regulate AhR ligand availability to intestinal immune cells, and their AHR signaling is pivotal in the regulation of mucosal intestinal immune responses (43). IL-22 production is mediated by AHR, which is involved in mucosal wound-healing and production of antimicrobial peptides (AMPs) (21). In addition, AHR activation is also involved in intestinal expression of IL-10 and Reg3g, which are essential for intestinal homeostasis (43). The gut microbiota communicates with the host through production of functional metabolites (9). Cellular functions and host physiology can be directly altered by bacterial metabolic products. For example, many bacterial metabolites act as signaling molecules (4). Short-chain fatty acids (SCFAs) produced by gut bacteria regulate intestinal immune functions through binding to the G-protein-coupled receptors (GPCRs) (45). Likewise, tryptophan metabolites produced by gut bacteria can bind to AHR affecting gut immune responses (13). Previous studies on microbiome-derived AHR ligands mostly focused on tryptophan derivatives (12, 25). However, bacteria are known to possess the sets of genes and functional pathways in production of heme-related molecules (46–49), which are also recognized as AHR ligands (23, 24). The present study found significantly increased levels of hemin and biliverdin in gut microbiome contents in concert with enriched bacterial pathways and genes involved in their biosynthesis (Figures 4, 5), adding more members to the reservoir of microbiome-derived AHR ligands.

Intestinal inflammation is associated with host metabolic perturbation (50), which is partially attributed to differential gut microbial activities (51). A relevant animal model may offer mechanistic insights and explore biomarkers regarding intestinal inflammation and the gut microbiota. We observed significantly perturbed metabolite fingerprints in plasma of mice with intestinal inflammation, and the perturbation was largely suppressed if mice were concurrently given BRB diet. It is of necessity to point out that indeed there are some features in the heat map that are not fully consistent with the general pattern of restoration. Specifically, some of the restored metabolites are microbiome-derived and inflammation-relevant, which makes them great biomarker candidates of gut microbiota-related inflammation. For example, uracil levels in plasma were significantly increased by DSS treatment and the elevation was largely prevented by BRB dietary intervention (Figure 2B). Uracil may serve as a specific indicator of bacteria-related intestinal inflammation because bacterial production of uracil activates intestinal innate immune cells and leads to inflammatory response (31). Likewise, DSS reduced levels of plasma indoleacrylic acid, which was suppressed if mice were fed BRB diet (Figure 2C). Indoleacrylic acid can be produced by gut bacteria and is protective against intestinal inflammation (32). Moreover, we also discovered that S-Adenosylhomocysteine (SAH) decreased in mice of DSS treatment (Figure 2D), which is in accordance with the previous report (51). There is growing appreciation of the possible association between mucosal DNA methylation and colitis in humans (52, 53). Decreased levels of SAH may indicate interrupted methylation because SAH is generated when S-Adenosylmethionine (SAM), the methyl donor, loses the methyl group. In addition, naturally occurring phenolic compounds such as 3,4-dihydroxyphenylglycol (Figure 2E) and avenanthramides (Figure 2F) with demonstrated anti-inflammatory effects were observed to be upregulated in mice on BRB diet, indicating a protective role of BRB possibly resulting from its natural components (54, 55).

Ligand activation of AHR is an inviting therapeutic approach for intestinal inflammation; and dietary modulation of the gut microbiota received increasing attention (22, 56). Several recent studies have focused on the provision of AHR ligands from dietary components (42, 57), here we demonstrated that BRB-modulated gut microbiome contents had elevated AHR activity (Figure 4). While our data emphasize the gut microbiota could be a major contributor to intestinal AHR activity, it remains to be determined whether components in BRB are direct AHR ligands or precursors. Moreover, it is very likely that bacterial metabolites besides hemin and biliverdin are AHR ligands. Future studies on the search and identification of microbiome-derived AHR ligands and their potential in treating intestinal inflammation are warranted. Although whole food-based approaches to modulate the gut microbiome has many advantages, the complexity of functional components in BRB hinders characterization of actual effective components. Therefore, to modulate the gut microbiome using specific compounds in BRB to reproduce similar effects is also warranted.

Several limitations are associated with this study. The major goal of the present study was to better understand the role that the gut microbiome plays in the anti-inflammatory effects of BRB. Thus, a relatively low concentration of DSS administration was used to induce low-grade, reversible intestinal inflammation instead of a colitis model. In fact, we did not observe any significant colitis by H and E staining in mice given DSS, probably due to the low dose of DSS. Therefore, our data may only be interpreted in context of intestinal inflammation but not colitis. For analysis of gut microbial composition, a relatively small sample size was included in the present study, a larger sample size would definitely help to delineate the microbial community more accurately. In addition, we only conducted the comparison between AIN-76A and BRB groups in investigation of the involvement of the gut microbiome in intestinal AHR activity, with the major goal of demonstrating that altered microbial metabolites such as AHR ligands are associated with gut microbiome modulated by BRB diet. Also, mounting evidence has shown sex differences regarding activities and functions of the gut microbiome responding to external factors (58–61) as well as host health conditions (62). A single sex of mice was used for the present study, therefore, sex-specific influences regarding changes in the gut microbiome responding to the BRB diet and DSS treatment awaits future studies.

Intestinal inflammation most likely involves not just one mechanism but rather a complex interplay of genetic, environmental and microbial factors. Our study provided evidence on the role of microbiome-derived AHR ligands. Improved intestinal inflammatory status, host metabolic profiles along with restored gut microbiota indicated protective effects of BRB dietary intervention. Importantly, these effects are relevant to increased microbial production of AHR ligands. In addition to offering a potential mechanism of the anti-inflammatory effects from BRB consumption, this study indicated the gut microbiota as a source of intestinal AHR ligands, which provided new thoughts on the development of therapeutic interventions for intestinal inflammatory disorders.



MATERIALS AND METHODS


Study Approval

The study protocol (NO: A2013 06-033-Y3-A3) was approved by the University of Georgia Institutional Animal Care and Use Committee. All methods were performed in accordance with the relevant guidelines and regulations. All efforts were made to minimize animal suffering.



Diet Preparation

Custom purified American Institute of Nutrition (AIN)-76A animal diet (Dyets, Inc., Bethlehem, PA, United States) was used as the control diet. BRB diet used for dietary intervention was prepared as described in Oghumu, et al. (63). Briefly, whole ripe BRB (Rubus occidentalis) of the Jewel variety were harvested from a single farm in Southern Ohio, and then were freeze-dried and ground into powder. BRB powder was stored at −20°C until being incorporated into AIN-76A animal diet pellets by 10% w/w concentration at the expense of cornstarch. The diets were stored at 4°C until being fed to mice. Mice of control diet groups were fed AIN-76A diet, mice of dietary intervention groups were fed BRB diet. Composition of control and BRB diets can be found in the previous report (64). Its preparation was standardized to ensure consistency and reproducible results. The BRB diet used in the present study was previously used in a large number of studies for chemopreventive effects as well as microbiome modulation (19, 20, 65–69). Further details regarding the BRB diet were previously discussed and reviewed (70).



Mice

Specific-pathogen-free C57BL/6 mice (Male; 8 weeks of age; Jackson Laboratories, Bar Harbor, ME, United States) were housed in the animal facility of University of Georgia. Plain water and standard pelleted rodent diet ad libitum were provided for 1 week for their acclimation. The environmental conditions were maintained as 22°C temperature, 40–70% humidity, and a 12:12 h light:dark cycle. After 1 week of acclimation, the mice were then randomly assigned to 4 groups (Figure 1A; AIN-76A, AIN-76A + DSS, BRB, BRB + DSS; n = 10 per group). Their food was provided with AIN-76A or BRB diets accordingly. After 2 weeks of special diets, 1% DSS in drinking water was administered to mice of DSS treatment groups for another 2 weeks. A lower concentration (1%) of DSS administration was used compared to the concentration used in the colitis model (3%) to induce relatively low-grade, reversible intestinal inflammation. Regular monitoring for health conditions was done twice a week. Fecal samples were collected individually before sacrifice; Animals were fasted overnight before sacrifice. Plasma, cecal contents, and colon tissues were collected during necropsy and colon tissues were treated with RNAlater (Thermo Fisher Scientific). All samples were kept at −80°C until further analysis. The mice were treated humanely and with regard for alleviation of suffering.



Quantitative RT-PCR

Colon RNA was extracted using RNeasy Mini kit (Qiagen, Valencia, CA, United States) according to manufacturer’s instructions. Then RNA was processed with DNA-free™ DNA Removal Kit (Thermo Fisher Scientific) to remove DNA contamination. RNA quality and concentration were determined using an Agilent TapeStation (Agilent Technologies). Reverse transcription was performed with iScript™ Reverse Transcription Supermix (Bio-Rad Laboratories, CA, United States) according to manufacturer’s instructions. qPCR was performed with the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) and primers listed in Supplementary Table 2. The reactions were run on a Bio-Rad CFX96 Touch™ Real-Time PCR Detection System using the protocol as previously described in Bian et al. (71) (Bian, Tu et al. 2017). Results were analyzed by the ΔΔCt method of CFX manager software (Bio-Rad) using Gapdh as the internal control.



16S rRNA Gene Sequencing and Analysis

16S rRNA gene sequencing was performed as previously described in Chi et al. (72). Briefly, microbial DNA was extracted from mouse fecal pellets using PowerSoil DNA isolation kit according to manufacturer’s instructions. Then the DNA was amplified using 515 (5′-GTGCCAGCMGCCGCGGTAA) and 806 (5′-GGACTACHVGGGTWTCTAAT) primers targeting the V4 regions of 16S rRNA gene in bacteria (73). Individual samples were normalized, barcoded and finally pooled for the construction of the sequencing library, then sequenced using the Illumina MiSeq (500 cycles v2 kit) in the Georgia Genomics Facility of University of Georgia. Paired reads were assembled using Geneious 8.15 (Biomatters, Auckland, New Zealand). Operational taxonomic unit (OTU) picking and diversity analysis were conducted using Quantitative Insights into Microbial Ecology (QIIME, version 1.9.1).



Reporter Assay for Aryl Hydrocarbon Receptor Activation

Aryl hydrocarbon receptor activation was measured using a commercially available Reporter Assay System (INDIGO Biosciences, Inc., State College, PA, United States). Mouse cecal samples were suspended in PBS (100 mg/mL), centrifuged at 5,000 rpm for 15 min at 4°C, and then filtered with 0.2 mm filters (VWR, Fontenay-sous-Bois, France) as described in the previously study (13). Cecal extraction was diluted (1:10) with Compound Screening Medium (CSM) supplied in the reporter assay kit. Hemin and biliverdin hydrochloride (Sigma-Aldrich) were dissolved in DMSO and diluted with CSM to a concentration of 50 mM. Potent AHR agonist 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD) was used as the positive control.



Metagenomics Sequencing

Shotgun metagenomic sequencing was performed as previously described in Chi et al. (72). Briefly, fecal DNA (10 ng/μL) was fragmented using the Bioruptor UCD-300 sonication device. The Kapa Hyper Prep Kit was applied to construct the sequencing library according to manufacturer’s instructions. The quantification of DNA was performed using the Qubit 2.0 Fluorometer. The sequencing was performed using the Illumina NextSeq High Output Flow Cell (300 Cycles; PE150) in the Georgia Genomics Facility of University of Georgia. The MG-RAST metagenomics analysis sever (version 4.0.3)1 was applied for automatic functional analysis of metagenomes using the Subsystems database (74).



Metabolomics Profiling

For fecal samples, 20 mg feces and 50 mg glass beads (Sigma-Aldrich, MO, United States) were added to 400 μL cooled methanol solution (methanol: water 1:1), followed by homogenizing using a TissueLyser (Qiagen) for 15 min at 50 Hz. The supernatant was collected after centrifuging for 10 min at 1,2000 rpm, dried up in a speed vacuum (Thermo), and then resuspended for injection. For plasma samples, 80 μL cooled methanol was added to 20 μL plasma. After incubation for 30 min at −20°C, the samples were centrifuged for 10 min at 12,000 rpm. The supernatant was collected after centrifuging for 10 min at 1,2000 rpm, dried up in a speed vacuum, and then resuspended.

Liquid Chromatograph-Mass Spectrometer (LC-MS) analysis was performed on a quadrupole-time-of-flight (Q-TOF) 6550 mass spectrometer (Agilent Technologies, Santa Clara, CA, United States) with an electrospray ionization source. The mass spectrometer was interfaced with an Agilent 1290 Infinity II UPLC system. Metabolites were analyzed in the positive mode over a m/z range of 50–1000 with a C18 T3 reverse-phased column (Waters Corporation, Milford, MA, United States). The XCMS Online sever (version 3.5.1)2 was applied for peak picking, alignment, integration, and extraction of the peak intensities. Relative abundances of metabolites were indicated by peak intensities. A two-tailed Welch’s t-test was used for the assessment of differentiated metabolite features. MS/MS data were generated on the Q-TOF for the identification of differentiated metabolites. The softwares of MS-DIAL (version 2.90) (75) and MS-FINDER (version 2.40) (76) were used for the identification of metabolites based on the MS/MS spectrum.



Statistical Analysis of Data

Unless otherwise indicated, all results are expressed as mean values with standard deviation (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; N.S. p > 0.05). Statistical differences in gene expression of inflammatory markers and AHR activation were calculated by one-way ANOVA followed by Tukey’s test. Differences in gut bacterial abundances were assessed by a non-parametric test via Metastats (77). Two-tailed Welch’s t-test was used to analyze metabolites that differed in abundance between groups corrected for the FDR. The metagenomics sequence count data for functional analysis were processed using DESeq2 (78) for statistics analysis adjusted for multiple testing of FDR. Also, alpha rarefaction and PCoA were used to assess diversities in the gut microbial communities. PCA and hierarchical clustering algorithm were used to visualize the comparison of metabolite profiles. The correlation matrix between gut bacterial species and metabolites was generated using Pearson’s correlation coefficient.
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A whole-grain (WG) diet affects human health in multiple ways. However, the effect of WG on the gut microbiota of the elderly individuals is still largely unknown. In this study, WG did not affect the microbial α-diversity but had a profound impact on the microbes' abundance in the elderly individuals. WG increased the abundance of Verrucomicrobia and decreased the abundance of Firmicutes. The prediction of microbial function showed that glucose metabolism and lipid metabolism were inhibited. In addition, the effects of WG on the gut microbiota of normal-weight (NW) and overweight (OW) individuals were different. WG increased Verrucomicrobia in the NW group and decreased Firmicutes in the OW group. Meanwhile, the effect of WG on gut microbiota showed gender characteristics, Firmicutes/Bacteroidetes ratio was decreased in women, while Verrucomicrobia abundance was increased in men. The use of WG could improve the microbial composition and promote the growth of beneficial microbes, which may be beneficial to the health of the elderly individuals.
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INTRODUCTION

Healthy aging is the key to alleviating the pressure of population aging (1). With the increase of age, the physiological functions of the various organs of the elderly individuals would significantly decrease. The metabolic function of the elderly individuals would be disordered, and their immunity would be significantly decreased (2). The elderly individuals are prone to various kinds of chronic diseases, such as hypertension, diabetes, coronary heart disease, and cancer (3, 4). A healthy lifestyle is important for the health of the elderly individuals (5). The most direct way of health management is to intervene in the diet of the elderly individuals.

Studies have shown that gut microbiota is related to the occurrence and development of various diseases (6, 7). Recently, large-scale observational epidemiological studies and animal studies have suggested that microbial disorder and hypertension might be causally related (8, 9). There may be some connection between Firmicutes/Bacteroidetes ratio and blood pressure (10). Studies suggest that changes in the gut microbiota have been involved in the pathogenesis of diabetes (11). Increasing evidence suggests that the microbial ecosystem is associated with the progression of multiple cancers, such as prostate cancer, pancreatic cancer, and liver cancer (12). Gut microbiota imbalance can affect the production of short-chain fatty acids (SCFAs), bile acid metabolism, and intestinal mucosa, leading to the occurrence of diseases (13). Therefore, it is important to maintain the intestinal microenvironment for human health.

Whole grain is characterized by the retention of the endosperm, germ, and bran found in whole grain (WG). WG is a good source of dietary fiber, protein, B vitamins, vitamin E, minerals (such as selenium, copper, and magnesium), flavonoids, and polyphenols (14–16). Numerous studies have shown that they can help to reduce the risk of many diseases, such as overweight (OW)/obesity, cardiovascular disease, type 2 diabetes, intestinal disease, and certain cancers, as compared to refined grains. Several studies have shown that WG can significantly alter the diversity, structure, and function of the gut microbiota. A recent study shows that WG can increase the abundances of Ruminococcaceae_UCG-014, Ruminococcaceae_UCG-014, Ruminocostridium_9, and Ruminococcaceae_NK4A214_group (17). This study explored the possible effects of WG on the health of the elderly individuals from the perspective of gut microbiota.



MATERIALS AND METHODS


Data Sources

The American Gut Program (AGP) collected 25,376 samples through voluntary and self-reported methods that included basic information (age, gender, height, and weight) and lifestyle-related information. The collection, sequencing, and quality control of samples were carried out according to the standards of the Earth Microbiome Project.

American Gut Program sequencing data had been stored in the Sequence Read Archive (SRA) database in SRA file format (https://www.ncbi.nlm.nih.gov/sra/), and the registration number was PRJEB11419. AGP questionnaire results could also be downloaded from the SRA database.

In the study, samples were strictly screened and matched. Those who did not fill in the basic information in the questionnaire, who showed serious diseases, who received antibiotic treatment within 6 months, and who had been traveling recently were excluded. Non-fecal samples were also excluded. In addition, according to the sequencing quality, samples with a sequencing depth of <8,000 were excluded. Finally, we found 70 elderly individuals who daily fed on/ate WG (DWG) and matched 70 elderly individuals who never fed on/ate WG (NWG) according to gender, body mass index (BMI), and age (Table 1 and Supplementary Table S1).


Table 1. Demographic and anthropometric characteristics in the elderly individuals of the daily whole-grain (WG) diet and the never whole grain diet.
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Converting SRA to FASTQ Format

The files in the SRA database were in SRA format and needed to be converted to FASTQ format for further analysis. The SRA Toolkit tool was employed for format conversion.



Data Processing

The FASTQ format file was used for flora analysis. This process used the QIIME2 software. The FASTQ format file was first packaged into a demux.qza file. Then the Deblur plug-in was used to perform denoising and Operational Taxonomic Unit (OTU) clustering and generate result files with representative sequences, feature tables, and sample statistics. Unrooted trees are obtained through the “qiime-phylogeny-align-to-tree-mafft-fastree” plug-in. Alpha diversity is obtained through the “qiime diversity alpha sparse” plugin and converted to qzv files. QZV file can view OTU number and Shannon index through the browser.

Then, we compared it with the Greengenes database (version 13.8), and the comparison method was UCLUST, identity 0.9, to complete the classification of bacteria. In addition, we deleted the bacteria with low distribution (which only existed in <1% of the samples) for subsequent analysis.

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) was used to predict functional abundance based on marker gene sequences.



Statistical Analysis

Statistical Analysis of Metagenomic Profiles (STAMP 2.1.3) was used to analyze microbial data, such as microbial community composition and function. Adjusted p-values were calculated by Benjamin Hochberg's false discovery rate (FDR) method and used to analyze significant differences (padj < 0.05).




RESULT

The present study detected the effects of WG on the gut microbiota of the elderly individuals. As shown in Table 1, there is no significant difference in age, BMI, and gender between the DWG and NWG dietary groups.


Effects of WG on Gut Microbiota in the Elderly Individuals

To detect the effect of WG on the gut microbiota of the elderly individuals, α-diversity was analyzed (Figures 1A,B). The OTU numbers of DWG and NWG were 183.2 and 177.9, respectively (p > 0.05), and the Shannon index values were 5.192 and 5.239, respectively (p > 0.05). The results showed that the microbial diversity in the elderly individuals was not affected by WG.


[image: Figure 1]
FIGURE 1. The effect of whole-grain (WG) diet on the gut microbiota composition of elderly individuals. (A) Number of OTUs, (B) Shannon index, (C) phylum level, and (D) family level. The red bar represents a significant increase, while the blue bar represents a significant decrease.


The effect of WG on the gut microbiota composition was further analyzed (Figures 1C,D). At the phylum level, when compared with NWG, the relative abundance of Verrucomicrobia was increased in the DWG, while the relative abundance of bacteria Firmicutes was decreased. At the family level, the relative abundance of Verrucomicrobiaceae was increased, while that of Lachnospiraceae and Actinomycetaceae was decreased.

In addition, the microbial function predicted that 58 metabolic pathways had significant changes, i.e., 16 amino acid metabolism-related pathways, five nucleotide metabolism-related pathways, one biological oxidation pathway, 11 carbohydrate metabolism-related pathways, two terpenoid synthesis pathways, three vitamins related pathways, seven cell wall-related metabolic pathways, and six lipid metabolism pathways. Generally, the metabolism of amino acids, nucleotides, biological oxidation, sugar, vitamins, and lipids was inhibited in the DWG group (Figure 2).


[image: Figure 2]
FIGURE 2. The effect of whole-grain (WG) diet on the gut microbiota function of elderly individuals. The significant effect of the WG diet on microbial metabolism pathways. The red bar represents a significant increase, while the blue bar represents a significant decrease.




Effects of WG on the Gut Microbiota of Normal Weight (NW) Group and OW Group in the Elderly Individuals

To further explore the effect of WG on the gut microbiota of different BMI elderly individuals, the samples were divided into NW and OW (BMI > 25) groups. As shown in Figure 3, the OTU values of NW_DWG, NW_NWG, OW_DWG, and OW_NWG are 179.5, 173.7, 189.5, and 185.1, respectively (p > 0.05), and the Shannon index values are 5.113, 5.117, 5.326, and 5.446, respectively (p > 0.05). In addition, when compared with the NW group, both OTU and Shannon index of the OW group showed an upward trend, which indicated that the intestinal microbial diversity of the elderly individuals changed with the increase in BMI.


[image: Figure 3]
FIGURE 3. The effect of whole-grain (WG) diet on the gut microbiota composition of female and male elderly individuals. (A) Number of OTUs, (B) Shannon index, (C) phylum level, and (D) family level. The red bar represents a significant increase, while the blue bar represents a significant decrease.


Next, the relative abundance of microbial components was detected at the phylum and family level (Figures 3C,D). At the phylum level, the relative abundance of Verrucomicrobia in the NW_DWG group was significantly higher than that in the NW_NWG group. Compared with the OW_NWG group, the relative abundance of Firmicutes was significantly lower in the OW_DWG group. At the family level, the relative abundance of Verrucomicrobiaceae was increased, while the relative abundance of Actinomycetaceae was decreased in the NW_DWG group, when compared with the NW_NWG group. The relative abundance of Streptococcaceae was decreased significantly, while the relative abundance of Prevotellaceae was increased significantly in OW_DWG, when compared with OW_NWG.

In addition, the prediction of microbial function showed that 20 and 66 metabolic pathways were changed significantly (p < 0.05; Figure 4). In NW_DWG, the metabolic pathways related to sugars, cell walls, and lipids were significantly increased, while the metabolism of nucleotides, biological oxidation, and vitamins was significantly decreased. In OW_DWG, the metabolic pathways of amino acids, vitamins, and lipids were significantly decreased, while those of SCFAs, biological oxidation, sugars, and other substances were significantly increased.


[image: Figure 4]
FIGURE 4. The effect of the whole-grain (WG) diet on the gut microbiota function of female and male individuals. The significant effect of the WG diet on microbial metabolism pathways in (A) female and (B) male individuals. The red bar represents a significant increase, while the blue bar represents a significant decrease.




Effects of WG on the Gut Microbiota of Female and Male Elderly Individuals

Furthermore, the effects of WG on the gut microbiota of female and male elderly individuals were analyzed. The results showed that the DWG did not affect microbial α-diversity of male and female elderly individuals (Figures 5A,B). At the phylum level, the relative abundance of Firmicutes was significantly reduced, while that of Bacteroidetes was significantly increased in female DWG, when compared with that of female NWG. The relative abundance of Verrucomicrobia and Proteobacteria was significantly increased in Male_DWG, when compared with Male_NWG. At the family level, the relative abundance of Prevotellaceae was significantly increased in female DWG, when compared with that of the female NWG group. The relative abundance of Streptococcaceae was significantly decreased, while that of Verrucomicrobiaceae and Enterobacteriaceae was significantly increased in Male_DWG, when compared with that of Male_NWG (Figures 5C,D).


[image: Figure 5]
FIGURE 5. The effect of whole-grain (WG) diet on the gut microbiota composition of normal-weight and overweight elderly individuals. (A) Number of OTUs, (B) Shannon index, (C) phylum level, and (D) family level. The red bar represents a significant increase, while the blue bar represents a significant decrease.


In addition, functional predictions indicated that 13 and 105 related metabolic pathways were significantly changed in Female_DWG and Male_DWG (p < 0.05; Figure 6). In Female_DWG, the related metabolic pathways of terpenoids, cell walls, and lipids were significantly increased, and the metabolism of vitamins is significantly reduced. In Male_DWG, the metabolic pathways related to SCFA, nucleic acid bio-oxidation, and lipo-sugar were significantly increased, while the related metabolic pathways of amino acids, nucleotides, terpenoids, vitamins, and lipids were significantly reduced.


[image: Figure 6]
FIGURE 6. The effect of the whole-grain (WG) diet on the gut microbiota function of normal weight and overweight individuals. The significant effect of the WG diet on microbial metabolism pathways, (A) normal-weight and (B) overweight individuals. The red bar represents a significant increase, while the blue bar represents a significant decrease.





DISCUSSION

Studies have shown that diet can directly affect the diversity and composition of human gut microbiota (18, 19). WG has a significant effect on the gut microbiota of obesity, DM, and hypertension (20–22). The present study used the data from the AGP to analyze the effect of WG on the gut microbiota of the elderly individuals. To simplify the analysis model, we screened out the microbial data of the elderly individuals who never and/or daily feed on WG for analysis. The results showed that the WG did not affect the microbial α-diversity in the elderly individuals, but had a significant effect on the microbial composition and function.

Studies have shown that WG can significantly affect microbial community composition (23, 24). Wheat WG could significantly increase Bifidobacteria, Lactobacilli, and Prevotella and significantly decrease Dialister, Bifidobacterium, Blautia, and Collinsella (25, 26). Quinoa could alleviate dysbiosis remarkably by increased species richness and diversity, decreased phylum Proteobacteria, and genera Escherichia and Peptoclostridium (23). A 6-week randomized controlled trial shows that WG can effectively reduce the weight of OW, and it is related to Prevotella abundance (27). This may be related to the WG-rich diet reducing systematic low-grade inflammation and keeping the gut microbiota stable (28). WG significantly decreased Firmicutes/Bacteroidetes ratio, Blautia, Roseburia, Bifidobacterium, and Dialister (29, 30). The present study showed that DWG could decrease the abundance of Firmicutes, Lachnospiraceae, and Actinomycetaceae and increase the abundance of Verrucomicrobia and Verrucomicrobiaceae. Therefore, the present study and previous research have shown that WG intake can reduce the Firmicutes/Bacteroidetes ratio, and this study provides more gut bacteria associated with WG intake. Meanwhile, the study provides more intestinal microbes related to WG intake.

Studies have shown that the components of WG (dietary fiber, phenols, and B vitamins) can affect the gut microbiota. High dietary fiber can effectively improve the diversity and composition of gut microbiota, such as Clostridiales, which participate in carbohydrate utilization via polysaccharide degradation (31). The type and composition of dietary fiber from WG can affect the production of SCFA, such as arabinoxylan mixed with β-glucan, which can affect butyrate production. WG is high in phenolic acids, mainly covalently bound to fiber (32). The gut microbiota could release covalently bound phenolics from fiber and undergo metabolic conversion. Biotransformation of phenolic compounds may favor specific bacterial species, which in turn affect dietary fiber degradation pathways (32). In addition, B vitamins also play an important role in the regulation of gut microbiota (33). The present study found that WG not only affected the composition of gut microbiota but also predicted that WG could achieve beneficial effects by modulating the effect of gut microbiota on the metabolism of amino acids, carbohydrates, lipids, and vitamins.

Being OW is an important factor threatening the health of the elderly people (34). Studies have shown that the microbial composition of OW individuals is significantly affected (33, 35). Increased Streptococcaceae is generally considered to be associated with diseases, such as diabetes, obesity, and hypertension (36–38). Moreover, gut microbiota rich in Prevotella can improve glucose metabolism, potentiate weight loss, and reduce cholesterol levels (39–41). Researchers believe that the high diversity of Prevotella can enhance the fermentation ability of the microbiota, which is conducive to human health (42). Akkermansia in Verrucomicrobiaceae is inversely associated with obesity, diabetes, and cardiovascular disease (43). Consistent with previous studies, the study found that being OW was an important factor affecting the gut microbiota of the elderly people. The level of Firmicutes and Streptococcaceae was decreased, while the level of Prevotella was increased in the OW_DWG group. In addition, Verrucomicrobiaceae was significantly increased in the NW_DWG group. In general, WG diets can increase the abundance of probiotics and inhibit the growth of disease-related microbes for both NW and OW individuals.

Several studies have shown that there are significant differences in the gut microbiota of men and women (44, 45). This may be due to the male and female receiving different hormonal disturbances or different dietary patterns (46, 47). Studies have shown that the gut microbiota of men and women respond differently to the same diet and pharmacological interventions (48–50). A study showed an increased abundance of Lactobacillus, Alistipes, Lachnospira, and Clostridium in male mice but not in female mice when fed with HFD (48). A recent study showed that a diet of fructooligosaccharides had differential effects on SCFAs in the gut of male and female rats, while an increased abundance of Bacteroides was found only in female rats (49). A tuna oil and algae oil mixture treatment resulted in different gut microbial composition alterations in different sexes (51). The present study showed that WG significantly increased Verrucomicrobia and decreased Streptococcaceae in men, while significantly suppressing the Firmicutes to Bacteroidetes ratio and increasing Prevotellaceae in women. This study highlights the inconsistencies in the effect of WG on the gut microbiota in the male and female elderly individuals.

However, this study has some shortcomings due to AGP's project design. For example, all data are self-reporting, and its authenticity cannot be traced back. Although AGP collected more than 25,000 samples, there is little data available. Specific to the present study, we only matched 70 samples. In addition, the sample data come from the Caucasian population, and there is a lack of data on different races. These were worthy of further exploration in future research.



CONCLUSION

This study analyzed the effect of WG on the gut microbiota of the elderly people. It was found that although WG did not change the α-diversity of the microbes, it affected the abundance of Verrucomicrobia and Firmicutes. In addition, for the WG, different weights and gender have different outcomes. WG affected the abundance of Verrucomicrobia, Verrucomicrobiaceae, and Corynebacteriaceae bacteria in NW people and affected the abundance of Firmicutes, Streptococcaceae, and Prevotellaceae bacteria in OW people. WG affected the abundance of Firmicutes, Bacteroidetes, and Prevotellaceae in men and Verrucomicrobia, Proteobacteria, Verrucomicrobiaceae, and Streptococcaceae bacteria in women. In general, WG can increase the abundance of beneficial bacteria and partially inhibit the growth of harmful bacteria.
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Background: Low protein supplemented with α-ketoacid diet (LKD) was recommended to be an essential intervention to delay the progression of chronic kidney disease (CKD) in patients who were not yet on dialysis. Aberrant gut microbiota and metabolism have been reported to be highly associated with CKD. However, the effect of LKD on gut microbiota and related fecal metabolism in CKD remains unclear.

Methods: Mice were fed with normal protein diet (NPD group), low protein diet (LPD group), and low protein diet supplemented with α-ketoacid (LKD group) after 5/6 nephrectomy. At the end of the study, blood, kidney tissues, and feces were collected for biochemical analyses, histological, 16S rRNA sequence of gut microbiome, and untargeted fecal metabolomic analyses.

Results: Both LKD and LPD alleviate renal failure and fibrosis, and inflammatory statement in 5/6 nephrectomized mice, especially the LKD. In terms of gut microbiome, LKD significantly improved the dysbiosis induced by 5/6Nx, representing increased α-diversity and decreased F/B ratio. Compared with NPD, LKD significantly increased the abundance of g_Parasutterella, s_Parabacteroides_sp_CT06, f_Erysipelotrichaceae, g_Akkermansia, g_Gordonibacter, g_Faecalitalea, and s_Mucispirillum_sp_69, and decreased s_Lachnospiraceae_bacterium_28-4 and g_Lachnoclostridium. Moreover, 5/6Nx and LKD significantly altered fecal metabolome. Then, multi-omics analysis revealed that specific metabolites involved in glycerophospholipid, purine, vitamin B6, sphingolipid, phenylalanine, tyrosine and tryptophan biosynthesis, and microbes associated with LKD were correlated with the amelioration of CKD.

Conclusion: LKD had a better effect than LPD on delaying renal failure in 5/6 nephrectomy-induced CKD, which may be due to the regulation of affecting the gut microbiome and fecal metabolic profiles.

Keywords: chronic kidney disease, low-protein diet supplemented with α-ketoacid, gut microbiota, fecal metabolism, renal fibrosis, 5/6Nx mice


INTRODUCTION

Chronic kidney disease (CKD) affects nearly 850 million people worldwide, contributing to high incidences of morbidity and mortality (1). The studies on low protein diet (LPD) in delaying the progression of CKD have gradually deepened in both experimental models and clinical research (2–4). It has been recognized that restriction of dietary protein intake could reduce glomerular hyperfiltration and nitrogen waste products. However, given the potential side effects of LPD (such as insufficient amino acid supply and malnutrition), the implementation of restricting dietary protein intake has been vigorously debated. For these reasons, α-ketoacid, a nitrogen-free substitution for the essential amino acids, has been prescribed together with LPD to patients to delay CKD progressions (5). The studies currently available suggest that the effectiveness of LPD supplemented with α-ketoacid (LKD) was greater than LPD in reducing metabolic burden, protective role against oxidative stress of kidney tissue (6), and blood pressure control (7), while the mechanisms of LPD and LKD to slow down the progression of CKD are unclear.

In recent years, many studies have reported that gut dysbiosis altered host metabolome and impacted renal failure and complication of CKD both in humans and rodents (8–10). The composition and changes in the dietary structure have profound effects on the structure and metabolism of the gut microbiome. Although 5–10% of dietary amino acids reach the colon, where most gut microbiotas grow and metabolize, many diets-microbiome studies usually focused on the effects of dietary fiber, fat, and carbohydrates (11). Less is known about the specific effects of dietary protein on gut microbiota and metabolism in CKD. As LKD is a cornerstone of CKD treatment, the mechanistic roles of LKD-microbiota-metabolism interactions in CKD pathogenesis and treatment remain unclear.

Based on the above, we adopted different feeding methods for CKD mice induced by 5/6 subtotal nephrectomy to explore the effects of LKD and LPD on gut microbiota and fecal metabolism.



METHODS


Experimental Animals and Study Design

SPF-level C57bl/6 wild-type mice (8 weeks old) were obtained from the Slack Company and raised at a standard environment (average temperature of 22°C with a standard 12 h/12 h light/dark cycle). After 1 week of adaptive feeding, we adopted the method of 5/6 subtotal nephrectomy (5/6Nx) to construct an animal model of CKD as follows: 1/3 of the upper and lower poles of the left kidney, a total of 2/3, was removed, and the entire right kidney was removed 7 days later (12). Sham operations (sham group, n = 5) were conducted at the same time points. After the CKD model was successfully constructed, the mice were randomly divided into three experimental groups (n = 6 per group), namely, (1) NPD group: CKD mice fed with a normal protein diet (protein accounts for 20% of the weight of feed); (2) LPD group: CKD mice fed with an LPD consisting of wheat starch (protein accounts for 5% of the weight); (3) LKD group: CKD mice fed with an LPD consisting of wheat starch (protein accounts for 5% of the weight of feed, 1% of which comes from α-ketoacid). In this study, only diets were given according to groups after modeling, without other intervention. The basic component of LPD and LKD diet is wheat starch. After 8 weeks of feeding, 24 h urine samples of mice were collected using the metabolic cages before they were euthanized under deep anesthesia. Plasma and feces samples were frozen and stored at −80°C for later analyses. Kidneys were collected for renal histological analyses. All experiments and operations in mice with CKD were performed in SPF-level animal breeding rooms. The flowchart of the treatment for mice is shown in Figure 1A.


[image: Figure 1]
FIGURE 1. Flowchart, analysis of renal function, and kidney H&E staining. (A) The flowchart of the animal experiment. Mice were randomly divided into three groups after 5/6Nx and fed with different weight of protein. (B) Comparison of the body weight after 8-week feeding (ANOVA test). (C) Comparison of the urinary protein (24 h) (ANOVA test). (D) Comparison of the serum level of creatinine (ANOVA test). (E) Comparison of the level of blood urea nitrogen (ANOVA test). (F) Representative images (40×) for H&E staining of kidney tissues and score of renal injury (ANOVA test). Ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




Biochemical and ELISA

Serum creatinine (SCR) and blood urea nitrogen (BUN) and 24 h urinary protein excretion were measured by commercial kits. Proinflammatory factors [interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), and IL-1β] were analyzed by ELISA kits.



Histological and Immunohistochemistry Analysis

Kidneys were fixed in 4% paraformaldehyde for 48 h and embedded in paraffin. Hematoxylin and eosin (H&E) staining was performed to evaluate the renal pathological injury. The renal injury score was estimated by morphometric assessment of tubular damage and interstitial fibrosis, which was analyzed by a blinded renal pathologist quantified staining in 10 randomly selected fields. Masson and Sirius red staining, and immunohistochemistry of smooth muscle alpha (α-SMA) antibody were performed to access the degree of renal fibrosis. The quantification of data was analyzed using the Image Pro Plus software.



16S rRNA Gene Sequencing

At week 12, the fresh feces of the mouse were shipped on dry ice and stored at −80°C until DNA extraction. DNA from samples was extracted using hexadecyltrimethylammonium bromide/sodium dodecyl sulfate (CTAB/SDS) method. DNA concentration and purity were monitored on 1% agarose gels and then diluted to l μg/μl using sterile water.

The 16S rRNA of V3–V4 regions were amplified using primer: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with the barcode. All PCR reactions were carried out using 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs). The PCR products were mixed in equidensity ratios and purified using QIAGEN Gel Extraction Kit (QIAGEN, Germany).

Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA). The library was sequenced on an Illumina NovaSeq platform to generate 250 bp paired-end reads.

Paired-end reads were assigned to samples and merged using FLASH (VI.2.7) (13). Quality filtering of the raw tags was performed to obtain the high-quality clean tag on QIIME (V1.9.1) (14). The tags were compared with the Silva database using the UCHIME algorithm (15) to remove the chimera sequences (16). Sequences with more than 97% similarity were assigned to the same operational taxonomic units (OTUs) using UPARSE (V 7.0.1001). The Silva Database (17) was used to annotate taxonomic information for each representative sequence based on the Mothur algorithm. The α-diversity and β-diversity were calculated using the QIIME software (V 1.9.1). Cluster analysis was preceded by non-metric multi-dimensional scaling (NMDS) analysis, which was a non-linear model analyzed based on the Bray-Curtis distance using the vegan package in the R software.



Untargeted Fecal Metabolomic Analysis

Untargeted metabolomic analyses were performed on the fecal samples via the liquid chromatography-tandem mass spectrometry (LC-MS/MS). The UHPLC system (Vanquish, Thermo Fisher Scientific) with UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm) were coupled to Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo). The metabolite extraction, LC-MS/MS analysis, data preprocessing, and annotation are elaborated in the Supplementary Materials. The data were analyzed for positive and negative ions, respectively.

Metaboanalyst (https://www.metaboanalyst.ca) was implemented for the data cleaning, statistical analysis, and pathway enrichment analysis. The peak intensity matrix with a zero value in more than 50% of samples was filtered by removing peaks. The remaining missing values were replaced by one-fifth of the minimum positive value of each variable. Deviating values are filtered if their relative standard deviation is >25% and normalized using the mean value. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) algorithm, fold change (fc), and t-tests were adopted to identify the metabolites with significant differences between groups. The permutation test (100 permutations) was performed to validate the OPLS-DA model. Differential expressed metabolites (DEMs) were identified by strict criteria, namely, variable importance in the projection (VIP) value > 1, log2 (fc) > |2|, p < 0.05. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of DEMs were enriched by Metaboanalyst and presented as potential targets with a threshold of p < 0.05.



Statistics Analysis

All data with normal distributions are presented as mean ± SD of the mean, and statistical tests were performed using the GraphPad Prism software (V 9.1.2). Continuous normally distributed data among three groups were analyzed by one-way ANOVA. Kruskal-Wallis H-test was employed to analyze continuous data with non-normal distribution among three groups. The unpaired Student's t-tests were used to compare two groups and Mann-Whitney U-test was used for nonparametric data. Differential OTUs were identified using the DEseq2 package with a threshold of p < 0.05, log2(fc) > |1|. Spearman's correlation analysis was conducted to reveal the potential relationships between key DEMs and OTUs or parameters associated with CKD. Statistics notes: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Figures were visualized using the R software.




RESULTS


LKD Alleviated Renal Failure in 5/6Nx Mice

To verify the therapeutic effect of LPD and LKD, we first evaluate the bodyweight of mice after 8 weeks of different feeding. We found that NPD represented an obvious loss of weight compared with sham (22.6 ± 1.9 vs. 33.2 ± 1.1, p < 0.0001) (Figure 1B). However, LPD and LKD seem to not attenuate the loss of weight. Next, we evaluated the effects of different diets on the renal function of CKD mice. As shown in Figures 1C–E, the level of SCR (117.9 ± 13.9), BUN (11.2 ± 1.6), and 24 h urine protein (76.9 ± 6.6) in NPD was significantly higher than results in sham (46.7 ± 6.7; 5.0 ± 0.5; 13.2 ± 0.9), confirming our CKD model succeeded (all p < 0.0001). Compared with NPD, SCR level in LKD (91.2 ± 10.4, p = 0.007) was significantly decreased but not altered in LPD (100.6 ± 9.4, p = 0.093). Compared with NPD, BUN levels were both significantly decreased in LPD (8.0 ± 1.0, p = 0.002) and LKD (7.3 ± 0.9, p = 0.0002).

Moreover, the results of renal pathological changes were consistent with that of renal function changes. The structures of glomeruli and renal tubules in the kidney tissue of the sham mice were normal. In the CKD groups, there were different degrees of renal interstitial fibrosis, a large number of lymphocyte infiltration, renal tubular swelling, and necrosis. Compared with NPD, the degree of renal tissue damage was significantly improved, lymphocyte infiltration and renal tubular lesions were significantly reduced in the LPD (p = 0.015) and LKD (p = 0.0002) groups, especially in the LKD group (Figure 1F). Mice feeding LKD and LPD were protected against the effects of 5/6Nx, exhibiting significantly lower deterioration in both renal function and mathematical damage than mice feeding NPD.



LKD Improved Renal Fibrosis and Inflammation in 5/6Nx Mice

To further verify whether LKD and LPD could delay the progression of renal failure induced by 5/6Nx, we performed Masson, Sirius red staining, and immunohistochemistry of α-SMA antibody to observe the degree of renal fibrosis in CKD mice. According to the Masson and Sirius red staining, no significant change in the glomerulus and metabolite deposition was observed in the renal tubule in the sham group. Only a small amount of collagen fibers is deposited in the renal interstitium-like cords in the sham group. In contrast, dilated glomerular balloon, thickened basement membrane, large collagen fibers, and deposition in renal tubule interstitium and epithelium were observed obviously in NPD compared with sham (Masson: p < 0.0001; Sirius red: p < 0.0001). Compared with NPD, LPD (Masson: p = 0.0001; Sirius red: p < 0.0001) and LKD (Masson: p < 0.0001; Sirius red: p < 0.0001) significantly improved the degree of fibrosis (Figures 2A,B). It is noteworthy that LKD showed better antifibrosis effect compared with LPD (Masson: p < 0.0001; Sirius red: p < 0.0001). Based on the results of immunohistochemistry, the expression of fibrosis markers α-SMA was significantly lower in LPD (p = 0.004) and LKD (p < 0.0001) compared with NPD (Figure 2C). The expression of α-SMA was significantly lower in LKD compared with LPD (p < 0.0001). In brief, the fibrosis degree of the LPD and LKD group was significantly reduced, especially the LKD group.


[image: Figure 2]
FIGURE 2. LKD attenuate renal fibrosis and decrease inflammatory factors. (A) Representative images (40×) for Masson staining of kidney tissues and fibrosis area score (ANOVA test). (B) Representative images (40×) for Sirius red staining of kidney tissues and fibrosis area score (ANOVA test). (C) Representative images (40×) for immunohistochemical α-SMA of kidney tissues and fibrosis area score (ANOVA test). (D–F) Comparison of inflammatory factors by ELISA. (D) IL-6, (E) TNF-α, (F) IL-1β (ANOVA test). Ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


As CKD is often accompanied by a micro-inflammatory state, we detect three inflammatory factors (IL-6, TNF-α, and IL-1β) in serum to evaluate the level of inflammation (Figures 2D–F). NPD significantly increased IL-6 (229.2 ± 22.5), TNF-α (559.0 ± 51.8), and IL-1β (240.5 ± 23.4) compared with sham (105.0 ± 11.7; 210.4 ± 31.5; 210.4 ± 31.5; all p < 0.0001), indicating a micro-inflammatory state. LKD could significantly reduce the levels of IL-6 (148.5 ± 16.4, p < 0.0001), TNF-α (397.4 ± 72.3, p = 0.001), and IL-1β (157.3 ± 17.4, p = 0.0002) compared with NPD. LPD could significantly reduce the level of IL-1β (184.6 ± 26.1, p=0.007) and IL-6 (190.4 ± 24.2, p= 0.038) compared with NPD. Furthermore, the level of IL-6 in LKD was lower than that in LPD (p = 0.016), indicating a better anti-inflammatory ability of LKD.



Effect of 5/6Nx and LKD on Gut Microbiome

In view of the influence of 5/6Nx and different diets on the gut microbiome, we explored the structure and differences in the gut microbiota of mice. A total of 2,671 OTUs were obtained after assigned and annotated. Venn plot (Figure 3A) showed that 335 OTUs coexisted in four groups and 621 OTUs unique to the sham group. While 377 were shared by three groups with 5/6Nx and 304 OTUs were unique in LKD. The α-diversity of the microbiome was estimated by two indexes, namely, the Chao1index reflected the community richness and the Shannon index reflected the community diversity. As shown in Figure 3B, Chao1 of NPD (558.1 ± 41.4) was significantly lower than that of sham (763.3 ± 105.4, p = 0.016) and LKD (796.5 ± 122.7, p = 0.016). Shannon of NPD was significantly lower than that of sham (4.9 ± 0.6 vs. 6.1 ± 0.4, p = 0.016). To further analyze the β-diversity of microbial composition, we performed NMDS based on Bray-Curtis distance (R = 0.6811, p = 0.001, stress = 0.09). The NMDS analysis (Figure 3C) visually revealed that sham was significantly separated from NPD, LPD, and LKD, which were farther apart. The clustering circles for LPD and LKD are closer and farther from sham and NPD. The NMDS results suggest that changing dietary patterns has a greater impact on the overall structure of the gut microbiota than 5/6Nx.


[image: Figure 3]
FIGURE 3. Gut microbiome taxonomic features of four groups. (A) Venn plot indicating the number of OTUs of four groups. (B) α-Diversity: Chao1 and Shannon indexes (Mann-Whitney U-test). (C) β-Diversity analyzed by NMDS based on Bray-Curtis distances. (D) Comparison of the relative abundance of gut microbiota at the phylum level (Mann-Whitney U-test). (E) Comparison of the F/B ratio (Mann-Whitney U-test). (F) Chord plot showing the top 10 genera and their contribution to each group. *P < 0.05.


Bacteroidetes, Firmicutes, Verrucomicrobia, and Proteobacteria were the most dominant phylum in each group. Compared with the sham, Firmicutes population in NPD was increased (0.32 ± 0.09 vs.56 ± 0.12, p = 0.032) (Figure 3D), and the ratio of Firmicutes to Bacteroidetes (F/B) of NPD was significantly higher than that of sham (3.0 ± 3.0 vs. 0.68 ± 0.24, p = 0.032) (Figure 3E). In contrast, Firmicutes population in LKD was decreased compared with NPD (0.25 ± 0.05 vs. 0.56 ± 0.12, p = 0.016). Bacteroidetes population declined in the LKD group compared with NPD (0.59 ± 0.05 vs. 0.32 ± 0.19, p = 0.032) (Figure 3C). F/B ratio of LKD was lower than that of NPD (0.43 ± 0.12 vs. 3.0 ± 3.0, p = 0.016). For the genus level, Bacteroides, Allobaculum, Ileibacterium, Escherichia-Shigella, Akkermansia, Pseudomonas, Parabacteroides, Streptococcus, Romboutsia, and Lachnospiraceae_NK4A136_group were top 10 abundant genera. The chord diagram showed the distribution of these genera in each group (Figure 3F). Therefore, the four groups of mice differed in both the diversity and structure of the gut microbiome. The results suggested that LKD may improve the dysbiosis induced by 5/6Nx via increasing microbial richness and declining the F/B ratio.



Effect of 5/6Nx on Fecal Metabolome

We used the UHPLC-QE-MS analytical technique to detect the changes in metabolites in the feces. Fecal metabolic profiling (OPLS-DA) showed that the sham and NPD groups can be clearly separated both in positive (Figure 4A) and negative modes (Figure 4B). Permutation test of OPLS-DA manifests that the model was reliable both in positive (Q2 = 0.979, p < 0.01; R2Y = 0.999, p < 0.01) and negative (Q2 = 0.972, p = 0.01; R2Y = 1, p = 0.01) modes. Under the strict criteria (VIP > 1, log2FC > |2|, p < 0.05) to identify the DEMs, 149 DEMs in positive mode and 80 DEMs in negative mode were eventually found between sham and NPD groups. The heatmap of 219 DEMs after merging the two modes suggested that 5/6Nx significantly reshaped the metabolic patterns of fecal metabolites (Figure 4C, Supplementary Table S1). DEMs between sham and NPD had obvious clustering in each group. In addition, these DEMs were mainly downregulated in NPD. These metabolic markers were mainly composed of organic acids and derivatives (30.1%), lipids and lipid-like molecules (24.2%), organoheterocyclic compounds (22.3%), organic nitrogen compounds (6.3%), organic oxygen compounds (6.3%), and others.
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FIGURE 4. Different expressed metabolites between NPD and sham. (A) OPLS-DA score chart of positive mode between sham and NPD. (B) OPLS-DA score chart of negative mode between sham and NPD. (C) Heatmap of 219 DEMs between sham and NPD after combing positive and negative modes. The classification of these DEMs is indicated by different colors. (D) Enriched KEGG pathways of DEMs between sham and NPD with p < 0.05.


To explore the functional significance of these DEMs, metabolic pathway enrichment analysis was performed on the KEGG database. Metabolic pathways of 219 DEMs between sham and NPD were figured out, including metabolism of histidine; phenylalanine, tyrosine and tryptophan biosynthesis; D-glutamine and D-glutamate; riboflavin; alanine, aspartate and glutamate; beta-alanine; glycerophospholipid; phenylalanine; arginine biosynthesis; sphingolipid; nicotinate and nicotinamide; pyrimidine; pyruvate; tryptophan; tyrosine; arginine and proline; citrate cycle (TCA cycle); glycolysis/gluconeogenesis; vitamin B6; purine; glycine; serine and threonine; butanoate; pantothenate and CoA biosynthesis; glutathione; glycerolipid; glycosylphosphatidylinositol (GPI)-anchor biosynthesis; phosphatidylinositol signaling system (Figure 4D).



Effect of LKD on Fecal Metabolome in 5/6Nx Mice

As LKD had a better therapeutic effect on 5/6Nx than LPD, we further analyzed the differences in fecal metabolites between LKD, NPD, and LPD to explore its mechanism. The fecal metabolic profiles of LKD were different from those of NPD both in positive and negative modes (Figures 5A,B). The permutations test of OPLS-DA manifests that the model was reliable both in positive (Q2 = 0.99, p < 0.01; R2Y = 1, p < 0.01) and negative (Q2 = 0.925, p = 0.03; R2Y = 0.991, p = 0.04) modes. A total of 356 DEMs in positive mode and 67 DEMs in negative mode were eventually found between LKD and NPD. The heatmap of 492 DEMs after merging the two modes suggested that LKD pattern significantly reshaped the fecal metabolites compared with NPD (Figure 5C, Supplementary Table S2). DEMs between LKD and NPD had obvious clustering in each group. In addition, these DEMs were mainly downregulated in LKD. These DEMs were mainly composed of lipids and lipid-like molecules (21%), organic acids and derivatives (20%), organoheterocyclic compounds (20%), organic nitrogen compounds (8.7%), and others.
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FIGURE 5. Different expressed metabolites between LKD and NPD. (A) OPLS-DA score chart of positive mode between LKD and NPD. (B) OPLS-DA score chart of negative mode between LKD and NPD. (C) Heatmap of 492 DEMs between LKD and NPD after combing positive and negative modes. The classification of these DEMs is indicated by different colors. (D) Enriched KEGG pathways of DEMs between LKD and NPD with p < 0.05.


In terms of LKD vs. LPD, results of the permutation test of OPLS-DA (Figures 6A,B) model suggest that the difference between LKD and LPD was not as large as that between NPD both in positive (Q2 = 0.525, p = 0.07; R2Y = 0.971, p = 0.06) and negative (Q2 = 0.972, p = 0.01; R2Y = 1, p = 0.01) modes. Such results may be due to the relatively similar low protein dietary patterns of LKD and LPD. A total of 72 DEMs were identified in positive mode and 25 DEMs in negative mode were eventually found between LKD and NPD. The 99 DEMs between LKD and LPD after merging the two modes are shown in Figure 6C and Supplementary Table S3. DEMs between LKD and LPD showed not absolute clustering in each group, indicating the similar component of LKD and LPD. These DEMs were mainly composed of lipids and lipid-like molecules (34.3%), organoheterocyclic compounds (23.2%), organic acids and derivatives (17.1%), organic nitrogen compounds (8%), and others.
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FIGURE 6. Different expressed metabolites between LKD and LPD. (A) OPLS-DA score chart of positive mode between sham and LPD. (B) OPLS-DA score chart of negative mode between LKD and LPD. (C) Heatmap of 99 DEMs between LKD and LPD after combing positive and negative modes. The classification of these DEMs is indicated by different colors. (D) Enriched KEGG pathways of DEMs between LKD and LPD with p < 0.05.


The KEGG pathway enrichment results (Figure 5D) showed metabolic pathways of 492 DEMs between LKD and NPD included metabolism pathways of phenylalanine, tyrosine and tryptophan biosynthesis; D-glutamine and D-glutamate; riboflavin; alanine, aspartate and glutamate; beta-alanine; glycerophospholipid; phenylalanine; arginine biosynthesis; sphingolipid; nicotinate and nicotinamide; pyrimidine; pyruvate; tryptophan; tyrosine; arginine and proline; citrate cycle (TCA cycle); glycolysis/gluconeogenesis; vitamin B6; purine; glycine, serine and threonine; butanoate; pantothenate and CoA biosynthesis; glutathione; glycerolipid; GPI-anchor biosynthesis; phosphatidylinositol signaling system. In addition, DEMs (LKD vs. LPD) were mainly enriched metabolism pathways of vitamin B6, glycerophospholipid, steroid hormone biosynthesis, etc. It can be seen that the differential metabolites between the LPD and NPD groups were less rather than other comparisons because the LKD can more significantly alter fecal metabolism in 5/6Nx mice.

The KEGG pathway enrichment results (Figure 6D) showed metabolic pathways of 99 DEMs between LKD and LPD included metabolism pathways of phenylalanine; tyrosine and tryptophan biosynthesis; tyrosine; porphyrin and chlorophyll; arachidonic acid; vitamin B6; glycerophospholipid; sphingolipid; steroid biosynthesis; and purine.

P-Cresyl sulfate (PCS), indoxyl sulfate (IS), and trimethylamine N-oxide (TMAO) were the products of the uremic toxins derived from gut microbiota. We analyzed the level of these toxins in feces. Compared with sham (7.6 ± 2.4), NPD (51.0 ± 16.5) significantly increased IS level in feces (p < 0.0001). While LKD (1.7 ± 1.6, p < 0.0001) and LPD (7.6 ± 4.5, p < 0.0001) could significantly decrease IS level. Although there was no statistical significance, PCS and TMAO in the NPD group showed an increasing trend compared with the sham group (Supplementary Figure S1).



Identification of Key OTUs and Metabolites Associated With LKD

More than 50% of OTUs with zero abundance in at least one group were removed without further analysis (Supplementary Table S4). To further elucidate the alterations of the gut microbiome in LKD, DEseq2 was used and visualized in volcano plots with a threshold of p < 0.05, log2(fc) > |1| (Figures 7A–C). Figure 7D shows the numbers of differential abundant OTUs. A total of 429 OTUs showed significant differences between sham and NPD (Supplementary Table S5). A total of 320 OTUs depleted in NPD: OTU_75, OTU_14, OTU_27, OTU_45, OTU_40, etc., which mainly belong to Lachnospiraceae_NK4A136_group (9 OTUs), Ruminococcus (8 OTUs), Bacteroides (5 OTUs), Corynebacterium (5 OTUs), Roseburia (5 OTUs), Enterorhabdus (5 OTUs) at the genus level; 109 OTUs enriched in NPD: OTU_63, OTU_17, OTU_127, OTU_10, OTU_147, etc., which mainly belong to Bacteroides (4 OTUs), Lachnospiraceae_NK4A136_group (4 OTUs), Alistipes (3 OTUs), Clostridium_sensu_stricto_1 (2 OTUs), Ileibacterium (2 OTUs), Parabacteroides (2 OTUs), and Faecalitalea (2 OTUs) at the genus level.
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FIGURE 7. Identification of key DEMs and OTUs associated with LKD. (A–C) Volcano plots showing differential OTUs by DEseq2. (A) NPD vs. sham. (B) NPD vs. LKD. (C) LPD vs. LKD. (D) Histogram showing different numbers of OTUs among three comparisons. (E) Venn plot showing the overlapped differential OTUs among three comparisons; heatmap showing the abundance of overlapped differential OTUs. (F) Venn plot showing the overlapped differential KEGG metabolic pathways among three comparisons; heatmap showing the DEMs (NPD vs. LKD) involved in these pathways.


A total of 178 OTUs showed significant differences between LKD and NPD (Supplementary Table S6). Of these, 112 OTUs enriched in LKD: OTU_3, OTU_39, OTU_368, OUT _68, OTU_323, etc., which mainly belong to Corynebacterium (6 OTUs), Anaerococcus (4 OTUs), Monoglobus (4 OTUs), Peptoniphilus (3 OTUs), Escherichia-Shigella (2 OTUs), and Acinetobacter (2 OTUs) at the genus level, and 66 OTUs depleted in LKD: OTU_86, OTU_16, OTU_80), OTU_38, OTU_11, etc., which mainly belong to Lachnospiraceae_NK4A136_group (6 OTUs), Roseburia (4 OTUs), and Lachnoclostridium (2 OTUs) at the genus level.

A total of 112 OTUs showed significant differences between LKD and LPD (Supplementary Table S7). Of these, 85 OTUs enriched in LKD: OTU_131, OTU_320, OTU_58, OTU_381, OTU_481, etc., which mainly belong to Corynebacterium (6 OTUs), Anaerococcus (4 OTUs), Monoglobus (4 OTUs), and Peptoniphilus (3 OTUs) at the genus level, and 27 OTUs depleted in LKD: OTU_119, OTU_181, OTU_111, OTU_68, OTU_475, etc., which mainly belong to Blautia (2 OTUs) and Lachnospiraceae_NK4A136_group (2 OTUs) at the genus level.

Venn diagram (Figure 7E) displaying the overlaps between comparisons showed that 13 OTUs were shared among the three comparisons (sham vs. NPD, LKD vs. NPD, LKD vs. LPD). These 13 OTUs can be regarded as LKD-specific differential OTUs that delayed 5/6Nx-induced renal failure and displaying in heatmap (Figure 7E). Compared with NPD, g_Parasutterella (OTU_20), s_Parabacteroides_sp_CT06 (OTU_47), f_Erysipelotrichaceae (OTU_58), g_Akkermansia (OTU_131), g_Gordonibacter (OTU_199), g_Faecalitalea (OTU_372), o__Clostridia_UCG-014 (OTU_457), o__Clostridia_UCG-014 (OTU_469), f__Erysipelotrichaceae (OTU_481), and s_Mucispirillum_sp_69 (OTU_926) were enriched in LKD; s_Lachnospiraceae_bacterium_28-4 (OTU_41), g_Lachnoclostridium (OTU_63), and undentified_bacteria (OTU_431) were depleted in LKD among the 13 LKD-specific OTUs. The OTUs annotated below the family level are identified as key OTUs.

According to the criteria of p < 0.05 and impact > 0, we screened out differential metabolic pathways. The Venn diagrams demonstrate the overlaps between comparisons showed that six pathways were shared among the three comparisons (sham vs. NPD, LKD vs. NPD, LKD vs. LPD). These common five pathways were identified as key pathways associated with LKD to delay 5/6Nx-induced renal failure, including phenylalanine, tyrosine and tryptophan biosynthesis; glycerophospholipid metabolism; sphingolipid metabolism; vitamin B6 metabolism; and purine metabolism. DEMs (LKD vs. NPD) involved in these key pathways were screened as key DEMs associated with LKD and displayed in the heatmap (Figure 7F).



Multi-Omics Analysis Revealed the Association Between LKD, Gut Microbiome, and Fecal Metabolome

To further explore the mechanism of LKD, we analyzed the association between key OTUs and fecal metabolites by using Spearman's correlation (Figure 8A). Several key OTUs were significantly associated with fecal metabolites, which suggests that the alterations in the gut microbiome induced by LKD may affect the fecal metabolites features. Furthermore, we correlated the key metabolites with parameters associated with CKD (renal function and inflammatory factors). Similarly, several significant Spearman's correlations were found between renal function parameters, inflammatory factors, and key metabolites. Key metabolites that were significantly correlated (p < 0.05) with both key OTUS and parameters were screened and displayed in Sankey diagram (Figure 8B). The r-value and p-value of Spearman's correlation are organized in Supplementary Table S8. We noted that s_Parabacteroides_sp_CT06 (OTU_47, enriched in LKD), s_Mucispirillum_sp_69 (OTU_926, enriched in LKD), g_Akkermansia (OTU_131, enriched in LKD), and g_Lachnoclostridium (OTU_63, depleted in LKD) were the four main biomarkers that impacted the fecal metabolome. PC(22:4(7Z,10Z,13Z,16Z)/16:0) (depleted in LKD and involved in glycerophospholipid metabolism) was negatively correlated with parameters associated with CKD. Xanthine (depleted in LKD) and hypoxanthine (enriched in LKD) involved in purine metabolism were positively correlated with CKD. Pyridoxine, pyridoxal, and 4-pyridoxic acid (enriched in LKD and involved in vitamin B6 metabolism) were negatively correlated with CKD. 3-Dehydrosphinganine and sphinganine (depleted in LKD and involved in sphingolipid metabolism) were positively correlated with CKD. L-Phenylalanine and L-tyrosine (depleted in LKD and involved in phenylalanine, tyrosine and tryptophan biosynthesis) were positively correlated with CKD.
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FIGURE 8. Spearman's correlations between differential metabolites and OTUs associated with LKD or parameters for CKD. (A) Heatmap showing Spearman's correlation between differential metabolites and OTUs associated with LKD or parameters for CKD. The IDs of metabolites or OTUs are highlighted in red (enriched in LKD) and blue (depleted in LKD). *p < 0.05, **p < 0.01, ***p < 0.001. (B) Sankey plot was used to visualize the relationship among the differential OTUs and serum metabolites associated with LKD, and major parameters of CKD. Red connections indicate significant positive correlations, and blue connections indicate significant negative correlations (Spearman's correlation analysis, p < 0.05). In the left and middle column, blue boxes indicate OTUs or DEMs that are significantly depleted in LKD compared with NPD, and red boxes indicate OTUs or DEMs that are significantly elevated in LKD compared with NPD.





DISCUSSION

In recent years, through an in-depth study of gut microbiota and metabolomics and the proposal of “kidney-gut axis” theory, more studies have proved that gut microbiome and its metabolites contribute to the progression of CKD. Different from traditional drugs and renal replacement therapy, targeting the regulation of gut microbiota and metabolism has gradually become an emerging hotspot in the treatment of CKD (18). It is well known that the gut microbiota is a key bridge between diet and host physiological metabolism; changes in diet can drive the composition and function of the gut microbiota to impact host metabolism (19). Most of the research on CKD focuses on the gut microbiome and the blood metabolism of the host. However, fecal metabolism can directly observe the metabolism of the gut microbiota. In this study, we constructed 5/6Nx mice model fed with different protein components of diet to investigate the mechanism of low protein diet with α-ketoacid in the treatment of CKD through gut microbiota and fecal metabolism. Our results showed that both LKD and NPD could present a protective effect against CKD by reducing urinary protein, SCR, BUN, and slowing the progression of renal failure and fibrosis in 5/6Nx-induced mice, especially LKD, which was consistent with those of previous studies (20).

The gut microbiota has a crucial effect on maintaining intestinal homeostasis both in health and the disease state (21). Previous studies reported that gut dysbiosis has been observed in CKD, representing lower richness and diversity, and changes in the abundance of phylum or other levels, compared with healthy controls (22). Firmicutes and Bacteroidetes accounted for more than 90% of the human gut microbiome. F/B ratio was also an important indicator reflecting the disorder of gut microbiota (23, 24). In this study, a lower richness and diversity were observed in 5/6Nx mice compared with sham group. LKD could improve community richness (Chao1index), but not improved the reduction of community diversity (Shannon index) induced by 5/6Nx. In addition, Firmicutes significantly increased in NPD, and the F/B ratio increased in NPD compared with sham. According to the richness recovered of and the decrease of the F/B ratio in LKD, we believe that LKD effectively alleviated the disorder of gut microbiota in 5/6Nx mice. Observing β-diversity via NMDS analysis, we found that the composition of gut microbiota in sham and NPD was quite different, and in LKD and NPD was either different. While the composition in LKD and LPD was more similar. Interestingly, there were more differential metabolites between sham and NPD, more differential metabolites between LKD and NPD, but fewer differential metabolites between LKD and LPD. The differential metabolites between LKD and NPD were more than between sham and NPD, indicating that changing dietary patterns may have more effects on fecal metabolism in mice than performing 5/6Nx.

Several studies have shown that gut dysbiosis promotes renal fibrosis and failure mainly by affecting host metabolism (10). Patients with end-stage renal disease (ESRD) tend to have an increase in the microbiota producing a variety of harmful metabolites, such as IS, PCS, and TMAO, and a decrease in the microbiota-producing beneficial metabolites, such as short-chain fatty acids (SCFAs) (10). These harmful bacteria affect the metabolism of the host, disrupt the intestinal barrier, promote the circulation of harmful metabolites through the damaged intestinal barrier, and then contribute to the progression of renal fibrosis and CKD through various mechanisms, such as promoting inflammation and oxidative stress in CKD (25). Applying DEseq2 algorithm to further explore the differences in gut microbiome, we found that OTUs between NPD and sham were significantly different. Depleted OTUs in NPD partly belong to genera that produce SCFAs, including Bacteroides, Lachnospiraceae_NK4A136_group, and Roseburia (26). It is widely believed that mainly SCFAs, such as propionate, acetate, and butyrate, are beneficial to human health by maintaining gastrointestinal health due to their ability to enhance epithelial barrier integrity and inhibit inflammation (27). What's more, metabolic pathway analysis manifested that butanoate metabolism was altered between NPD and sham. Therefore, we speculate that the changes in butanoate metabolism in NPD may be due to the changes in these bacteria. Unfortunately, LKD did not seem to increase SCFAs. No SCFA pathway was found in the differential metabolic pathway between LKD and NPD. The abundances of g_Lachnospiraceae_NK4A136_group and g_Roseburia in LKD were even lower than those in NPD. Therefore, we believe that LKD ameliorates CKD through other metabolic pathways rather than SCFAs.

We also focused on gut microbiota-derived metabolic toxicants associated with CKD, including IS, PCS, and TMAO (28). Although we did not find changes in PCS and TMAO, LKD reduced IS, which is consistent with some previous studies (29). LKD can reduce the precursors of PCS, namely, tyrosine and phenylalanine. However, Mo (30) reported that α-ketoacid alone increased tyrosine and phenylalanine in CKD rats. This indicates that the combined LPD diet will change the sole effect of α-ketoacid.

As LKD produced a better renal protective effect than LPD, we were more concerned about the effect of LPD combined with α-ketoacid, that is, LKD rather than LPD along. We performed further multi-omics association analysis by comparing the shared differential OTUs and metabolic pathways obtained between sham and NPD, between LKD and NPD, and between LKD and LPD as key OTUs and metabolic pathways associated with LKD. Compared with NPD, s_Mucispirillum_sp_69 (OTU_926), g_Parasutterella (OTU_20), s_Parabacteroides_sp_CT06 (OTU_47), g_Akkermansia (OTU_131), g_Gordonibacter (OTU_199), g_Faecalitalea (OTU_372) were enriched in LKD; g_Lachnoclostridium (OTU_63), and s_Lachnospiraceae_bacterium_28-4 (OTU_41) were depleted in LKD among the LKD-specific key OTUs, which identified at least genus level. Using the same approach, we screened out key metabolic pathways and key metabolites involved in them. Results suggested that LKD may ameliorate the progression of CKD by improving the metabolic disorder of phenylalanine, tyrosine and tryptophan biosynthesis; glycerophospholipid metabolism; sphingolipid metabolism; vitamin B6 metabolism; and purine metabolism.

Parasutterella and Akkermansia were reported to be enriched in healthy controls compared with patients with CKD (31). In addition, another research confirmed that LPD was able to significantly increase Akkermansiaceae and in line with our results (32). Parasutterella is a healthy core genus of the human and mouse gut microbiota. It occupies specific gut niches and affects the microbiota and host metabolism, which was defined recently (33). Akkermansia muciniphila is the only probiotics in human intestinal tract that can store and decompose mucin to generate carbon and nitrogen factors (34). Gaining effects of A. muciniphila have been reported in many diseases, such as diabetes, obesity, fatty liver, and tumors (35–37). There were no studies on the effects of A. muciniphila supplementation on CKD, and this needs more research. Lachnoclostridium, a novel fecal marker for the non-invasive diagnosis of colorectal adenoma and cancer (38), also enriched in many diseases such as obesity and polycystic ovary syndrome (39). In comparison to healthy controls, patients with CKD5 exhibited a significantly higher relative abundance of Lachnoclostridium and correlated with IS and PCS (40). The results of multi-omics association analysis were similar to those reported in literature; thus, we speculate that depleted g_Lachnoclostridium (OTU_63) in LKD may ameliorate CKD by decreasing L-phenylalanine and L-tyrosine, which were the precursors of PCS.

Using the same approach, we screened out key metabolic pathways associated with LKD and key metabolites involved in them. Results suggested that LKD may ameliorate the progression of CKD by improving the metabolic disorder of phenylalanine, tyrosine and tryptophan biosynthesis; glycerophospholipid metabolism; sphingolipid metabolism; vitamin B6 metabolism; and purine metabolism. Increasing studies indicated that serum lipid profile and lipid metabolism altered markedly during CKD pathogenesis. CKD leads to deep changes in lipid metabolism and obvious dyslipidemia. The dysregulation of lipid metabolism in turn results in CKD progression (41). The imbalance of serum sphingolipid metabolism (increasing deoxysphingolipids) was observed in both patients with CKD and 5/6Nx rat, and correlated with oxidative stress marker malondialdehyde (MDA) (42). However, the relationship of gut microbiota and sphingolipid in CKD is still unclear. Our multi-omics correlation analysis raised the hypothesis that LKD may improve CKD by reducing fecal sphinganine and 3-dehydrosphinganine through gut microbiota.

As is known to all, the disturbance in purine metabolism pathway and a higher level of serum uric acid (SUA), called hyperuricemia, has been linked to increased prevalence and progression of CKD (43). LPD combined with oral inulin can significantly reduce SUA in patients with CKD, with an increasing Akkermansiaceae and Pasteurellaceae mentioned above. In addition, the enhanced host purine metabolism in the germ-free mice promotes the conversion of the administered adenine into 2,8-DHA, resulting in exacerbated kidney damage (44). This suggests that the microbiota may play an important role in regulating purine metabolism. We found that LKD altered the purine metabolism pathway by decreasing xanthine and increasing hypoxanthine. Furthermore, xanthine produces uric acid by xanthine oxidase plasma, and xanthine oxidase activity is predictive of cardiovascular disease in CKD, independently of uric acid (45). Therefore, according to the multi-omics correlation analysis, we speculate that LKD may ameliorate CKD by altering gut microbiota, such as g_Akkermansia (OTU_131), thereby affecting purine metabolism.

Keto-analog administration can protect against ischemia-reperfusion induced renal injury and fibrosis by attenuating inflammatory infiltration and apoptosis (46), which is in line with our results. Oxidative stress and inflammation are involved in the occurrence and development of CKD. They interact with each other and play an important role in the pathogenesis of cardiovascular, neurological disease, and other complications in CKD (47). Vitamin B6, an acknowledged crucial antioxidant, is mainly obtained from diet and gut bacterial synthesis via intestinal absorption in the body, which cannot be synthesized by the human body itself (48). Our results found that LKD could significantly increase vitamin B6 metabolism and its metabolites in feces: pyridoxine, pyridoxal, and 4-pyridoxate. In addition, the multi-omics correlation showed that vitamin B6 metabolites in turn showed negative correlation with SCR, BUN, urine protein (24 h), and inflammatory factors, and correlated with several OTUs. Therefore, we speculate that LKD may function via gut microbiome to promote vitamin B6, ameliorating CKD and renal fibrosis.

It is noteworthy that pyridoxamine (PM) as an analog of vitamin B6 is in a phase 3 clinical efficacy trial to delay CKD progression in patients with diabetic kidney disease by interfering with oxidative macromolecular damage (49, 50). PM can also reduce postinjury fibrosis and renal oxidative damage, improving functional recovery after acute kidney injury (51). Oxidative stress and inflammation are quite common in CKD, and targeting them to treat CKD has become a research hotspot in recent years (52). Vitamin B6 (pyridoxine) deficiency often occurs in CKD, particularly those on dialysis (53). However, whether vitamin B6 supplementation can delay the progression of CKD through antioxidative stress and anti-inflammation is still unclear. There are few studies on LKD and vitamin B6. Mo's study (30) could only show that 4-pyridoxate was a differential serum metabolite between CKD rats treated with α-ketoacid and on a regular diet, and had a positive correlation with Parasutterella, which was also enriched in LKD in our study. Our results also showed that LKD could increase the fecal metabolite of vitamin B6, which is not observed in the LPD group, suggesting that this effect is dependent on α-ketoacid. The transamination of ketoacids is an important biological phenomenon, and studies have shown that vitamin B6 and transaminase play an important role in the process of transamination of α-ketoacids in biological systems to form optically active α-amino acids (54). A recent study on vitamin B6 and autism reported the relationship between the gut microbiota and vitamin B6. EPHB6-knockout mice have disordered vitamin B6 metabolic pathways in the pre-frontal cortex, showing decreased PM and pyridoxal 5'-phosphate (PLP, the main metabolically active form of vitamin B6), and a decreased abundance of Mucispirillum in gut (48). Mucispiriinteracts interacts closely with the intestinal epithelium in the terminal ileum (55), which is a core member of the murine gut microbiota. This study found that LKD diet can increase the abundance of s_Mucispirillum_sp_69, and it was significantly positively correlated with upregulated vitamin B6 in feces. Vitamin B6 is one of the important coenzymes that convert ketoacids into amino acids, thus LKD may delay CKD by promoting gut microbiota to synthesize vitamin B6. Therefore, it may be speculated that LKD promotes intestinal vitamin B6 metabolism by increasing s_Mucispirillum_sp_69 to play anti-inflammatory and antioxidant stress, and then ameliorating kidney fibrosis and kidney failure. More research is needed on the relationship between LKD, vitamin B6 metabolism, and CKD.

Thus, we came up with a new insight of ‘low protein diet supplemented with α-ketoacid through gut microbiome and metabolome’ in CKD. We speculated that LKD may modulate the gut microbiome and fecal metabolites, which may play an important role in the amelioration of CKD. However, the interactions of microbiome and host metabolism tend to be intricate. Therefore, exploration studies and functional validation are needed to verify the mechanisms in the future.

There are several limitations to the study. First, although the features of 5/6Nx mice were consistent with patients with CKD, the sample size was relatively small, which may impact the stability of results. Second, 16s rRNA sequencing and untargeted metabolomics had limited extent and accuracy in the annotation of species and metabolites. Future studies need to be done to establish the exact relationship between LKD and alterations in gut microbiome and metabolome.



CONCLUSION

Protein restriction is central, although controversial, in dietary intervention for CKD. Our study indicates that an LPD supplemented with α-ketoacid plays a more reno-protective and anti-inflammation role than an LPD alone in the 5/6Nx mice model. The effect may be mediated by modulating the gut microbiota and fecal metabolome. These results provide new insights into targeting diet-gut microbiota-metabolism for the treatment of CKD and also need more studies to determine the exact mechanisms.
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Objectives: Sunflower seeds provide tryptophan-rich proteins with the potential to protect against depression. Tryptophan is a precursor of serotonin and a substrate for the production of indole derivatives by gut microbiota. This study aimed to investigate the association between the depression-alleviating effects of deoiled and dechlorogenic sunflower seeds (DSFS) and regulation of gut microbiota.

Materials and Methods: Male C57BL/6J mice were fed a diet comprising a source of soy protein (normal and model control), DSFS or whey protein concentrate (positive control) for 7 weeks, and chronic stress-induced depression was induced.

Results: Feeding the DSFS diet prevented depression-like behaviors, intestinal barrier damage, elevated plasma corticosterone, and reduced hippocampal serotonin levels in mice. Meanwhile, Feeding the DSFS diet significantly altered the gut microbiota structure, characterized by elevated relative abundances of Ileibacterium valens, Ruminococcus flavefaciens, Clostridium scindens, and Olsenella massiliensis, which were inversely associated with depressive behaviors and markers of mucosal barrier damage. DSFS also altered the gut metabolite profile, prevented depression-induced gut L-tryptophan depletion, and upregulated its metabolite indoleacetaldehyde.

Conclusion: Feeding the DSFS diet prevented depression in mice by remodeling the gut microbiota and bacterial tryptophan metabolism.

Keywords: deoiled and dechlorogenic acid sunflower seeds, antidepressant, chronic unpredictable mild stress, oxidative stress, intestinal mucosal barrier, gut microbiota


INTRODUCTION

Depression is a complex psychiatric and emotional disorder, that generally results in a range of symptoms, such as low mood, anhedonia, lack of attention, sleep disorders, loss of interest, and a low-level of general vigor (1). Depression affects nearly 350 million people worldwide and contributes to a heavy economic burden and tremendous pressure on families and society (2). Although many types of antidepressant drugs have been developed to treat depression, most have limitations and adverse side effects (3).

Recently, the relationship between a high tryptophan (Trp) diet or Trp metabolism and depression has been widely studied. A single dose of Trp can produce a dose-dependent antidepressant effect, which mainly depends on the efficiency of Trp conversion into 5-hydroxytryptamine (5-HT) (4). Dietary interventions rich in Trp have also demonstrated good antidepressant/anxiolytic effects. Certain natural products such as deoiled gourd seeds (Trp: 22 mg/g protein) in combination with glucose can improve individual social anxiety and achieve clinical effects similar to those of medical-grade Trp (5). Compared with other food protein sources, whey protein or whey-derived protein contains a relatively high concentration of Trp, which is superior in relieving stress (6). A whey protein diet has been reported to enhance 5-HT synthesis, reverse behavioral disorders in stressed mice, and reduce the cortisol response and anxiety state of stressed subjects (7, 8). Sunflower seeds are a high-Trp/protein food. The Trp content is 1.75 g/100 g protein, second only to milk and sesame (9). Our study confirmed that deoiled sunflower seeds high in Trp levels can improve the utilization of Trp and promote the synthesis of 5-HT in the brain, thereby improving behavioral disorders and depression in stressed mice (10). However, the specific mechanisms involved require further investigation.

Tryptophan in the gastrointestinal tract is metabolized by the gut microbiota into indole derivatives, such as indole-3-acetic acid and indole-3-propionic acid (11). These metabolites cross the blood-brain barrier and activate aryl hydrocarbon receptors in astrocytes and microglia (12). The activation of aryl hydrocarbon receptors (AhR) can inhibit the pro-inflammatory transcription factor nuclear factor-κB pathway, which prevents the production of pro-inflammatory cytokines and contributes to maintaining integrity of the intestinal mucosal barrier (13). The severity of intestinal mucosal barrier injury has been reported to be positively correlated with the degree of depression (14).

Furthermore, the gut microbiota affects the modulation of brain function via the microbiota–gut–brain axis. Many researchers have suggested that gut microbiota disorders are strongly highly related to the occurrence of depression (15). Numerous animal models of depression have demonstrated that the gut microbiota is disordered (16). The gut microbiota can alter the behavior and function of the central nervous system by regulating gut barrier integrity and the development of inflammation, thereby stimulating the immune system and enhancing the secretion of neurotransmitters (17). Crucially, increased gut permeability and perturbed gut microbiota are believed to be related to the development of many neuropsychiatric disorders (18). However, the mechanisms underlying gut microbiota disorders that promote the development of depression and their effects on the host, are not fully understood.

An imbalance in redox homeostasis is the main cause of depression (19). Chronic mild stress induces oxidant production and disturbs the activities of superoxide dismutase and catalase, which may cause oxidative stress, thereby contributing to the development of depression (20). Additionally, increased oxidative stress activates pro-inflammatory signaling pathways that can lead to depression (21). Inflammatory cells produce reactive oxygen species (ROS), which in turn promote the expression of pro-inflammatory genes (19). Furthermore, the antidepressant response involves in changes in oxidative and inflammatory markers. High levels of ROS and inflammatory biomarkers in patients with depression, along with activated stress kinases, promote further oxidative stress and neuroinflammation, leading to cell death, all of which might contribute to depression (22).

Hence, we hypothesized that deoiled and dechlorogenic sunflower seeds (DSFS) may prevent depression by regulating gut microbiota metabolism and improving the intestinal mucosal barrier. This study aimed to estimate the effect of DSFS (Trp: 2.35/100 g protein) on chronic unpredictable mild stress (CUMS)-induced depression-like states in C57BL/6J mice. We explored the effects of DSFS on the intestinal mucosal barrier, oxidative stress, gut microbiota, and metabolic profiles.



MATERIALS AND METHODS


Preparation of DSFS

Sunflower seeds were provided by Qiaqia Food Co. Ltd. (Hefei, China). Whey protein concentrate (WPC) and soy protein were purchased from Qinuo Food Co. Ltd. (Zhengzhou, China) and Jiangsu Fu Shing Tak Biological Engineering Co. Ltd. (Nanjing, China), respectively. Sunflower seeds were deoiled by cold pressing to prevent oxidation and loss of Trp. Sunflower seeds contain many polyphenol compounds, especially chlorogenic acid, which accounts for up to 70% of total polyphenols. Chlorogenic acid readily interacts with polar groups, resulting in difficult absorption of the protein (23). Ultrasonic-assisted ethanol extraction was used to remove chlorogenic acid to obtain DSFS. Amino acid levels of the three proteins were measured according to the method described by Ren et al. (24). Supplementary Table 1 presents the amino acid compositions identified.



Animals

Forty male C57BL/6J mice (6-weeks old, weighing 18–21 g) were kept in the Experimental Animal Center of Jiangnan University under standard laboratory conditions of a natural 12 h light and dark cycle, at a constant temperature (23 ± 2°C), and under constant humidity (60 ± 5%). The mice were free to eat and drink ad libitum. All experimental procedures were approved by Jiangnan University Animal Care and Use Ethics Committee (JN. No20181230c0480710 [281]) and were performed according to the National Guidelines for Ethical Review of Experimental Animal Welfare.

After 7 days of acclimatization, mice were randomly assigned to four groups (n = 10 per group): CON, which was not subjected to any stress and received a soy protein diet; the other three groups were subjected to CUMS induction and received a soy protein diet (MOD), a DSFS diet and a WPC diet. Diets were prepared for AIN-93M diet formulation (Supplementary Table 2; 25). After 28 days of dietary intervention, the mice were maintained separately and subjected to CUMS for 21 days. Figure 1 presents the detailed experimental procedures.
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FIGURE 1. Schedule of the animal experiment. CUMS, chronic unpredictable mild stress; TST, tail suspension test; EPM, elevated plus maze test. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group (n = 10 per group).




Chronic Unpredictable Mild Stress

The CUMS model, a well-validated rodent model of depression, is based on a series of unpredictable mild stressors to simulate the social stress experienced by humans in daily life (26). Long-term exposure to stress can lead to anhedonia, changes in behavioral activities, and deterioration in appearance, which eventually evolve into various mental illnesses or emotional disorders such as depression and anxiety (27). In summary, mice were exposed to any two unpredictable stressors each day (28): 2 h of approximately 45° tilted cages, 3 min of tail pinching, 4 h of bedding removal, 3 h of cage breeding (five per cage), 12 h of food and water deprivation, 3 h of exposure to rat feces, 3 h of bedding removal and addition of water to a depth of 0.25 inches, and a reversal of the diurnal cycle (12/12 h light/dark).



Behavioral Tests


Tail Suspension Test

The tail suspension test (TST) was performed to measure the total immobility time (28). Mice were hung 20 cm above the floor by taping the tail to a stabilizer bar for 6 min, and the immobility time was recorded over the last 4 min. Mice were considered immobile only when they hung vertically and motionlessly.



Elevated Plus Maze

The elevated plus maze (EPM) test was performed to assess anxiety. The instrument contained two open and two closed arms (50 cm × 5 cm). They were joined together by a central area (5 cm × 5 cm) and placed 45 cm above the floor. The closed arm was enclosed by an opaque 30 cm wall. The mice were placed in the center and allowed to explore freely for 5 min.



Open Field Test

The open field test (OFT) was used to measures depression/anxiety-like behavior. In the dark room, mice were housed in a topless box (40 cm by 40 cm by 30 cm). A camera is mounted above the box, and a maze video tracking system is used to track and record the mice activity. In the system, the bottom part of the box is divided into 16 small square grids (10 cm × 10 cm). The four-square grids of the central region are defined as the central region. The mice were placed in the central area of the device and allowed to explore freely for 30 min.




Sample Collection

After the behavioral tests, mice were sacrificed using the cervical dislocation method. Blood was collected and centrifuged (4,000 × g, 10 min, 4°C). The liver was rapidly homogenized to determine ROS levels. The colon was collected for RNA extraction, and the content was frozen for subsequent 16S ribosomal gene sequencing and metabolic profiling.



Biochemical Analysis

Plasma corticosterone, endotoxin (ET), diamine oxidase (DAO) and 5-HT levels were determined using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer’s instructions (Jiangsu Meimian Industrial Co. Ltd., Yancheng, China).



Measurement of Oxidative Stress Levels

Liver superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), and malondialdehyde (MDA) levels were quantified using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). ROS levels were measured as described by Kobayashi et al. (29).



Histopathological Analysis of Ileum Tissue

The ileum tissue was first fixed with paraformaldehyde, then dehydrated, embedded, sectioned, and stained with hematoxylin and eosin (H&E).



Real Time qPCR Analysis

Total RNA was extracted using Trizol (Biomiga, Shanghai, China), purity was determined by measuring the A260/A280 ratio, and the quality was assessed by agarose gel electrophoresis. Total RNA was then reverse-transcribed using a Moloney Murine Leukemia Virus Reverse Transcriptase kit (MultiScribe Reverse Transcriptase; Applied Biosystems). mRNA expression was quantified by qPCR using the following thermocycling conditions: 1 cycle at 95°C for 5 min; 40 cycles at 95°C for 20 s, 60°C for 30 s, and 72°C for 20 s, and one cycle at 72°C for 2 min (Monad Biotech Co., Ltd., Suzhou, China). PCR primer sequences are listed in Supplementary Table 3. Gene expression was calculated as a relative value using β-actin as a reference, according to the comparative threshold cycle (Ct) method (30).



Measurement of Short-Chain Fatty Acids

Colon contents were homogenized and centrifuged. The supernatant was mixed with an internal standard, ether and sulfuric acid (50%). Finally, the solution was centrifuged and the supernatant was used to quantify short-chain fatty acids (SCFA). SCFAs were detected using a gas chromatography-mass spectrometer (Agilent 8890) equipped with an Agilent 19091N-133I column (30 m × 250 μm × 0.25 μm). The detection parameters are: injection volume 1 μL; inlet temperature 250°C; ion source temperature 230°C; transfer line temperature 250°C, quadrupole temperature 150°C; split ratio 10:1; heating program: initial temperature 60°C, hold for 5 min, ramp to 110°C at 10°C/min, then ramp to 250°C at 35°C/min, hold for 1 min; carrier gas (helium) flow rate 1 mL/min.



16S rDNA Amplicon Sequencing Analysis of Colonic Microbiota

The procedures for total DNA extraction, amplification, sequencing of the V3-V4 region of the 16S rRNA gene, and construction of a sequencing library are illustrated in the Supplementary Methods. Downstream amplicon bioinformatic analyses were performed using EasyAmplicon v.1.023, as described by Qi et al. (31). Non-redundant sequences were de-noised into ASVs via the-unoise3 command of USEARCH (v.10.0). ASVs were classified using the Bayesian lowest common ancestor (BLCA) at the species level. Minimum count and low variance were used to filter the sequencing data. Principal coordinate analysis (PCoA) was performed to assess differences between groups using the analysis of similarity (ANOSIM) tool. Microbial gene pathways were predicted using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) pipeline v.2.3.0-b with default parameters. Differential abundance analysis of PICRUSt2-inferred MetaCyc pathways and microbial communities at the species level were performed using STAMP v.2.1.3 with a two-sided Welch’s t-test.



Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry of Colon Content

Sample preparation, ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) spectral acquisition conditions, and data analysis methods were as described in our previous study (10).



Statistical Analysis

Data were statistically analyzed using IBM SPSS Statistics v.20.0 (Chicago, IL, United States). Results are expressed as means ± standard error of the mean (SEM). Differences between groups were compared using one-way analysis of variance (ANOVA), followed by Duncan’s test (equal variances assumed) or the Mann–Whitney U–test (equal variance not assumed). Differences was were considered statistically significant when P-value was ≤0.05.




RESULTS


Effects of DSFS on Immobility Duration in Tail Suspension Test

Compared to the CON group, a longer immobility duration was observed in the MOD group (P < 0.05, Figure 2A). DSFS and WPC administration markedly decreased the immobility duration relative to the MOD group (P < 0.05).
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FIGURE 2. Effect of DSFS on tail suspension test (TST), elevated plus maze test (EPM), and open field test (OFT). (A) Immobility time of TST; (B) total number; (C) frequency of open arm entries; (D) time in open arm; (E) percentage of time in open arm; (F) total travel distance in open field; (G) travel distance in the central area of OFT; (H) frequency of reaching the central area of the open field; (I) time spent in the central area of the open field. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




Effects of DSFS on Anxiety-Like Behavior in an Elevated Plus-Maze Test

No statistical difference was observed in the total number of the elevated plus-maze in the CON and MOD groups, while the frequency of open arm entries, time in open arm, and percentage of time in open arm were lower in the MOD group than in the CON group (P < 0.05, Figure 2). These parameters were significantly improved after DSFS and WPC treatments.



Effects of Depression/Anxiety-Like Behavior in Open Field Tests

The total distance of mice moving in the open field can reflect the autonomous activity of mice. The distance in the central area, the time and times of entering the central area not only reflect the autonomous exploration activities of mice, but also indirectly reflect the anxiety state of mice. As shown in Figures 2F–I, the total distance in the open field and the distance into the central field of the mice in the CON, DSFS, and WPC groups were not significantly different from those in the MOD group (P > 0.05). The number and time of entering the central area in the MOD groups were significantly lower than those in the CON group (P < 0.05). Compared with the MOD group, the DSFS and WPC group significantly increased the number and time of stress mice entering the central area (P < 0.05).



Effects of DSFS on Oxidative Stress in Liver

Figure 3 shows the influence of DSFS on the liver redox state. In contrast to the CON group, GSH-Px, SOD, and CAT activities were lower in the MOD group (P < 0.05). However, elevated levels of MDA and ROS were found in the MOD group compared with those in the CON group (P < 0.05). In contrast, both DSFS and WPC diets elevated GSH-Px, SOD, and CAT activities, and restored MDA and ROS to normal levels relative to the MOD group (P < 0.05).
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FIGURE 3. Effects of DSFS on a redox state in liver. (A) glutathione peroxidase (GSH-Px) activity levels; (B) superoxide dismutase (SOD) activity levels; (C) catalase (CAT) activity levels; (D) malondialdehyde (MDA) levels; (E) reactive oxygen species (ROS) levels. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




Effects of DSFS on Plasma Corticosterone and Hippocampal 5-Hydroxytryptamine Levels

Plasma corticosterone levels were increased in the MOD group (P < 0.05) and found to be decreased after DSFS and WPC administration (P < 0.05, Figure 4A).
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FIGURE 4. Effects of DSFS on corticosterone (CORT) (A) levels in plasma and 5-hydroxytryptamine (5-HT) (B) levels in the hippocampus. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


Long-term stress led to a decrease in 5-HT levels in the MOD group relative to those in the CON group (P < 0.05, Figure 4B). 5-HT level in the DSFS and WPC groups were higher than those in the MOD group (P < 0.05).



Effects of DSFS on Intestinal Mucosal Barrier Function Histology

As shown in Figures 5A,B, chronic stress induced a significant increase in DAO and ET levels in MOD mice compared with CON mice (P < 0.05). In addition, the DSFS and WPC diets downregulated DAO and ET levels compared to those in MOD mice (P < 0.05).
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FIGURE 5. Effects of DSFS on plasma diamine oxidase (DAO) (A), endotoxin (ET) (B), and the histology of the ileum (C) in stressed mice. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


The intestinal villi were dense and well-arranged in CON mice (Figure 5C). In contrast, their tissue morphology was visibly disrupted, and the villi were fractured in MOD mice. The cells showed local dissolution, and the nuclei were wrinkled, deformed, and deeply stained in stressed mice. Furthermore, villi were dense and well-arranged after DSFS and WPC administration.



Effects of DSFS on mRNA Expression in Colon

Compared with the CON group, the relative mRNA expression of IL-1β, IL-6, and cyclooxygenase-2 genes was significantly increased in the MOD group (P < 0.05, Figure 6A), whereas a significant downregulation in IL-10 mRNA expression was found in the MOD group (P < 0.05). Moreover, DSFS and WPC diets reversed the effects induced by chronic stress.
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FIGURE 6. Effects of DSFS on the expression of inflammatory cytokines (A) and colonic tight junction proteins (B). Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


In addition, we measured the expression of mucosal barrier-related genes (Figure 6B). Compared to the CON group, downregulation of zonula occludens (ZO) 1, ZO-2, and occludin mRNA expression was observed in stressed mice (P < 0.05), whereas claudin-2 mRNA expression was upregulated in stressed mice (P < 0.05), indicating increased intestinal permeability in these mice. Compared with stressed mice, these changes were restored in the DSFS and WPC groups.



Effects of DSFS on Short-Chain Fatty Acids in Colon Content

Compared with CON mice, valeric acid levels were lower in MOD mice (P < 0.05, Figure 7). In contrast, butyric and valeric acid levels were markedly elevated after DSFS treatment (P < 0.05). Additionally, increased levels of butyric acid were observed in WPC mice compared to those in MOD mice (P < 0.05).
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FIGURE 7. Effects of DSFS on SCFA in the colon content. (A) acetic acid levels; (B) propionic acid levels; (C) isobutyric acid levels; (D) butyric acid levels; (E) valeric acid levels; (F) isovaleric acid levels. Data are expressed as mean ± SEM (n = 10 per group). CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group. The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference.




DSFS Modulates Gut Microbiota Structure in Mice

To further assess the effects of DSFS on gut microbiota structures in mice, we measured the gut microbiota in terms of colon content by 16S rDNA PCR amplicon sequencing. Figures 8A–C illustrates the α diversity of the colonic microbiota. Differences in the Chao 1, Shannon, and Simpson indexes were not significant in the CON, MOD, and DSFS groups (P > 0.05, Figures 8A–C). Additionally, the Chao 1 and Shannon indexes in the WPC group were notably lower than those in the other three groups, suggesting that species richness and diversity were decreased by WPC treatment. Furthermore, chronic stress induced a significant increase in the ratio of Bacteroidetes to Firmicutes, which was remarkably attenuated by DSFS and WPC supplementation (Figure 8D). The dendrogram of the hierarchical clustering analysis suggested that the microbiome in each group was relatively similar, and the differences between the MOD and DSFS groups were significant (Figure 8E). The PCoA of β diversity, based on a Bray–Curtis similarity matrix, demonstrated that different gut microbiota structures existed among the four groups (ANOSIM, P < 0.05, Figure 8F). This change suggested that chronic stress disturbs gut microflora. Moreover, the gut microbiota of DSFS- and WPC-treated mice differed from that of the stressed mice.
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FIGURE 8. Effects of DSFS on gut microbiota structure in stressed mice. (A–C) α diversity. (D) The ratio of Bacteroidetes to Firmicutes. (E) Dendrogram of Hierarchical clustering analysis with distance measures based upon the Bray–Curtis index. (F) β diversity, the principal coordinate analysis (PCoA) was performed based on OTUs using the analysis of similarity (ANOSIM) tool, based upon a Bray–Curtis similarity matrix. (G) Profile of dominant species (The relative abundance in at least one sample is greater than 1%) and the FDR adjusted P-value of inter group difference analysis based on two sided Welch’s t-test. Data are expressed as mean ± SEM (n = 5 per group). *P < 0.05, **P < 0.01, compared with the CON group; ##P < 0.01, compared with the MOD group. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


As shown in Figure 8G, CUMS significantly increased the relative contents of intestinal Pseudoflavonifractor phocaeensis (P < 0.05) and Eubacteium coprostanoligenes (P < 0.01), while the DSFS and WPC-treated groups significantly decreased relative to the MOD group (FDR < 0.05). Limosilactobacillus reuteri was significantly up-regulated (P < 0.05) in the MOD group, and relatively down-regulated (P < 0.05) in the DSFS-treated group. CUMS caused a significant down-regulation of intestinal I. valens (P < 0.05), which was significantly up-regulated in DSFS and WPC-treated mice relative to MOD mice (P < 0.05). Meanwhile, both treatments significantly up-regulated Olsenella massiliensis and down-regulated the relative content of Parabacteroides merdae (P < 0.05). DSFS treatment also specifically up-regulated the relative content of Clostridium massiliensis, Turicimonas muris and Merdimonas faecis (P < 0.05).

Furthermore, we observed that the MetaCyc gene pathways were significantly different between the groups (FDR-adjusted P-value < 0.05, Figure 9). Ten pathways were identified for comparison between the CON and MOD groups, including Bifidobacterium shunt, peptidoglycan biosynthesis IV (Enterococcus faecium), inosine-5’-phosphate biosynthesis III, and the superpathway of L-tyrosine biosynthesis. The mean proportion of the eight pathways was significantly increased, while that of the two pathways was significantly decreased in the MOD group relative to the CON group. Nine pathways were significantly altered in the DSFS group compared to the MOD group, with three pathways being significantly increased (1,4-dihydroxy-6-naphthoate biosynthesis II, 1,4-dihydroxy-6-naphthoate biosynthesis II, myo-, chiro-, and scillo-inositol degradation) and six pathways being decreased (guanosine nucleotide degradation III, adenosine nucleotides degradation II, L-rhamnose degradation I, pyrimidine deoxyribonucleotides biosynthesis from CTP, superpathway of fucose, and rhamnose degradation).


[image: image]

FIGURE 9. Significant differences (FDR-adjusted P-value < 0.05) between groups in MetaCyc gene pathways predicted by PICRUSt2. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




DSFS Modulates Metabolites of Colon Contents

Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) models were established to explore the metabolic characteristics of the mice (Figure 10). The PCA plot showed that the samples in the MOD group were significantly separated from the remaining three cohorts, suggesting that there were differences between MOD-treated animals and the remaining three groups. In addition, there was a partial overlap between the sample points of the DSFS, WPC, and CON groups, indicating that DSFS and WPC were able to restore metabolic disorders to a normal state. The PLS-DA plot further verified that the MOD group was significantly different from the other three groups, and the permutation verification plot demonstrated that the model verification was reasonable.
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FIGURE 10. Extensive targeted metabolome and multivariate statistical analysis in colon content. (A) PCA plot (R2X = 0.925, Q2 = 0.507). (B) PLS-DA plot (R2X = 0.908, R2Y = 0.987, Q2 = 0.774). (C) PLS-DA validation plot. (D,F,H) OPLS-DA plot [(D): R2X = 0.691, R2Y = 0.932, Q2 = 0.572, (F): R2X = 0.558, R2Y = 0.974, Q2 = 0.878, (H): R2X = 0.532, R2Y = 0.985, Q2 = 0.713]. (E,G,I) S-plot (n = 5 per group). CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


Furthermore, the OPLS-DA models revealed significant differences between the MOD group and the other three groups. The corresponding S-plot was used to screen for potential biomarkers. Table 1 presents detailed information regarding the differential metabolites (VIP > 1.00 and P < 0.05).


TABLE 1. Effect of DSFS on metabolites of colon content in mice.

[image: Table 1]
Fifteen metabolites were significantly altered in the MOD group compared to those in the CON group, with nine metabolites being downregulated and six being upregulated (Table 1). These metabolites were mainly represented by significantly lower concentrations of L-trp, L-leucine, L-valine, L-tyrosine, trans-3-indoleacrylic acid, methoxyindoleacetic acid, 7-methylguanine and 6-methylmercaptopurine, and significantly higher concentrations of 1, 4-dihydro-1-methyl-4-oxo-3-pyridinecarboxamide, 2, 6-dihydroxypurine, uracil, and azelaic acid. Compared with the MOD group, 15 and 12 metabolites were significantly altered in the DSFS and WPC groups, respectively. The DSFS intervention significantly reduced 2, 6-dihydroxypurine, hypoxanthine, uracil, thymine, azelaic acid, hydrocinnamic acid, and thiamine levels in stressed mice and increased 7-methylguanine, 6-methylmercaptopurine, L-leucine, and indoleacetaldehyde levels. These endogenous metabolites are mainly involved in 16 metabolic pathways, including Trp metabolism; aminoacyl-tRNA biosynthesis; valine, leucine and isoleucine biosynthesis; phenylalanine, tyrosine, and Trp biosynthesis; and thiamine metabolism.



Correlation Analysis of Gut Microbiota and Biochemical Indicators

Figure 11 presents a correlation heat map of gut microbiota and biochemical indicators. Four species of gut bacteria that were up-regulated by DFSF, I. valens, Ruminococcus flavefaciens, Clostridium scindens, and O. massiliensis were significantly negatively associated with adverse depression markers, including TST immobility time, plasma endotoxin, and liver ROS and MDA, hypothalamic CORT and plasma DAO. They were positively correlated with the rest of the indicators that were positively associated with depression. Among the remaining strains, three down-regulated by DSFS and/or WPC intervention, Lachnoclostridium pacaense, P. phocaeensis, and Eubacteriumcor prostanoligenes, were positively correlated with other depressive factors other than plasma endotoxin. They are typical Depression-related species. In addition, it is worth noting that the immobility time of TST was significantly associated with all species of bacteria analyzed (P < 0.001).
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FIGURE 11. Spearman correlation analysis between colonic bacterial species and biochemical indicators. The x-axis and y-axis of the heat map are gut microbiota, biochemical and behavioral indicators respectively, and the R-value and P-value are obtained by calculation. The color of the bar shows the correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.


To explore the potential relationships between the gut microbiome changes and metabolic products, a correlation matrix was generated using Spearman correlation. Figure 12 shows that the analyzed species were clustered into three clusters, where the five DSFS antidepressant-responsive species revealed by Figure 11 are in the heatmap cluster II. Colonic metabolites were clustered into two clusters, and those of the first cluster were positively correlated with cluster II species of the gut microbiota. Among them, Indoleacetaldehyde was specially positively correlated with R. flavefaciens, C. scindens, and Olsenella massiiensis, and 1-Phenylethanol was positively correlated with four bacteria except I. valens. Three depression-related species, P. phocaeensis, Eubacterium coprostanoligenes and L. pacaense, Muribaculum intestinale, and P. merdae were negatively correlated with Thiamine, Azelaic aci, and Hydrocinnamic acid, especially Thiamine.


[image: image]

FIGURE 12. Spearman correlation analysis of species and metabolites of mouse colonic microbiota. Red: positive correlation, blue: negative correlation; *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

In the present study, mice subjected to chronic stress exhibited longer durations of immobility, and less entry times and time spent in the middle of the open field indicating the prevalence of depression-like behaviors. In agreement with these results, chronic stress resulted in a longer immobility duration in tail suspension test (32). In contrast, DSFS and WPC diets decreased the immobility time and increased the number of explorations and time spent in the central area of the open field, suggesting antidepressant-like activity. Similar results were observed in a previous study in which immobility time was normalized after α-lactalbumin treatment (6). Furthermore, chronic stress induced anxiety-like behavior in mice, whereas DSFS and WPC diets effectively restored depression-like behaviors to normal levels. This outcome is consistent with that of Orosco et al. (33), who found that α-lactalbumin prevented a decrease in the percentage of time spent in open arms in elevated plus maze test. Overall, the behavioral results indicated that DSFS exerted a beneficial impact in improving depression- and anxiety-like behaviors.

It was found that patients with depression are accompanied by visible symptoms of intestinal dysfunction, and the severity is positively correlated with the degree of depression (34). For mice, CUMS destroys the intestinal mucosa and enhances intestinal permeability (35). The destruction of the integrity of the mucosal barrier might be related to the decrease in tight junction protein expression and inhibition of mucosal layer function via the reduction in goblet cell numbers (14). Moreover, tissue morphology and villi were destroyed. It has been reported that long-term stress disrupts gut barrier function and causes serious intestinal inflammatory responses (36). Profound epithelial structural disruption and significant downregulation of tight junction protein expression were observed in stressed mice. In contrast, the expression of mucin-2 and tight junction proteins was effectively upregulated after DSFS and WPC administration, which might have contributed to decrease expression of IL-1β and IL-6 expression. This mechanism may be related to an increase in the mucus layer (37). GSH-Px, SOD, and CAT activities were decreased, whereas, MDA and ROS levels were elevated in liver of stressed mice. These observations were in agreement with a study in which chronic mild stress caused elevated production of ROS and MDA and a reduction in GSH-Px and CAT levels in the liver (38). The DSFS and WPC diets restored oxidative stress markers and key antioxidant enzymes to normal levels. DSFS might reduce ROS generation by scavenging radicals, thereby attenuating the damage to serotoninergic neurons induced by MDA (39). A similar finding revealed that α-lactalbumin treatment decreased MDA levels and normalized GSH levels (40). More importantly, CUMS reduced 5-HT levels in the hippocampus, which were restored by chronic administration of DSFS and WPC. In our previous study, WPC and DSFS significantly increased plasma Trp and Trp/LNAAs levels (10). This might be because dietary DSFS and WPC, as direct sources of Trp, increase the ratio of Trp to large neutral amino acids, thereby enhancing 5-HT levels in the brain.

Accumulating evidence suggests that alterations in the gut microbiota and microbe-derived metabolites play a key role in the pathophysiology of depression via the brain–gut–microbiota axis (41). It was found that CUMS treatment induced changes in the β diversity of gut microbiota and up-regulation of plasma intestinal mucosal barrier markers, ET and DAO, resulting in depression-like behavioral changes, which also supports the theory that the brain-gut axis is associated with depression. It was suggested that alternations of gut microbiome and metabolites was potential mediators in efficiency of antidepressants treatment (42). In this study, DSFS and WCP intervention showed antidepressant effects, which were related to the regulation of intestinal flora and the enhancement of mucosal barrier. The key species promoted by the DSFS were I. valens, R. flavefaciens, C. scindens and Olsenella massiliensis. I. valens showed potential for modulation of intestinal inflammation and immunity by modulating intestinal immune gene expression of RORγT, IL-17A, IL-17F, ReglIlγ, Relmß, and/or Defβ (43). R. flavefaciens are well-known cellulolytic bacteria involved in the butyrate metabolic pathway (44), and its upregulation may be related to the promotion of butyrate production in the gut microbiota by DSFS. C. scindens is actively involved in the conversion of cholate to deoxycholate, which may be important in treatment of disease associated with increased colonic secondary bile acids (45). O. massiliensis is newly found strictly anaerobic bacterium which is responsible for the production of lactic, formic, and acetic acids as fermentation products from glucose in gut (46, 47). Taken together, these bacteria may enhance the mucosal barrier either directly or by promoting SCFA production. DSFS treatment mainly down-regulated P. phocaeensis and Eubacter-iumcor prostanoligenes. There have been no reports of them having negative health effects. In addition, relative abundance of Lactobacillus reuteri (Limosilactobacillus reuteri) was significantly increased in the MOD group relative to the CON group, but decreased after DSFS treatment. It is a potential species that causes depression in mice (48), which is consistent with the results of this study.

Alterations in gut metabolites may be the main reason why microbiota remodeling affects behavior. Indoleacetaldehyde is a key gut microbiota metabolite positively associated with C. scindens and O. massiliensis. It is a gut bacterial metabolite of tryptophan, an aryl hydrocarbon receptor (AhR) involved in gut barrier protection by activating IL-22 (49). Several types of brain cells, including neurons, astrocytes, and microglial cells, express AhR (50). Multiple central nervous system illnesses have been linked to a decrease in circulating AhR agonist levels originating from the gut microbiota (51). Both DSFS and WPC are typical tryptophan-rich protein sources, and some undigested residues enter the posterior digestive tract and may be metabolized by intestinal microbiota to produce indole derivatives, including Indoleacetaldehyde. The intestinal L-tryptophan of mice in the MOD group was depleted, and its metabolites (E)-3-indoleacrylic acid and methoxyindoleacetic acid were also significantly decreased, indicating that the intestinal tract could not meet the demand for AhR ligands during stress. When DSFS and WPC are used as dietary proteins, they provide tryptophan that enhances gut-derived AhR ligands such as indoleacetaldehyde. 1-Phenylethanol, a sweet, acetophenone, and fresh-tasting compound, was another DSFS-induced compound that was significantly positively correlated with C. scindens and O. massiliensis. Its isomers, 2-phenylethanol, was reported to elicit neuropsychological effects that alter the behavior of mice and may also elicit anti-depressive effects (52).

Altered purine circulating metabolic activity is associated with depression-related systemic responses, such as abnormal inflammation and aggravation of oxidative stress (53). Hypoxanthine and 2,6-dihydroxypurine are important products of purine metabolism. In this study, xanthine level were significantly higher in stressed mice, which might be due to increased activity of xanthine oxidase induced by stress and by the increased proportion of hypoxanthine metabolism to xanthine (54). Xanthine is positively correlated with the degree of oxidative stress, and elevated levels increase ROS production, leading to increased oxidative stress. A previous study reported that xanthine oxidase and xanthine levels are increased in patients with major depression (54), which is consistent with our observations. Under stress, the expression and activity of xanthine oxidase are enhanced, which in turn leads to excessive production of xanthine and uric acid. DSFS and WPC supplementation reduced hypoxanthine and xanthine levels in stressed mice, suggesting that they may modulate the purine metabolic pathway by regulating xanthine oxidase activity.

Uracil is a product of pyrimidine metabolism and the pyrimidine metabolic pathway is involved in the body’s energy metabolism through various reactions. In the present study, uracil levels were increased in stressed mice, indicating stress-induced abnormalities in pyrimidine metabolism. Uracil levels in the DSFS- and WPC-administered groups were significantly lower than those in the MOD group. Xu et al. (55) also observed disturbances involving uracil metabolism in subjects with bipolar disorder. In addition, pyrimidine metabolism has been reported to affect the normal development and function of the central nervous system. Abnormal pyrimidine metabolism causes apoptosis and mitochondrial damage in brain cells, leading to central nervous system dysfunction (56). These above results suggest that DSFS might improve stress in mice by regulating pyrimidine metabolic pathways.



CONCLUSION

The DSFS diet alleviated multiple depression-like symptoms in CUMS-induced mice. Intaking of feed with DSFS as protein source resulted in the modulation of gut microbiota and Trp metabolism, alleviation of oxidative stress and inflammatory responses, and improvement in intestinal mucosal barrier function. There was a strong correlation between gut microbiota and colonic tryptophan metabolism. These findings provide new insights for the development of sunflower seed protein-based foods. Seed protein-based foods may represent a promising new therapeutic tool to improve depression symptoms.
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Gut microbiota, a group of microorganisms that live in the gastrointestinal tract, plays important roles in health and disease. One mechanism that gut microbiota in modulation of the functions of hosts is achieved through synthesizing and releasing a series of metabolites such as short-chain fatty acids. In recent years, increasing evidence has indicated that dietary compounds can interact with gut microbiota. On one hand, dietary compounds can modulate the composition and function of gut microbiota; on the other hand, gut microbiota can metabolize the dietary compounds. Although there are several reviews on gut microbiota and diets, there is no focused review on the effects of dietary compounds on gut microbiota-derived metabolites. In this review, we first briefly discussed the types of gut microbiota metabolites, their origins, and the reasons that dietary compounds can interact with gut microbiota. Then, focusing on gut microbiota-derived compounds, we discussed the effects of dietary compounds on gut microbiota-derived compounds and the following effects on health. Furthermore, we give our perspectives on the research direction of the related research fields. Understanding the roles of dietary compounds on gut microbiota-derived metabolites will expand our knowledge of how diets affect the host health and disease, thus eventually enable the personalized diets and nutrients.
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Introduction

Gut microbiota is a group of microorganisms including bacteria, archaea, eukarya, etc., that dwell in the human gastrointestinal tract (1). The number of microorganisms in human gut microbiota is estimated to be as many as 1014 bacterial cells, which is 10 times larger than the number of human cells (2). In recent decades, numerous studies have demonstrated that gut microbiota plays important role in maintenance of health by acting as a barrier to defend against pathogens, maintaining the integrity of the epithelial barrier, modulating the metabolism and immune functions of hosts, communicating with central nervous system (3). On the contrary, gut microbiota dysbiosis can lead to a large number of diseases, such as non-alcoholic fatty liver disease, obesity, inflammatory bowel disease, cancer, allergy, and depression (2, 4). Because the importance of gut microbiota in health and disease, gut microbiota has become an important research frontier in health-related research fields.

Normally, the gut microbiota is confined within the gastrointestinal lumen by gut barrier and translocation of gut bacteria can lead to local and systematic inflammation (5). To overcome the spatial limitation, gut microbiota develops a tactic of releasing a large number of gut microbiota metabolites from different chemical classes to exert extensive effects on host organs that are near or far away from gastrointestinal lumen (6). Gut microbiota contains 5 × 106 unique microbial genes collectively, which outnumber the genes of humans (7). With these genes, gut microbiota is capable of synthesizing a large group of metabolites. These gut microbiota-derived metabolites include, but not limited to, short chain fatty acids (SCFAs), bile acids, vitamins, tryptophan and indole derivatives (8). These metabolites can exert the functions of regulating of gut microbiota composition, host metabolism, nutrition absorption, gut motility, local and systemic immune response, circadian rhythm, etc., to maintain the health or promote the development of diseases (6).

Diet is one of the most important regulators of gut microbiota. Many dietary compounds exhibit low bioavailability or cannot not be absorbed directly, such as polysaccharides and polyphenol (9). When orally taken, these compounds can pass the small intestine and enter the colon, a comfortable place that most gut bacteria live. In the colon, dietary compounds can interact with gut microbiota. On one side, gut microbiota can transform the food compounds and produce new compounds derived from dietary compounds. For example, rutin can be transformed to quercetin and further into protocatechuic acid, 3,4-dihydroxyphenyl-acetic acid, etc., by gut microbiota (10). On the other side, food compounds can induce the functional and compositional change of gut microbiota. For example, coffee and its major components caffeine and chlorogenic acid can alter gut microbial community and SCFAs levels (11). The gut microbiota transformation of dietary compounds and dietary compounds modulation of gut microbiota composition have been extensively reviewed (12–14), however, there is no focused review on the effects of dietary compounds on gut microbiota metabolites. In this review, we focus on the effects of dietary compounds on gut microbiota-derived compounds and the following effects on health.



Gut microbiota metabolites in a nutshell

Gut microbiota not only contain a large number of bacteria that belong to more than 1,000 species, it also contain millions of microbial genes that is 150-fold larger than the number of human gene complements (7). With the aid of these genes, gut microbiota is capable of producing a large number of enzymes. These enzymes can ferment diverse food compounds that are not digested by human enzymes such as fiber or compounds that are released by human body such as primary bile acids. Consequently, gut microbiota can synthesis and release a large number of metabolites with great diverse of chemical structures. These gut microbiota-derived metabolites can be broadly grouped into 3 categories: (I) metabolites that are produced directly from dietary compounds by gut microbiota, such as SCFAs, tryptophan, and indole derivatives of tryptophan; (II) metabolites that are originally synthesized by hosts and chemically transformed by gut microbiota, such as secondary bile acids; (III) metabolites that are produced by gut microbiota de novo (15). A lot of metabolites show similar structure and bioactivities, and they are therefore grouped together. Currently, the extensively studied gut microbiota-derived metabolites include SCFAs, bile acids, branched chain amino acids (BCAAs), tryptophan and indole derivatives, etc. In Table 1, we have listed the typical groups of gut microbiota metabolites and their functions.


Table 1 Typical gut microbiota metabolites and their functions in health and disease.
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After the production and releasing, gut microbiota metabolites can be absorbed and transferred into circulating system. It is estimated that gut microbiota metabolites can account for 10% of the total metabolites in blood of mammalian (37). When absorbed, gut microbiota metabolites can be transported to target organs and tissues that are remote from gastrointestinal tract, and therefore exert a wide range of activities on hosts. These activities include, but not limited to, regulating the composition and function of gut microbiota, acting as nutrition, influencing nutrition absorption, modulating host metabolism, influencing intestinal barrier and gut motility, impacting the local and systemic immune response, modulating circadian rhythm and nervous system (6). With these bioactivities, gut microbiota metabolites play important roles in the development and progress of a variety of diseases such as cancer, non-alcoholic fatty liver disease, hypertension, Parkinson's disease, and ulcerative diseases (30, 38–40).



Dietary compounds can interact with gut microbiota and modulate gut microbiota metabolites

In gastrointestinal tract, most of the dietary compounds can be digested and absorbed by human body. Even so, significant amounts of digestible dietary compounds can reach the colon. For instance, the majority of proteins can be digested and absorbed in the small intestine, a relatively large amounts of proteins and amino acids (about 6–18 g per day) can reach the colon (41). In addition, the bioavailability of some types of dietary compounds is very low and thus these compounds can reach the colon as well. For example, the bioavailability of polyphenols is very poor and is often <10% (42). Thus, the unabsorbed dietary compounds such as polyphenols and amino acids can enter the colon. The colon is an ideal place for the interactions between gut microbiota and dietary compounds because colon alone contains over 70% of all the microbes in the human body including the surface of body (2). Other reasons that render colon an ideal place also include the suitable pH and the long time that enable the direct contact between gut microbiota and dietary compounds. The direct interactions between dietary compounds and gut microbiota include (I) gut microbiota can transform the dietary compounds directly; (II) dietary compounds can modulate the composition of gut microbiota; (III) dietary compounds can modulate the metabolites of gut microbiota. In addition to direct reactions, dietary compounds can also interact indirectly with gut microbiota via modulation of gastrointestinal pH, gastrointestinal transit time, the synthesis and release of immune materials such as antimicrobial peptides and secretory immunoglobulin A (43). For example, dietary compounds such as polyphenols and peptides can modulate the gastrointestinal pH, which can further modulate the composition of gut microbiota and the catalytic activity of enzymes (42, 44, 45). Whatever the indirection, the final reactions of indirect reactions can be only attributed to the types of direct reactions we discussed.

The bioavailability of many dietary compounds and herbal compounds is very low, yet they possess strong bioactivities. This discrepancy has perplexed researchers for a long time (46). Studies in recent decade have revealed that the interaction between gut microbiota and these compounds is one of the keys to decipher this conundrum. Gut microbiota can transform the chemical structure of dietary compounds and thus improve the bioavailability or potency. For example, curcumin, a polyphenolic compound with high hydrophobicity and poor solubility, exhibits wide spectrum of pharmacologic effects on diseases such as inflammatory diseases, cancers, cardiovascular diseases, and metabolic diseases (47). Animal studies and clinical trials indicated that the bioavailability of curcumin is very poor (about 1%) (48). Recent studies showed that gut microbiota can transform the curcumin into ferulic acid, dihydrocurcumin, tetrahydrocurcumin, curcumin-L-cysteine, bisdemethylcurcumin, etc., via gut bacteria such as Blautia sp. MRG-PMF1, Bacillus megaterium DCMB002 (49, 50). Some of these products, such as dimethoxycurcumin, have superior bioactivities compared with their parent compound curcumin (51). Thus, the biotransformation of curcumin by gut microbiota can explain the contradiction between low bioavailability and strong bioactivities of curcumin. In addition to biotransformation, the gut microbiota metabolites may also explain this contradiction as well. Hydroxysafflor yellow A (HSYA) is a water-soluble compound isolated from Carthamus tinctorius L. with only 1.2% oral bioavailability (52). Yet it shows a group of bioactivities such as anti-tumor, neuroprotective, hepatoprotective, and pulmonary protective effects (53). In a high-fat diet-induced obese mice, oral administration of HSYA increased the abundances of Akkermansia and Romboutsia, as well as SCFAs-producing bacteria Butyricimonas and Alloprevotella (54). In addition, HSYA significantly increased acetic acid, propionic acid, and butyric acid, a group of SCFAs that is directly associated with obesity and intestinal integrity when their levels are decreased (54). The study suggested that increase of SCFAs may contribute to the pharmacological effects of HSYA. Taken together, transformation of dietary compounds by gut microbiota and modulation of gut microbiota metabolites by dietary compounds can explain the contradiction between low bioavailability and strong bioactivities of some dietary compounds.



Gut microbiota metabolites modulated by dietary compounds

In general, dietary compounds in modulation of gut microbiota metabolites can be achieved by the following ways: (1) dietary compounds directly be metabolized into gut microbiota metabolites by gut microbiota; (2) dietary compounds modulate the gut microbiota composition and thus influence the metabolites-producing activity; (3) dietary compounds directly inhibiting enzymes responsible for production of gut microbiota metabolites; (4) regulating the expression or activity of hepatic enzymes responsible for host metabolism of gut microbiota metabolites; (5) a combination of these effects. The typical metabolites modulated by dietary compounds are SCFAs, bile acids, trimethylamine, branched-chain amino acids, tryptophan and indole metabolites (Figure 1).


[image: Figure 1]
FIGURE 1
 Typical gut microbiota derived metabolites and their targets. Primary BAs can by transformed into secondary BAs by bile salt hydrolase and 7α-dehydroxylase[[Inline Image]]. Polyphenols can modulate the composition of gut microbiota to affect SCFAs production or be directed degraded into SCFAs. Polyphenols can also affect 7α-dehydroxylase activity to influence BA pool. Carbohydrates can be directly fermented into SCFAs. Proteins can be degraded into peptides and amino acids, which can further be transformed into TMA, tryptophan metabolites, and others. Please refer to main text for detailed metabolites and targets. AhR, aryl hydrocarbon receptor; BAs, bile acids; BCAAs, branched-chain amino acids; CAR, constitutive androstane receptor; FXR, farnesoid X receptor; GPR41, G protein-coupled receptor 41; GPR43, G protein-coupled receptor 43; HDAC1, histone deacetylase 1; HDAC3, histone deacetylase 3; NLPR3, inflammasome NOD-like receptor protein 3; PXR, pregnane X receptor; RORγt, retinoid-related orphan receptor gamma-t; SCFAs, short-chain fatty acids; TMA, trimethylamine; TGR5, Takeda G-protein receptor 5; VDR, vitamin D3 receptor.



SCFAs

SCFAs are a group of small organic monocarboxylic acids with one to six carbon atoms (55), and they are the most widely studied gut microbiota metabolites in recent years. SCFAs are comprised mostly of acetate (C2), propionate (C3), and butyrate (C4) with a molar rate of 60:20:20 in gastrointestinal tract (95%) (56, 57). After the production, SCFAs can be readily absorbed by colonocytes via hydrogen-coupled monocarboxylate transporters and sodium-coupled monocarboxylate transporters, with only about 5–10 % of the SCFAs can be detected in feces (58, 59). The concentration gradient of SCFAs falls from the gut lumen to the periphery tissues and organs because of the consumption of butyrate at the epithelium, propionate at the liver and acetate in the periphery (60). After absorption, part of SCFAs will be directly utilized as energy resource for gluconeogenesis and lipid synthesis, while the remaining SCFAs play important roles in regulating various host biological responses such as inflammation and oxidative stress. SCFAs can activate several G protein-coupled receptors (GPCRs) directly, such as GPR43 (free fatty acid receptor 2, FFAR2) and GPR41 (FFAR3), GPR109a/HCAR2 (hydrocarboxylic acid receptor) and GPR164, and thus regulate energy metabolism, inflammation, oxidative stress, and other reactions (16, 61). SCFAs can also inhibit nuclear class I histone deacetylases (HDACs) including HDAC1 and HDAC3, and thus end up with regulation of inflammatory signaling pathways (16, 62). Under physiological condition, SCFAs can regulate gut microbiota composition, gut barrier, gut hormone, appetite, energy homeostasis, and immune function, and circadian clocks (18). On the contrary, disturbance of SCFAs is associated with a group of diseases such as diabetes, obesity, non-alcoholic fatty liver disease, hypertension, ulcerative colitis, Parkinson's disease, and colorectal cancer (18, 63).

Dietary compounds can directly modulate the production of SCFAs by serving as the resource for SCFAs synthesis. Non-digestible dietary carbohydrates such as fibers that escape the digestion and absorption of small intestine can be partially or completely fermented by gut microbiota and produce SCFAs. During fermentation, acetate can be produced by acetyl-CoA pathway or via the Wood-Ljungdahl pathway under the action of bacteria such as Bifidobacterium spp., Lactobacillus spp., and Akkermansia muciniphila (64). Propionate can be produced by succinate pathway, propanediol pathway, or acrylate pathway under the action of bacteria such as Megasphaera elsdenii, Veillonella spp. and Roseburia inulinivorans (65). Butyrate can be produced by butyryl-CoA:acetate CoA-transferase routes or phosphotransbutyrylase/butyrate kinase routes under the action of bacteria such as Eubacterium rectale, and Faecalibacterium prausnitzii (64, 65). In addition to carbohydrates, proteins or peptides that contain branched-chain amino acids and escape the digestion and absorption of small intestine can be fermented to SCFAs as well. However, the SCFAs produced from proteins and peptides are typically branched-chain fatty acids, such as 2-methylbutyrate, isobutyrate, and iso-valerate (66). Polyphenols can affect the SCFAs production as well. For example, the sugar moiety of quercetin-3-glucoside can be fermented to formate and acetate by Enterococcus casseliflavus, and the resulting quercetin can be further degraded into 3,4-dihydroxyphenylacetic acid, phloroglucinol, butyrate and acetate by Eubacterium ramulus (67).

The type of food and the intake amount can affect the types and amounts of SCFAs significantly. Dietary fiber, according to the definition by CODEX Alimentarius Commission, are carbohydrate polymers with ten or more monomeric units that are not hydrolyzed by the endogenous enzymes in the small intestine of humans (68). In animal models, the addition of fiber can lead to increase of cecal SCFAs in comparison with control diets. However, no significant linear correlation between fiber intake amount and SCFA concentrations can be observed (69). The study of SCFA concentrations in human is mainly carried by measuring the fecal SCFAs because of the convenience of the sampling method. However, concentrations of fecal SCFAs reflect little information on actual intestinal SCFA concentrations since SCFAs are readily absorbed by host after production. Therefore, in vitro fermentation is widely used to study the relationship between diet and SCFAs, and it was found out that different fiber showed significant difference in production of SCFAs (56). Specifically, the physical form and chemical properties of fibers including monosaccharide compositions, linkage of monosaccharide, molecular size and arrangements of the sugars are important factors influencing the production of SCFAs (70). For example, in vitro fermentation of polysaccharide from the seeds of Plantago asiatica L. showed that acetic and butyric acids are produced mainly due to the fermentation of aldehydes and xylose, whereas propionic acid is mainly generated by fermentation of arabinose and xylose (71). Flammulina velutipes polysaccharide with the monosaccharide composition at the ratio of glucose: galactose: mannose = 60.66:19.96:19.38 can increase the levels of isobutyric and butyric acid (72). On the contrary, the Flammulina velutipes polysaccharide with the monosaccharide composition at the ratio of mannose: glucose: xylose: arabinose: fucose = 6.6:27.8:18:1.5:5.2 increased the levels of acetic, propanoic and butyric acids (73). Because SCFAs play important roles in health and the type of food can affect the production of SCFAs, modulation of SCFAs by diet has been suggested to be a good approach to maintain health and treat diseases. In Table 2, we have listed the common dietary polysaccharides on SCFAs.


Table 2 Effects of dietary polysaccharides on SCFAs.
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In recent years, a large number of animal and clinical studies have carried to investigate the supplement of dietary compounds on diseases, especially fiber. In mice, supplement of dietary fermentable fiber changed the composition of gut and lung microbiota, especially the ratio of Firmicutes to Bacteroidetes. In addition, mice received a high-fiber diet showed increased circulating SCFAs and were protected from allergic lung inflammation (105). Compared with the animal studies, the clinical studies on supplement of dietary compounds have received more attentions. In a randomized clinical study, supplement of specifically designed isoenergetic diets showed that a high-fiber diet can change the composition of the gut microbiota and improve glucose homeostasis in patients with type 2 diabetes mellitus (T2DM). In addition, the high-fiber diet can selectively elevate bacteria producing SCFAs and the levels of bacteria producing SCFAs correlated positively with hemoglobin A1c levels in participants with T2DM (106). The results suggested that targeted promotion of bacteria producing SCFAs can be effective to treat T2DM in clinic. Considering that carbohydrates such as fibers can be fermented and transformed into SCFAs, it is no wonder that dietary supplement of these compounds can increase circulating SCFAs and can be conducive to amelioration of diseases. In fact, in addition to fermentable carbohydrates, many other dietary compounds especially polyphenol can increase SCFAs as well by changing the levels of bacteria producing SCFAs (107). For example, a major bioactive compound from green tea epigallocatechin-3-gallate protected the mice from colitis by increasing abundance of SCFAs-producing bacteria such as Akkermansia and levels of SCFAs (108). The mounting evidence suggested that manipulating gut bacterial SCFAs by dietary compounds can be useful to treat diseases.



Bile acids

Bile acids (BAs) are a group of acidic, amphipathic, and water-soluble metabolites with a steroid structure that are originally produced from cholesterol in the hepatocytes. The primary BAs are synthesized mainly by classic pathway, in which 7α-hydroxylase acts as the rate-limiting enzyme, and to a lesser extent by alternative pathway (109). The main BAs synthesized in human are chenodeoxycholic acid and cholic acid whereas rodents can also produce muricholic acids, and thus BAs show evident species-specific differences (109). After the production, BAs can conjugate with taurine or glycine to form bile salts in the liver (110). When triggered by food intake, BAs are released into duodenum to exert their detergent-like activity to facilitate absorption of intestinal lipids. Meanwhile, most of the BAs can be reabsorbed and delivered back to liver, a process that is also known as enterohepatic circulation, to maintain the BA pool (111). For the unreabsorbed BAs, they can be deconjugated by gut microbiota under the catalysis of bile salt hydrolase, and further transformed into secondary BAs by 7α-dehydroxylase (20). A part of secondary BAs can also be absorbed from gut and get enriched through enterohepatic circulation, and thus may acting on hosts as important molecules to regulate the health and disease (20). The BA receptors include Takeda G-protein receptor 5 (TGR5, also known as G-protein-coupled BA receptor, GPBAR1), farnesoid X receptor (FXR), vitamin D3 receptor, pregnane X receptor/steroid and xenobiotic-sensing receptor, constitutive androstane receptor and others (19). By acting on these targets, BAs play important roles in regulation of lipids, amino acids, glucose metabolism and are implicated in a number of diseases such as obesity, insulin resistance, liver cirrhosis, non-alcoholic steatohepatitis and colitis (19). Worth notice is that BA receptors exhibit different affinity for different BAs. For example, TGR5 can be activated by BAs with the order of potency lithocholic acid > deoxycholic acid > chenodeoxycholic acid > cholic acid (including in both conjugated and unconjugated states) (112). This phenomenon indicates that variations of BA pool can result in perturbation of BA signaling in host, and this is confirmed by the fact that BA metabolism is disturbed in a number of diseases (113).

Given that dietary compounds can affect the composition of gut microbiota, dietary supplement may alter the gut microbial BA metabolism and thus further bring beneficial effects on hosts. In fact, a group of recent studies have continuously supported this idea. Curcumin is a compound that is extracted from turmeric, and is widely used as a dietary agent and traditional medicine for many years (114). In high-fat diet-induced obese wild type mice, curcumin treatment ameliorated obesity by reconstruction of gut microbiota composition and increasing of microbial derived secondary BAs including deoxycholic acid and lithocholic acid, two potent ligands for TGR5 (115). Moreover, the enhanced effects of curcumin on thermogenesis were eliminated inTGR5 knockout mice, which further confirmed that the effects of curcumin on obesity were achieved through modulation of microbial BA metabolism. Capsaicin, a naturally occurring alkaloid that derived from chillies, are widely used as food additives due to its hot pungent taste. In type 2 diabetic db/db mice, capsaicin remarkably improved glucose tolerance and insulin sensitivity, and this process was associated with decreasing the abundance of Lactobacillus and microbial bile salt hydrolase activity (116). The modulation of microbial abundance and enzyme activity further leaded to accumulation of tauro-β-muricholic acid, an antagonist of the FXR, and thus improved glucose metabolism and insulin sensitivity in diabetic mice (116). In another study by same group, capsaicin ameliorated high fat diet-induced obesity and adipose tissue accumulation, and this process was associated with the increase of Bacteroides abundance and 7α-dehydroxylase activity and the decrease of bile salt hydrolase activity. The modulation of microbial abundance and enzyme activity further leaded to the increase of lithocholic acid, an agonist of TGR5, and thus improved glucose metabolism and insulin sensitivity (117). These two studies showed similar pharmacological effects of capsaicin, yet the mechanisms were different. The reason may be that the animal models are different as one was leptin receptor-deficient diabetic mice whereas the other was high-fat diet-induced obese mice. Resveratrol, a natural polyphenol that is present largely in grapes and berries, improved glucose homeostasis by modulation of microbial BA metabolism and TGR5 in db/db mice (118). These studies suggested that the healthy effects of dietary compounds can be partly attribute to the modulation of gut microbial BA metabolism.



Trimethylamine and trimethylamine N-oxide

Under the action of gut microbial trimethylamine (TMA) lyases, dietary quaternary amines that are not absorbed such as choline, betaine, phosphatidylcholine, and L-carnitine can be transformed into TMA (119). After absorption, TMA can be oxidized to trimethylamine N-oxide TMAO under the action of hepatic flavin-containing monooxygenases (FMOs) such as FMO1 and FMO3 (120). Increased TMAO then promotes oxidative stress and inflammation of endothelial cells, activates the inflammasome NOD-like receptor protein 3 and nuclear factor kappa B signaling in vascular smooth muscle cells, promotes the transformation of macrophages into foam cells, promotes platelet hyperreactivity, and alters cholesterol transport and bile acid synthesis (121). Correspondingly, high level of blood TMAO might contribute to heart disease, diabetes, atherosclerosis, and even cancer (122, 123).

Worth notice is that while a large number of epidemiologic research have showed strong association between the increased plasma TMAO concentrations and the risk of cardiovascular diseases, the roles of dietary compounds on final concentrations of TMAO in blood and the risk of diseases are still worth investigating as controversy remains over this topic. For example, a study on a longitudinal cohort of US men showed that intake of higher levels of red meat and choline was significantly associated with higher TMAO levels in participants with rich TMAO-producing bacteria especially Alistipes shahii but not in other participants (124). On the contrary, a study comparing the TMAO levels in patients with carotid artery atherosclerosis and healthy controls showed that there was no association between the level of TMAO and carotid atherosclerosis or cardiovascular death (125). In addition, fish-rich diets can lead to obvious increase of plasma TMAO; however, meta-analysis, cross-sectional and prospective studies showed that fish consumption is associated with lower risk of cardiovascular diseases (126). Furthermore, some studies even reported the beneficial effects of TMAO or TMA in cardiovascular diseases (119).

Nevertheless, in addition to the compounds such as choline and L-carnitine that can be metabolized to TMA directly, modulation of TMA and TMAO metabolism is still regarded as one important mechanism of other types of dietary compounds in regulation of cardiovascular diseases. For example, administration of Lonicera caerulea berry extract, which is rich in polyphenols, to high cholesterol-induced hypercholesterolemic male SD rats for 12 weeks attenuated serum dyslipidemia (127), and this process was associated with decreasing of serum TMAO levels. In mice supplemented with 1.3% carnitine, flavonoids from oolong tea and citrus peels remarkedly reduced plasma TMAO and aortic inflammation, and this process was associated with modulation of Lactobacillus and Akkermansia (128). In addition to crude extracts, pure compounds in diet can also modulate TMA and TMAO to modulate cardiovascular diseases. For example, oral resveratrol can attenuate TMAO-induced atherosclerosis in ApoE−/− mice, and this process was associated with inhibiting of gut microbial TMA production (129). Besides, treatment with antibiotics abolished the decreasing effects of resveratrol on TMAO levels and the inhibiting effects on atherosclerosis.



Branched-chain amino acids

Branched-chain amino acids (BCAAs), including leucine, isoleucine, and valine, are essential amino acids with branched aliphatic side chains. BCAAs play critical roles in nutrients metabolism such as muscle protein synthesis, glucose and lipid metabolism via phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin signaling pathway (130). In contrast to the beneficial effects, evidence has indicated that BCAAs can contribute to a number of diseases such as insulin resistance, type 2 diabetes mellitus, cancer, and cardiovascular diseases (26, 130). Therefore, BCAAs has been suggested to be developed as biomarkers to predict the outcomes of diseases such as obesity, insulin resistance, and cardiovascular diseases (131). Although mammalians lack the enzymes needed for the de novo synthesis of BCAAs, gut microbiota contain rich enzymes responsible for synthesis of BCAAs (132). Many gut bacteria are capable of de novo synthesis of BCAAs, such as Prevotella copri, Bacteroides vulgatus, and Clostridium clusters (133). Since BCAAs can be degraded from food and synthesized by gut microbiota, both the daily supplementation of BCAAs-containing food and modulating the composition of gut microbiota can affect the circulating BCAAs and further affect the health and disease associated with BCAAs. For example, diet with specifically reduced BCAAs can reverse the diet-induced obesity and restore the glucose tolerance and insulin sensitivity (134).

In addition to the dietary proteins, peptides, and amino acids that can be directly metabolized to BCAAs by gut microbiota, other dietary compounds can also influence the levels of circulating BCAAs and thus attenuate diseases. For example, virgin olive oil and high-oleic acid peanut oil are dietary vegetable oil with a high monounsaturated fatty acid and can attenuate metabolic syndrome (135). When the two types of oils were fed to rats with a high-fat diet, the β-diversity and abundance of Bifidobacterium were increased (oleic acid peanut oil also decreased Lachnospiraceae and Blautia) and the levels of BCAAs were revised, suggesting of modulation of gut microbial BCAA metabolism as the mechanism of the two oils in attenuation of metabolic syndrome (135). As a favorite vegetable, Luffa cylindrica (L.) Roem (luffa) is a very common in daily diet, and it is rich in polyphenols, saponin, triterpenoids, flavonoids, and oleanolic acid (136). Dietary oral administration of luffa to diet-induced obese mice can reduce circulating BCAA levels and selectively decrease the relative abundances of bacteria such as Enterortabdus and Butyricicoccus positively correlated with BCAA levels (136). In addition, this effect on BCAA catabolism was not observed in antibiotic-treated obese mice. The results suggested that luffa ameliorated obesity by modulation of gut microbial BCAA metabolism. In another study, citrus polymethoxyflavones ameliorated high-fat diet-induced metabolic syndrome via regulation of gut microbial BCAA metabolism (137). Antibiotic treatment, fecal microbiome transplantation, and single bacterium gavage showed that Bacteroides ovatus was responsible for the reduction of BCAA levels and alleviation of metabolic syndrome (137).



Tryptophan, indole, and indole derivatives

Tryptophan, an essential amino acid for human body, is an important metabolite that can significantly influence both the physiology and pathology of mammalians. In addition to the main role in protein synthesis, tryptophan in host cells can act as an important precursor for production of crucial metabolites following the kynurenine and serotonin pathways (28). In contrast, unabsorbed tryptophan in the colon can interact with gut microbiota and can be metabolized into indole and indole derivatives such as skatole and indole acrylic acid under the action of the tryptophanases, which are expressed in many Gram-negative and Gram-positive gut bacteria such as Clostridium spp., Bacteroides spp. and Escherichia coli (28). Many of the indole derivatives such as indole acrylic acid, indole-3-aldehyde, indole-3-propionic acid, indole-3-acetic acid, and indole-3-acetaldehyde can act as ligands for aryl hydrocarbon receptor (AhR), pregnane X receptor and retinoid-related orphan receptor gamma-t (29, 138). Among these targets, aryl hydrocarbon receptor plays important roles in intestinal homeostasis by acting on a group of cells, such as Th17 cells, macrophages, dendritic cells, neutrophils, and other cells (139). Correspondingly, microbial tryptophan metabolites can regulate the intestinal barrier integrity, epithelial proliferation, and intestinal resistance to pathogens (27, 28). Since intestinal barrier are directly associated with a number of diseases, tryptophan and tryptophan microbial metabolites have been demonstrated to be linked to a number of diseases such as ulcerative colitis, Crohn's disease, obesity, autism spectrum disorder, Alzheimer's disease, Parkinson's disease, and irritable bowel syndrome (28, 140, 141).

As microbial tryptophan metabolism is associated with host functions and diseases, it is no wonder that dietary tryptophan is associated with health. In the aging mice, a diet containing 0.4% tryptophan significantly attenuated the inflammation and oxidative stress via increasing the colon indoles and the relative abundance of Akkermansia (142). Similarly, in non-obese diabetic mice expressing DQ8, a tryptophan-rich diet decreased gluten immunopathology via modulation of gut microbiota composition and enhancing the production of AhR ligands such as indole-3-aldehyde and indole3-lactic acid (143). On the contrary, in an aged mouse model, tryptophan-deficient diets (0.1% tryptophan) showed an elevated levels of pro-inflammatory cytokines in comparison with those fed a normal (0.2% tryptophan) and a tryptophan-rich (1.25% tryptophan) diet (144). And the effect was associated with modulation of gut bacteria such as Clostridium spp., which is involved in microbial tryptophan metabolism (144).

In addition to the diet containing tryptophan, other types of dietary compounds can modulate the gut microbiota tryptophan metabolism as well. For example, turmeric polysaccharides can improve the pathological phenotype of colitis mice via increasing the relative abundance of gut bacteria associated with tryptophan metabolism such as Lactobacillus and increasing the levels of cecal indole-3-acetic acid (145). Similarly, Fuzhuan brick tea polysaccharide ameliorated the ulcerative colitis of mice via promoting the proliferation of beneficial bacteria such as Akkermansia and increasing of fecal indole-3-acetaldehyde and indole-3-acetic acid (146). 1-Deoxynojirimycin, a major bioactive compound from functional food mulberry leaves, can ameliorate hyperlipidemia via increasing of Akkermansia and Clostridium and enhancing the microbial production of indole-3-propionic acid (147). Besides the animal-based studies, clinical studies have also suggested the beneficial effects of the other types of dietary compounds on microbial tryptophan metabolism. For instance, in a randomized, controlled, crossover trial, a polyphenol-rich diet significantly increased the microbial tryptophan metabolite indole 3-propionic acid in older people with normal renal function, and this effect was associated with shift of bacteria Bacteroidales and Clostridiales (148).



Gases

Gut microbiota can produce gases (H2S, H2, CO2, CH4, NO) (6, 35). CH4 has significant effect on gastrointestinal tract as it is associated with constipation and can slow the colon motility (149). NO plays important roles in neuronal communication, modulation of blood vessels and immune response, and is possibly participated in diseases such as stroke and Parkinson's disease (150). While high concentration of H2S is generally believed to be toxic to hosts by inducing mucus disruption and inflammation, low levels H2S can be beneficial to hosts by stabilizing mucus layer, inhibiting adherence of bacteria to the epithelium, preventing the invasive bacteria, and reducing inflammation and tissue injury (151).

CO2 is mainly produced in the stomach whereas H2, CH4, CO2 and H2S are mainly generated in the small intestine and colon (31). The gases H2 and CO2 are produced by fermentation of undigested carbohydrates and, to a much lesser extent, by dietary or hosts-released proteins, whereas the gas CH4 is produced with the help of archaea in the colon by metabolism of CO2 and H2 (152). H2S is generated by fermentation of sulfur-containing proteins with the help of bacteria that are capable of reducing sulfates and sulfites (153). In mammalian cells, H2S can also be generated from L-cysteine, thio sulfate and homocysteine with the help of enzymes such as cystathionine β-and γ-lyase, aspartate aminotransferase and 3-mercaptopyruvate sulfurtransferase (154, 155). Since chemical constituents and fermentable substrates are affected by dietary intake, the diet can change the production of gases. For instance, cellulose and corn bran can improve the production of H2, whereas the production of CH4 was not affected (156, 157). In healthy volunteers, a diet with high levels of short-chain carbohydrates that are poorly absorbed and non-digestible in the small intestine leaded to an increase of H2 levels and a decrease of CH4 (158). In addition, consuming of two purified fibers xylans and pectin increased the levels of CH4, whereas lactulose did not show this effect (156, 159). Taken together, dietary compounds can be metabolized into gases and the types of diet can influence the gas production.



Others

In Table 3, we have listed the non-polysaccharide dietary compounds and extracts on aforementioned gut microbiota-derived metabolites. In addition to these metabolites, gut microbiota can also produce other metabolites such as lipids (lipopolysaccharides, conjugated fatty acids, etc.), vitamins, ethanol, triphosadenine, organic acids (such as benzoate and hippurate), polysaccharide A, imidazole propionate, dipeptide aldehydes (35, 176–179). Among these metabolites, of special note are the metabolites produced from amino acids. In addition to tryptophan, other amino acids can also interact with gut microbiota and be transformed. Dietary tyrosine can be transformed into phenol, a molecule with possible roles in large bowel cancer and leukemia, under the action of gut bacterial-specific tyrosine phenol-lyase (180). Another study reported that tyrosine can be transformed into phenol and p-cresol under the action of tyrosine phenol-lyase and (or) hydroxyarylic acid decarboxylase, and p-hydroxyphenylacetate decarboxylase and (or) tyrosine lyase, respectively (181). p-cresol exhibits deleterious metabolic and genotoxic effects on colonic epithelial cells, and its level is associated with chronic kidney disease, cardiovascular disease, and autistic-like behaviors (182, 183). Phenylalanine can be transformed into phenylacetate under a group of enzymes such as phenylacetate-CoA ligase in bacteria such as Escherichia coli and Pseudomonas putida (184). Methionine can be metabolized into methanethiol, NH3, and 2-oxobutanoate under the action of methionine γ-lyase, an enzyme that exists in Pseudomonas putida and other bacteria (185). Gut microbiota can transform amino acid into polyamines such as agmatine, putrescine, spermidine, cadaverine. For example, lysine can be transformed into cadaverine through diaminopimelic acid route and the α-aminoadipic acid pathway (186). High concentration of cadaverine can be toxic and potentiate histamine toxicity and is associated with ulcerative colitis (179). Gut microbiota can also produce neuroactive compounds and neurotransmitters, such as γ-aminobutyrate (GABA), norepinephrine, dopamine, histamine, and serotonin, by catabolism of amino acids (187, 188). For example, glutamate can be transformed into γ-aminobutyrate via the enzyme glutamate decarboxylase and bacteria such as Lactobacillus spp. and Bifidobacterium spp. (189). These gut microbiota-derived neuroactive compounds and neurotransmitters play important roles in gut motility disorders, behavioral disorders, neurodegenerative diseases, cerebrovascular diseases, and neuroimmune-mediated disorders (190). Taken together, amino acids can be transformed into neuroactive compounds, sulfide-containing metabolites (H2S, methanethiol), aromatic compounds (phenol, p-cresol), and polyamines, under the action of gut microbiota.


Table 3 Non-polysaccharide dietary compounds and extracts in modulation of typical gut microbiota-derived metabolites.
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Perspectives

Because of the importance of gut microbiota metabolites in health and disease, regulation of gut microbiota metabolites by diets has received much attention in recent years. However, gut microbiota itself show great intra- and interindividual variations (1) and thus the extent of the response of gut microbiota metabolites in one person to a diet might be different from the response of another person. In this background, the concept precision nutrition or personalized nutrition has been raised in recent years following the initiative of precision medicine (191). Currently, targeted manipulating of gut microbiota has become an important approach to achieve precision medicine (43). Similar to precision medicine, precision nutrition aims to identify key characteristics of gut microbiota that can predict the response of an individual to specific dietary components, and then design of a diet that is conductive to health. In a proof-of-principle study, analysis of three cohorts of obese adults from Belgium, Finland, and Britain showed that Clostridial species were indicative of the response of gut microbiota to diet, which in turn predicted the hosts' cholesterol response (192). In another study, a machine-learning approach integrating gut microbiota, blood parameters, dietary habits, anthropometrics, and physical activity showed that this approach can accurately predicts individual postprandial glycemic response after real-life meals (193). However, these studies did not correlate the levels of gut microbiota metabolites with diets and clinical outcomes, further studies are needed to identify the metabolites that are capable of predicting clinical outcomes.

After intake of a specific diet, the change of gut bacteria and gut microbiota metabolites may not be limited to a specific bacterium or metabolites. For example, in a mice model of inflammatory bowel disease, ketogenic diet altered gut bacteria such as Proteobacteria, Enterobacteriaceae, Escherichia-Shigella and changed the gut microbiota metabolites such as stearic acid, arachidic acid, and erucic acid (194). In fact, many of the changed bacteria and metabolites only show associative relationship with the change of phenotypes, and the key bacteria and metabolites with causal relationship must be determined. This idea is supported by the recent idea of keystone taxa, which drive the community composition and function of microbiota irrespective of their abundance (195). Therefore, screening of the key bacteria and gut microbiota metabolites responsible for the phenotypes is necessary. To achieve this aim, the combination of in vivo and in vitro experiments, and a variety of advanced technologies can be used. In this case, animal such as germ-free animal, gnotobiotic animal, antibiotic-treated animal and fecal bacteria culturing can be adopted to screening key bacteria. Targeted and untargeted metabolomics combined with oral supplementation or intravenous injection can be adopted to identify the key metabolites.



Conclusion

Gut microbiota-derived metabolites such as SCFAs and BAs play important roles in maintenance of host homeostasis and development of diseases. In the colon, the dietary compounds that pass small intestine can interact with gut microbiota and thus modulate the gut microbiota metabolites. In general, these metabolites can be grouped into 3 types: (I) metabolites that are produced directly from dietary compounds by gut microbiota; (II) metabolites that are originally synthesis by hosts and chemically transformed by gut microbiota; (III) metabolites that are produced by gut microbiota de novo. Depending on the types of dietary compounds, the gut microbiota metabolites affected include, but not limited to, SCFAs, BAs, TMA, BCAAs, and tryptophan metabolites. Because some dietary compounds can be metabolized to a specific group of metabolites under the action of particular bacteria, personalized diets can be applied for targeted manipulation of gut microbiota metabolites. In addition, a specific diet can influence multiple gut bacteria and metabolites, thus, identification of key bacteria and metabolites responsible to the healthy effects of diets are necessary.
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Recent studies suggest that a diet rich in sugars significantly affects the gut microbiota. Adverse metabolic effects of sugars may partly be mediated by alterations of gut microbiota and gut health parameters, but experimental evidence is lacking. Therefore, we investigated the effects of high intake of fructose or galactose, with/without fructooligosaccharides (FOS), on gut microbiota composition in rats and explored the association between gut microbiota and low-grade systemic inflammation. Sprague–Dawley rats (n = 6/group) were fed the following isocaloric diets for 12 weeks (% of the dry weight of the sugars or FOS): (1) starch (control), (2) fructose (50%), (3) galactose (50%), (4) starch+FOS (15%) (FOS control), (5) fructose (50%)+FOS (15%), (6) galactose (50%)+FOS (15%), and (7) starch+olive (negative control). Microbiota composition in the large intestinal content was determined by sequencing amplicons from the 16S rRNA gene; 341F and 805R primers were used to generate amplicons from the V3 and V4 regions. Actinobacteria, Verrucomicrobia, Tenericutes, and Cyanobacteria composition differed between diets. Bifidobacterium was significantly higher in all diet groups where FOS was included. Modest associations between gut microbiota and metabolic factors as well as with gut permeability markers were observed, but no associations between gut microbiota and inflammation markers were observed. We found no coherent effect of galactose or fructose on gut microbiota composition. Added FOS increased Bifidobacterium but did not mitigate potential adverse metabolic effects induced by the sugars. However, gut microbiota composition was associated with several metabolic factors and gut permeability markers which warrant further investigations.
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  fructose, galactose, fructooligosaccharides, gut microbiota, 16S rRNA


Introduction

The gut microbiota in the large intestine of humans and animals comprises more than one trillion microorganisms but is dominated by two major bacterial phyla, Firmicutes and Bacteriodetes (1, 2). Studies have demonstrated that metabolic activity of the gut microbiota is essential in maintaining host homeostasis and health (3, 4). In recent years, probiotic bacteria have received escalating attention, particularly for their beneficial health effects on the host through various mechanisms including modulation of gut microbiota, metabolic effects, and regulation of immune responses (5, 6). Among probiotics, Bifidobacterium and Lactobacillus genera are of major importance due to their functional properties (5). Probiotics have also been studied for anticarcinogenic (7), antipathogenic (8), and anticholesterolemic (9) activities.

Prebiotics represent important factors affecting gut microbiota composition, richness, and activity, and their role in human health (10, 11). Prebiotics are carbohydrates such as dietary fibers including fructooligosaccharides, galactooligosaccharides, and inulin (12). Prebiotics are resistant to digestion in the upper sections of the alimentary tract and undergo fermentation by saccharolytic bacteria such as Bifidobacterium in the intestine (13). Therefore, the change in diet by including prebiotics can result in a significant change in the microbiota after only 24 h (10, 14), although short-term dietary changes are typically transient, long-term dietary changes alter the microbiota composition more robustly (10, 14). Interestingly, studies have suggested alterations in gut microbiota associated with the consumption of sugar and sugar-sweetened beverages in humans, but firm evidence is lacking (15).

Studies in rats have shown that the gut microbiota was significantly affected within a week after feeding simple sugars including a decrease in diversity (16). Common sugars in the diet, such as glucose, fructose, and galactose, are actively absorbed in the small intestine, but the degree of absorption varies with the type of sugar and dose (17, 18). For example, excessive intake of fructose may lead to incompletely digested fructose reaching the colon, where intestinal discomfort and even negative health outcomes due to inappropriate immune response, may result consequently (19, 20). Studies have suggested that high consumption of fructose in the diet could affect the microbial community and lead to an increase in pathogenic bacteria, deterioration of the intestinal barrier function, reduced mucus thickness, and a subsequent increase in translocation of microbiota and increased concentrations of endotoxin in the bloodstream (21, 22). Moreover, consumption of fructose, either in solid or liquid form, has been shown to affect microbiota composition differently (23).

In rodents, chronic intake of galactose is known to cause toxicity due to the accumulation of reactive oxygen species and advanced glycation end products (AGE) (24). Feeding D-galactose to accelerate aging is a well-established animal model (25). In addition, a diet containing 15% galactose has been found to decrease the abundance of Firmicutes, alter the Firmicutes:Bacteroidetes ratio, and decrease the abundance of Clostridium coccoides in rats, compared with diets with 15% glucose or 15% fructose (26). D-galactose-induced aging has been shown to modulate gut microbiota composition significantly at the phylum level in rats (27–29).

A high-fiber diet may provide beneficial health effects through stimulation of the growth of specific gut microbiota (30–33). Prebiotic fiber types, such as fermentable fructooligosaccharides (FOS) and inulin, have consistently been shown to increase the abundance of Bifidobacterium and lactic acid bacteria (LAB) in the large intestine. They have also been shown to suppress the growth of pathogenic bacteria that may result in endotoxemia, and could thereby provide a positive effect on gut barrier integrity and lower sub-clinical systemic inflammatory responses (34, 35). A high intake of fermentable dietary fiber increases the production of short-chain fatty acids (SCFA), whereas reduced production of SCFA has been reported at a low intake of fermentable dietary fiber (36). SCFA, that is, acetate, propionate, and butyrate, modulate the secretion of hormones, insulin sensitivity, and immune responses (37, 38). Low intake of dietary fiber and high intake of sugar are believed to have detrimental effects on microbial diversity and human health (39, 40).

The main hypothesis tested in this study was that a high intake of simple sugars, such as fructose or galactose, causes malabsorption in the small intestine so that excess sugars reach the large intestine, causing unfavorable alterations in gut microbiota composition and activity (12, 41, 42). A second hypothesis tested was that fermentable dietary fiber, such as FOS, counteracts these adverse effects of simple sugars through modulation of the gut microbiota (43). We, therefore, investigated the impact of diets high in fructose or galactose on gut microbiota composition and examined whether simultaneous administration of FOS could mitigate the potential adverse effects of the simple sugars over a 12-week intervention. We also assessed associations between gut microbiota diversity, metabolic factors, and inflammation and gut permeability biomarkers.



Methods


Animals and diets

Samples and data from a previous 12-week rat study, where we investigated the metabolic effects of high sugar diets with and without the addition of FOS, were used for the investigations in the present study (44). The estimated number of animals per group was six, to differentiate an assumed effect of 30% difference (100 vs. 140 units) between treatments and control. A standard deviation of 15 units in 12 comparisons provides a p < 0.001 and power of 0.9. In brief, healthy male Sprague–Dawley rats (n = 90) were purchased from Janvier Labs at age 7 weeks with an initial body weight of 250–274 g and were randomly assigned to one of seven diet groups (n = 12 per group) as follows: (1) fructose, (2) fructose+FOS, (3) galactose, (4) galactose+FOS, (5) starch (control), (6) starch+FOS, and (7) starch+olive (negative control), and one baseline group (n = 6) sacrificed before the commencement of the feeding trial. Six out of 12 rats in each group were sacrificed at the end of week 6 and the other six at the end of week 12. The animal experiment (trial no. V 351/18 BC) was approved by the Regional Council Stuttgart (Baden-Württemberg, Germany) ethics committee. All animal procedures were carried out in accordance with the Federation of European Laboratory Animal Science Association (FELASA) guidelines for the care and use of laboratory animals. The animal studies are reported in accordance and compliance with the ARRIVE guidelines (45).

The experimental diets contained different carbohydrates in isocaloric conditions. The high-carbohydrate diets consisted of 50% fructose or 50% galactose, while the diets with added FOS (inulin-type, DP4-5, MW: 624–679 from chicory root with 95% purity, Boneo GmbH, Germany) contained 15% FOS (all by weight). Starch (native starch, The Carl Roth GmbH+Co.KG, Germany), was used instead of sugars for the control diet and was added to all other diets in varying quantities to adjust total energy intake in order to obtain isocaloric conditions. All diets were prepared with 6% safflower oil as a source of n-6 polyunsaturated fatty acids (PUFA) except for the negative control diet, which used 6% olive oil (low in n-6). Starch+FOS was used as the FOS control diet. The dietary regimen for the groups fed galactose had to be modified due to adverse health effects observed in these rats after 2 weeks of intervention. For the remainder of the study, the rats in the galactose and galactose+FOS groups were given the respective diets for 4 days, followed by 3 days on the starch diet (control). All rats had access to diets and water ad libitum. Body weight and feed intake were recorded weekly. At the end of the respective feeding period, the rats were fasted for 12 h, anesthetized with carbon dioxide gas, and killed by decapitation. Intestinal contents were collected in Eppendorf tubes and immediately stored at −80°C. Blood samples were collected into heparinized monovettes (Monovette, Sarstedt, Germany) at 6 and 12 weeks, and glucose concentrations were measured immediately. Plasma and serum were separated from the blood cells immediately and stored at −80°C after collection. Metabolic factors, inflammation and gut permeability biomarkers, and AGEs were analyzed in plasma samples and the results are reported in our previous study (44), from which data were available for the present study and linked to effects on the gut microbiota.



Gut microbiota analysis

DNA was extracted in singlet samples from the intestinal sample contents of all animals included in the study using QIAamp Fast DNA Stool mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol, with the exception that the bacterial cell walls were mechanically disrupted with 0.1 mm zirconium/silica beads (Biospec Products) for 2 x 60 s using a Precellys Evolution device (Bertin Technologies, Montigny-le-Bretonneaux, France).

Amplicons from the V3 and V4 regions of the 16S rRNA gene were generated from the extracted DNA using the primers 341F and 805R. For the PCR reactions, Phusion High-Fidelity PCR Master Mix (New England Biolabs, United States) was used and the PCR products were purified with Qiagen Gel Extraction Kit (Qiagen) and quantified with Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific). The final libraries were generated with a NEBNext Ultra DNA Library Prep Kit that incorporated barcodes and adaptors. The amplicons were then sequenced on the Illumina platform at Novogene (Beijing, China).



Bioinformatic analysis

Generated paired-end reads were first assigned to samples based on their unique barcode sequence. Reads were then merged after truncating the barcode and primer sequence using FLASH (v1.2.7, http://ccb.jhu.edu/software/FLASH/) (46). Merged sequences were analyzed using QIIME (v1.7.0) (47, 48). Sequence analysis by clustering of operational taxonomic units (OTUs) was performed using Uparse software (Uparse) (49), with sequences with ≥97% homology assigned to the same OTU. The representative sequences in each OTU were then annotated using the SILVA Database (http://www.arb-silva.de/) for species annotation at each taxonomic rank (50, 51).



Statistical analysis

The statistical analyses were carried out using SAS statistical analysis software (release 9.4; SAS Institute, Cary, NC, United States). The effect of diet on microbiota composition at phylum and genus level was evaluated using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons, with differences at 12 weeks defined as the primary outcome. A secondary analysis was carried out to evaluate the effects on 6 weeks if effects of specific diets were found after 12 weeks of intervention. Relative abundance at genus level >5% was used as the cut-off for inclusion in statistical testing. Assumption of normality and homogeneity of variance were assessed using the Shapiro–Wilks test. Data not normally distributed were log-transformed before analysis. All data analyzedusing the generalized linear model are presented as least square (LS) means ± standard error of the mean (SEM), adjusted for baseline values. Values of p < 0.05 were considered statistically significant. Correlations between the most abundant microbial phyla and metabolic factors and inflammation-related markers were assessed by Spearman's rank correlation tests.




Results


Characteristics of energy intake and initial and final body weight of the rats

Data were obtained for 90 rats treated with a high-fructose or high-galactose diet, with or without added FOS, or fed a control diet (starch, starch+FOS, or olive oil control) for 12 weeks (n = 6 rats/group). Energy intake was significantly higher in rats fed fructose than in rats fed starch+FOS. The rats in all intervention groups had an initial body weight of 251–258 g. Body weight after the 12-week intervention was significantly lower in the galactose and galactose+FOS groups compared with the starch (control), starch+olive (negative control), and fructose groups (Table 1).


TABLE 1 Descriptive characteristics of the rats fed a control diet (starch, starch + FOS, starch+olive) or a high-fructose or high-galactose diet, with and without added fructooligosaccharides (FOS), after 12 weeks of intervention.
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Effects of diet on alpha-diversity of the gut microbiota

The baseline richness of bacterial OTUs and Shannon diversity is shown in Figures 1A,B, respectively. Significantly lower diversity was observed in the starch+FOS group compared with all other diet groups after 12 weeks of intervention (Figure 1A). Similarly, Shannon index was significantly lower in the starch+FOS compared with the other diet groups (Figure 1B). At 6 weeks, no similar difference in alpha-diversity was observed (data not shown).
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FIGURE 1
 Results of 16S rRNA gene sequence analysis of the gut microbiota community in the large intestine of rats fed a control diet (starch, starch+FOS, starch+olive) or a high-fructose or high-galactose diet, with and without added fructooligosaccharides (FOS), after 12 weeks. Alpha diversity; (A) observed species, (B) Shannon's diversity index. Values shown are LS mean ± SEM of six rats. Groups were assessed by one-way ANOVA followed by Tukey's test. Means with different superscripts (lowercase letters) differ significantly (p < 0.05).




Effects of diet on gut microbiota composition at the phylum and genus levels

Taxonomically, over 300 genera belonging to 22 phyla were identified in the large intestine of the rats, of which 16 genera with relative abundance >5.0% comprised >50% of the variation in microbiota (Figures 2, 3). The microbiota in the large intestine of the rats at baseline was dominated by the phyla Firmicutes (55%), Bacteroidetes (37%), and Proteobacteria (5%) (Figure 2, Table 2).
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FIGURE 2
 Gut microbiota composition (relative abundance, %) at phylum level in rats fed a control diet (starch, starch+FOS, starch+olive) or a high-fructose or high-galactose diet, with and without added fructooligosaccharides (FOS), after 12 weeks.
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FIGURE 3
 Gut microbiota composition (relative abundance, %) at phylum level in rats fed a control diet (starch, starch+FOS, starch+olive) or a high-fructose or high-galactose diet, with and without added fructooligosaccharides (FOS), after 12 weeks. Only classified genera with relative abundance above 5.0% cut-off level are shown. White bars indicate all genera with mean relative abundance <5.0%.



TABLE 2 Effects of high-carbohydrate diets (fructose and galactose), with and without additional fructooligosaccharides (FOS), on relative abundance (%) of major phyla in the large intestine microbiota of rats after 12 weeks.
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In general, a significantly higher relative abundance of Actinobacteria was observed in the starch+FOS and galactose+FOS groups compared with the fructose, galactose, starch (control), and starch+olive (negative control) groups. Tenericutes abundance was significantly higher in the fructose+FOS group than in the starch (control), fructose, galactose, and galactose+FOS groups at 12 weeks of intervention. However, no similar difference in the abundance of Actinobacteria and Tenericutes was observed at 6 weeks (data not shown).

The relative abundance of Verrucomicrobia was significantly higher in the starch+FOS group than in all other diet groups except the fructose+FOS group. A similar difference was observed in the relative abundance of Verrucomicrobia (p < 0.05) at 6 weeks (data not shown).

Cyanobacteria abundance was significantly higher in the starch+olive (negative control) group than in the other diet groups after 12 weeks of intervention (Table 2), but no similar difference was observed at 6 weeks (data not shown). No differences in the effect of diets on microbiota composition were observed for Firmicutes, Bacteroidetes, and Proteobacteria after 12 weeks of intervention.

At the genus level, the relative abundance of Lachnospiraceae_NK4A136_group, Bifidobacterium, Akkermansia, [Ruminococcus]_gnavus_group Desulfovibrio, Klebsiella, Ruminococcaceae_UCG-005, Alloprevotella, unidentified_Ruminococcaceae, and Parasutterella differed significantly between the diets at 12 weeks of intervention (Table 3, Figure 3). The relative abundance of Lachnospiraceae_NK4A136_group was significantly higher in rats fed starch (control), starch+olive (negative control), fructose, and galactose+FOS diets compared with the other diet groups (Table 3, Figure 3). The relative abundance of Bifidobacterium, Akkermansia, and [Ruminococcus]_gnavus_group were significantly higher in rats fed the starch+FOS diet compared to the other diet groups, except for galactose+FOS, where the abundance of Bifidobacterium did not differ significantly from the starch+FOS diet group at 12 weeks (Table 3). However, the relative abundance of Bifidobacterium was significantly higher in the fructose+FOS and galactose groups than in the other diet groups. However, no similar difference was observed in these genera at 6 weeks of intervention (data not shown).


TABLE 3 Effects of high-carbohydrate diets (fructose and galactose), with and without additional fructooligosaccharides (FOS), on relative abundance (%) of the genus in the large intestine microbiota of rats after 12 weeks.
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Moreover, the relative abundance of Desulfovibrio was significantly higher in the starch+olive (negative control) group than other diet groups with FOS added. A significantly higher relative abundance of Klebsiella and Ruminococcaceae_UCG-005 were observed in the galactose+FOS group and galactose, respectively, compared to the other diet groups. At 6 weeks, no similar difference was observed in Klebsiella and Ruminococcaceae_UCG-005 (data not shown).

Alloprevotella abundance was significantly higher in the fructose+FOS and galactose groups than in the other diet groups. The relative abundance of unidentified_Ruminococcaceae was significantly higher in the galactose group than in the other diet groups except for starch (control) and fructose groups. Moreover, Parasutterella abundance was significantly higher in the starch+FOS compared to other diet groups. However, there were no differences in Alloprevotella, unidentified_Ruminococcaceae, and Parasutterella abundance at 6 weeks of intervention (data not shown).

In general, the taxon-based analysis showed marked changes in gut microbiota composition in diets with added FOS, but no obvious changes in groups fed a high-fructose or high-galactose diet without added FOS. The relative abundance of Actinobacteria was higher in all diet groups with added FOS, indicating that FOS significantly stimulated the growth of Actinobacteria. The genus Bifidobacterium was present in higher abundance in diet groups with added FOS than in diet groups without FOS (Figure 4), which contributed most of the increase of Actinobacteria at the phylum level. The relative abundance of Bifidobacterium was significantly higher in the starch+FOS and galactose+FOS groups than in all other diet groups except the fructose+FOS group after 12 weeks. At 6 weeks, a similar pattern of increased abundance of Bifidobacterium (p < 0.05) in rats fed diets with added FOS was observed (data not shown). In summary, the results showed that including FOS in the diet had an important effect on microbiota composition.
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FIGURE 4
 Changes in the relative abundance of the genus Bifidobacterium in the large intestine of rats fed a control diet (starch, starch+FOS, starch+olive) or a high-fructose or high-galactose diet, with and without added fructooligosaccharides (FOS), after 12 weeks. Values shown are LS mean ± SEM of six rats (percentage of relative abundance). Groups were assessed by one-way ANOVA followed by Tukey's test. Means with different superscripts (lowercase letters) differ significantly (p < 0.05).




Association between gut microbiota composition, metabolic factors, and inflammation and gut permeability markers after 12 weeks

In general, modest correlations were observed between the relative abundance of microbial phyla and selected metabolic factors and inflammation and gut permeability markers (Table 4). We found positive correlations between Firmicutes and Cyanobacteria and body weight, whereas Bacteroidetes and Actinobacteria were inversely associated with body weight. The relative abundance of Actinobacteria was inversely associated with endotoxin concentration but positively associated with lysine concentration. Verrucomicrobia composition was inversely associated with Nε-carboxy-methyl-lysine (CML) and pentosidine concentrations. Cyanobacteria composition was positively associated with endotoxin concentration after 12 weeks of intervention (Table 4).


TABLE 4 Spearman's rank correlation coefficient between gut microbiota composition (phylum level), metabolic factors, and inflammation and gut permeability markers after 12 weeks of intervention.

[image: Table 4]

Scatterplots for the phyla Firmicutes, Bacteroidetes, Actinobacteria, Verrucomicrobia, and Cyanobacteria with selected markers with significant correlations are presented in Supplementary Figure S1.




Discussion

The results in the present study indicated that high-fructose and high-galactose diets did not have any consistent effect on microbiota composition at the phylum level under the conditions evaluated. Only groups treated with FOS showed consistent differences in microbiota composition, in particular, increased abundance of Actinobacteria which was mainly driven by an increase in the relative abundance of Bifidobacterium. However, we found that the gut microbiota was associated with several metabolic factors and biomarkers when data from all diet groups were pooled. To our knowledge, this is the first study to examine the effect on microbiota composition of high fructose and galactose intake, with and without added FOS to alleviate the negative effect of these sugars.

As reported in our previous study (44), the groups fed galactose or galactose+FOS had lower body weight than the other diet groups. This was accompanied by clinical symptoms in rats in these groups, including polyuria and lens opacity after high intake of galactose. Their energy expenditure could have been altered. Several studies have reported similar symptoms after feeding rats with diets containing 50% galactose (52, 53).

Dietary components strongly influence the richness and diversity of gut microbiota (14). The high richness and diverse microbiota have been associated with health benefits such as protection against enteropathogens, and contribute to normal immune function (54–56). To date, there is no uniform definition of a healthy gut microbiota composition, mainly due to large inter-individual variability resulting from differences in, for example, dietary and cultural habits, lifestyle, environment, and antibiotic use (57, 58). On the other hand, many studies have reported skewed microbial composition in several types of diseases. In many cases, this is referred to as dysbiosis, which is commonly associated with a reduction in microbial diversity, a decrease in the abundance of certain families within the order Clostridiales, and an increased abundance of Proteobacteria (39, 59). Increased proportions of Proteobacteria, and in particular, members of the Enterobacteriaceae, have been linked to host susceptibility to infection (39). For instance, it has been shown that dysbiosis shifts the abundance of Proteobacteria, an effect associated with metabolic syndrome and increased risk of diseases such as inflammatory bowel disease and cancers (60). Moreover, several studies have reported that a diet containing FOS significantly modulates species richness and diversity of gut microbiota (34, 43, 61, 62) and that FOS supplementation enhances the growth of unique bacteria and increases diversity (34, 62). In contrast, in our study species richness was significantly lower in starch+FOS than in other diet groups with added FOS after 12 weeks. The effect of diet on gut microbiota diversity was also lower in the starch+FOS group, as indicated by the Shannon index values in Figure 1B.

Several studies have reported that high doses of simple sugars are not cleared by the small intestine, and therefore reach the large intestine and alter gut microbiota composition in a direction associated with metabolic disorders (19, 63, 64). It is difficult to judge whether this is causative or not. High glucose and high fructose intake have been shown to increase Proteobacteria and decrease Bacteroidetes after a 12-week intervention in mice (40, 63). Proteobacteria are Gram-negative bacteria, with lipopolysaccharides (LPS) as structural components of their cell walls, and can rapidly utilize simple sugars (65). Increased growth of Proteobacteria may contribute to increased LPS load, which can alter tight junction proteins and increase intestinal permeability and infiltration of LPS into the bloodstream, inducing the release of cytokines and chemokines (63, 65, 66). Several studies in which D-galactose was used to induce aging in animal models have also reported an increased abundance of Bacteroidetes and lowered abundance of Firmicutes, Actinobacteria, Proteobacteria, and Cyanobacteria (27, 28, 67). However, our study did not show a clear effect of a high-galactose or high-fructose diet on the abundance of Bacteroidetes, Firmicutes, Actinobacteria, Verrucomicrobia, Proteobacteria, Tenericutes, and Cyanobacteria. Stimulating the expression of sodium/glucose transporter-1 (SGLT-1) by SCFAs may increase the absorption of monosaccharides in the small intestine (68). One possible explanation for the lack of effect in our study could be the action of SCFAs in enhancing the absorption of monosaccharides. However, we did not measure the production of SCFA and cannot confirm this suggestion.

Numerous studies have reported beneficial health effects of readily fermentable FOS. FOS intake is widely known to selectively modulate the composition of gut microbiota, especially Actinobacteria (62). Actinobacteria was one of seven major phyla found in rats in this study. Although the abundance of Actinobacteria in the gut is generally low, they play a very important role in human health, including maintenance of gut homeostasis (69). The most prevalent genus in this phylum is Bifidobacterium, which is widely used as a probiotic and has been inversely associated with various pathological conditions such as obesity and diabetes (69, 70). Similar results were observed in our study, where the rats fed diets containing FOS had a significantly higher abundance of Actinobacteria and Bifidobacterium (Figures 3, 4). Bifidobacterium has also been associated with the improvement of gut integrity by enhanced expression of tight junction proteins (66, 71). However, we found no significant association between Bifidobacterium and gut permeability markers (zonulin and endotoxin concentrations) (Supplementary Table S1).

In our study, the starch+FOS diet significantly increased Verrucomicrobia abundance (Figure 2). This phylum is primarily dominated by the genus Akkermansia, which has been studied for its role in the regulation of the immune system, intestinal integrity, peptide secretion, and inflammation (72). Akkermansia muciniphila is involved in the expression of IFNγ-regulated gene and glucose parameters in the gut, and improves glucose metabolism including glucose tolerance and fasting glucose in both animal and human models (73). A higher abundance of A. muciniphila has been linked with healthier metabolic status and improvement in glucose homeostasis and blood lipids (74). However, our results did not support these findings (Supplementary Table S1). In addition, a significantly increased abundance of Ruminococcus gnavus from Firmicutes phyla was also observed in the group fed the starch+FOS diet (Table 3, Figure 3). Diet has shaped the composition of R. gnavus through the metabolism of FOS and degradation of resistant starch in the gut (75, 76). Different combinations of starch and sugars affect the abundance of Ruminococcus_gnavus (76). In a cross-feeding study, non-digestible carbohydrates supplied have modulated inhabiting the mucus niche by R. gnavus (77). Moreover, several studies have demonstrated the roles of R. gnavus in various disease conditions such as multiple myeloma, myelodysplastic, and fecal peritonitis (78, 79).

Recent studies have investigated the association between gut microbiota and various clinical parameters (69, 80, 81). We analyzed the association between seven major phyla (Firmicutes, Bacteroidetes, Proteobacteria, Cyanobacteria, Actinobacteria, Verrucomicrobia, and Tenericutes) and selected metabolic parameters and inflammation and gut permeability markers. The major phylum Firmicutes showed a positive correlation with body weight in this study. Human and animal studies have consistently reported that a high abundance of Firmicutes over Bacteroidetes is associated with a decrease in body weight (81, 82). In contrast, our study demonstrated a positive correlation between Firmicutes and body weight. At the genus level, Bacteroides is beneficial for glucose metabolism through improvements in glucose tolerance and insulin resistance (83, 84). We observed an association between Actinobacteria and body weight, lysine, and endotoxin concentrations (Table 4). A recent study reported a protective effect of Verrucomicrobia against the development of metabolic diseases (72). Our study demonstrated an inverse association between Verrucomicrobia and CML and pentosidine concentrations. In phylogenic analyses, diets high in AGEs have been shown to reduce Verrucomicrobia abundance (85). Cyanobacteria has been reported to have toxicity and pathological effects on human health, including gastrointestinal health and respiratory diseases (86). Various toxics such as endotoxin, hepatotoxin, and neurotoxins produced by Cyanobacteria may affect body organs (86, 87). Our study demonstrated a positive association between Cyanobacteria and body weight and an inverse association between Cyanobacteria abundance and lysine concentration.

The present study had some limitations. First, free fructose and free galactose were used although most sugars are consumed as sucrose and lactose. Second, the use of a high dose of fructose and galactose may have generated a mild toxic effect on the rats. Third, interpretation of the results is more challenging due to modification of the study design as the rats fed the galactose and galactose+FOS demonstrated clinical symptoms and the intervention had to be adapted. Fourth, the present results in a rat model cannot be directly translated into humans. Fifth, the SCFAs profile was not analyzed which could have linked FOS-related gut microbiota composition and activity with metabolic outcomes. However, the present investigation did not include the data on metabolic changes that might relate to the microbiota communities measured. The reason for such exclusion was that there were no substantial effects on metabolic parameters in response to the interventions. Nevertheless, our study also has several strengths. First, the study was large and the effects of different sugars with and without FOS under isocaloric conditions were compared in the same study. Second, by using a rat model, we could evaluate direct intestinal samples to understand the modulation of gut microbiota which is rare in studies of the gut microbiota where fecal samples are typically used and fecal samples do not normally correlate with intestinal samples. Third, in this study, we were able to establish cause and effects between fructose, galactose, FOS, and the gut microbiota and not merely associations as in many other studies.

In summary, we did not find any coherent effect of high intake of galactose or fructose compared with all other diets on gut microbiota composition after 12 weeks. Thus, the data did not support our hypothesis of the direct effects of galactose or fructose on gut microbiota, mediating adverse metabolic effects of these sugars. However, adding FOS to the sugar diets increased the abundance of the genus Bifidobacterium in the phylum Actinobacteria in the rats, supporting our second hypothesis. On pooling the data from the different diet groups, we found modest correlations between major phyla in the gut microbiota and several metabolic factors and inflammation-related markers, confirming the reported link between gut microbiota and cardiometabolic risk factors. Further studies should investigate the impact of gut microbiota activity as measured by different metabolites such as SCFAs, and their relation to cardiometabolic risk factors.
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Human milk vitamin content is an important indicator to evaluate the nutritional composition of human milk. This paper investigates the influence of maternal and infant factors on the dynamics of human milk vitamin content. A total of 147 mother-infant pairs from 3 different cities (north-south distribution) in China were selected and 9 major vitamins were measured in 332 human milk samples. The three vitamins (vitamin A, β-carotene, and pantothenic acid) showed significant downward trends with lactation period (| r | > 0.3, p < 0.05). The lactation period factor could explain the negative variation of vitamin A (21.2%) and pantothenic acid (9.5%). The factors of lactation period and oils intake could jointly explain variations of β-carotene (11.8%). (Registration number: NCT02658500).
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Introduction

Vitamins are many different types of low molecular weight organic compounds with different structures and functions. Humans are constantly refining their nutritional needs, and vitamin content has become an important indicator for evaluating nutrition. For infants aged 0–6 months, breast milk is the perfect source of nutrition. The vitamin content of human milk (HM) has a high level of bioavailability (1) even at low concentrations, maintaining the vital activities of infants [metabolism (2, 3), development (4, 5), and antioxidant properties (6, 7)]. Nutritionally, vitamins in human milk can be divided into two categories according to the dissolution method: water–soluble vitamins and fat–soluble vitamins (8). Water–soluble vitamins mainly include vitamin C and B–vitamins. Fat–soluble vitamins mainly include vitamin A (vitamin A and carotenoids), vitamin D, vitamin E, and vitamin K.

Researches (9–13) on vitamins in human milk have focused on developing assay methods and improving storage technology (12), due to the low levels of vitamins in human milk and the varying degrees of loss during collection, storage, transport, and testing of human milk. Studies of prospective mother–infant cohorts are lacking. Most human milk vitamin cohort studies (3, 8, 14, 15) use a cross–sectional study design and data are collected in a retrospective manner, with a lack of prospective follow–up studies based on birth cohorts. This has led to a lack of systematic studies on the effect of maternal and infant factors on the dynamics of vitamin levels. Breastmilk is the gold standard for infant and young children's food (16). However, the individual composition of human milk varies greatly, especially in the evaluation of vitamin nutrition. Due to the large number of vitamin types, a single indicator evaluation cannot better reflect the overall quality of vitamin content in breast milk. Therefore, a comprehensive evaluation of multiple types of vitamins in different human milk is needed to obtain a theoretical analysis model, which is more helpful to provide guidance for the evaluation of vitamins in infant formulae.

Relying on the investigation of Maternal and Infant Nutriomics Cohort Study (MINC) (16), this study selected three cities, Beijing, Luoyang and Liuyang, according to the geographical distribution of China from north to south, to establish a cohort of 147 pairs of prospective mothers and infants exclusively breastfeeding. A total of 147 mother-infant information was collected, including general demographic factors (education and occupation), physiological factors (age, pre-pregnancy BMI, maternal weight gain, infant birth length and infant birth weight), endogenous factors (mode of delivery and infant sex) and exogenous factors (lactation period, geographic location and dietary records). A total of 332 human milk samples were collected from different lactation periods, colostrum (0–5 days of birth), transition milk (12–14 days) and mature milk (1, 3 and 6 months). The relationship between the dynamic changes of vitamins in milk and maternal and infant factors was established by testing the content of nine vitamins in human milk using a multiple linear regression method. This study aims to improve the Chinese healthy breast milk nutrition database in order to fill the gap in the field of human milk vitamin cohort in China and optimize the composition of HM vitamins, improve the quality of human milk, and promote the long- and short-term health of infants.



Subjects and methods


Subjects and sampling

This study was an analysis of human milk samples collected from originated from a large mother–infant cohort study (MINC study) in cities China between April 2015 and June 2016. It was approved by the Ethics Committee of Beijing Ditan Hospital affiliated to the Capital Medical University (#2015–027–01) and the study had been registered on Clinicaltrials.gov (registration number: NCT02658500). Human milk samples were collected from healthy lactating women from Beijing (n = 146), Luoyang (n = 86) and Liuyang (n = 100), after the delivery of their full–term infants. Milk samples were collected at 0–5 d (colostrum, n = 36), 12–14 d (transitional milk, n = 46), 30 ± 2 d (mature milk, 1 month, n = 93), 90 ± 2 d (mature milk, 3 months, n = 102), and 180 ± 2 d (mature milk, 6 months, n = 90). All the samples were placed in a freezing tube. Then within 2 h of sampling, the samples from Beijing were directly delivered to the center stored in the refrigerator at −80 °C by express delivery. The samples from the two other cities were firstly collected to the local cooperating hospitals stored in the refrigerator at −80 °C and sent monthly to the center in Beijing centrally. All samples were tested within one week from the date of receipt. The diet during the first 3 days of sampling were recorded using MultiQuant 3.0.2, a self–developed recording program.

To ensure the accuracy of the data on vitamin content of healthy breast milk in China, the inclusion criteria for healthy mothers and infants were developed in this study with reference to the literature (16). Criteria for a healthy mother and infant: (1) The mother has normal physical indicators on the maternity examination and no chronic diseases (hypertension and diabetes). (2) Absence of immunodeficiency diseases (HIV-infected, cancer, recipients of bone marrow or organ transplants). (3) Exclude those who have received blood transfusion within the last 3 months, those with bleeding disorders, known congenital malformations or genetic defects. Healthy full-term newborns were defined as those within 37–42 weeks of gestational age, with birth weight ≥ 2500 g, and without immunodeficiency disorders and congenital malformations or genetic defects. Referring to the Chinese BMI criteria (16), grouping was done for exclusively breastfeeding mothers.



Materials

The standards used during the analyses, thiamin (≥ 99.9% purity), riboflavin (≥ 99.9%), niacin (≥ 99.9%), pantothenic acid (≥ 99.9%), vitamin B6 (≥ 99.9%), vitamin C (≥ 98.7%), vitamin A (≥ 99.2%), vitamin E (≥ 99.9%) and β-carotene (≥ 97.6%) were purchased from Sigma–Aldrich (St. Louis, MO, USA). Acetonitrile, formic acid and ammonium formate of LC–MS grade were purchased from Thermo Fisher Scientific (Fair Lawn, NJ, USA). The 0.22 μm syringe filters were purchased from Agela Technologies (Tianjin, China). All other chemicals were of analytical grade and purchased locally. Ultra–pure water was provided by a Siemens Water Technologies system (Warrendale, PA, USA).



Analysis procedure
 
Water–soluble vitamins

The samples were stored at −80 °C before analysis. The pH of 4 mL human milk was adjusted to 1.7 with 1M HCl then kept in the dark for 2 min. The pH was then adjusted to 4.7 using 1M NaOH and placed in the dark for 2 min. After making up to 10 g with water, the samples were centrifuged and defatted at 10000 × g for 20 min 4 °C (Sigma, Gottingen, Germany). Finally, the supernatants were removed and filtered through a 0.22–μm syringe filter. All samples were prepared in triplicate. Aluminum foil was used to avoid exposing the samples to light for all the following steps. The samples were analyzed by an UltiMate 3000 (Accela)–Q Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with an ACQUITY UPLC HSS T3 column (HSS T3, 50 mm × 2.1 mm i.d., 1.8 μm) being used for separation. The MS conditions were as follows: source temperature 110 °C, desolvation temperature 350 °C, desolvation gas flow (N2) 700 L h−1, cone gas flow 30 L h−1, and collision gas flow (Ar) 0.13 mL min−1. Thermo Scientific Xcalibur software was used for system control and data management.



Fat–soluble vitamins

The HM samples were accurately weighed 5 g (to 0.0001 g), and placed in a 50 mL round–bottom centrifuge tube. The HM samples received 5 mL of anhydrous ethanol (99.9%) solution supplemented with vitamin C (0.015 g mL−1). Then the samples were added 10 mL of potassium hydroxide solution (1.25 g mL−1) and placed in a 55 °C water bath. After saponification for 45 min, the samples were taken out and cooled to room temperature. The saponification solution was added 10 mL ethanol and centrifuged at 1000 × g for 5 min 4 °C. The special solid phase extraction (SPE) cartridges for vitamins were activated by adding 5 mL methanol and 5 mL water. After activation was completed, the saponification liquid supernatant was added. Clean with 10 mL of solution (Vethanol: Vwater = 1:1) and discard all effluent once the supernatant has been thoroughly effused. The SPE column was eluted with 2 mL acetone and 8 mL ethyl acetate after draining for 20 min. The wastewater was collected and dried at 40 °C with nitrogen. Collect all wastewater and dry it at 40 °C using nitrogen. For detection and HPLC analysis, the solution was fixed with 1 mL of methanol and collected over a 0.22–μm microporous membrane.




Statistics

Data from enrolled mother—infants and human milk vitamins were entered into SPSS 25.0 software for statistical analysis. Normality of the data was verified by the Kolmogorov-Smirnov test. When the data were continuous variables, comparisons between groups were made using the Kruskal-Wallis H test. When the data were categorical variables, between-group comparisons were made using the chi-square test and Fisher's test. All group comparisons were made using the Bonferroni correction. Correlation analysis of vitamin content and mother-infant information was performed using spearman. All data were entered into R and Origin 2021, and heat maps and cluster maps were drawn, respectively. Principal component analysis was used to discriminate between clusters of breast milk vitamin content in different lactations while retaining the maximum information of the original variables.




Results


Cohort characteristics

A total of 147 mother-infant pairs were recruited from three cities, Beijing, Luoyang, and Liuyang, in China for this study. Data information of the study population is detailed in Table 1, including general demographic characteristics, physiological characteristics, endogenous characteristics and exogenous characteristics. The distribution of maternal age at childbirth ranged from 18 to 42 years, with a mean of 29 years. The distribution of maternal pre-pregnancy BMI ranged from 15.94 to 30.12 kg/m2 with a mean value of 21.65 ± 2.98 kg/m2. The population receiving university education accounted for 45.6% of the total. The dietary intake of grain, meat and poultry, eggs, nuts, seeds, soy products and oils of mothers in the three regions exceeded the standards of the dietary guidelines for residents set by the Chinese Nutrition Society. However, the intake of vegetable in Luoyang and Liuyang did not meet the standard, and the intake of seafood in Luoyang did not meet the standard. In terms of fruit and dairy intake, all three regions failed to meet the standard. The proportion of people according to the previous standard the different grades of Pre–BMI was: underweight 20 (13.6%), normal weight 96 (65.3%); overweight 27 (18.4%); obesity 4 (2.7%). Especially in terms of weight gain during pregnancy, more than 54.4% of pregnant mothers achieved strict control of gestational weight gain. Thus, these factors led to a spontaneous delivery rate of 88.4%. The infant cohort included 65 boys and 82 girls, with a weight distribution between 2500 g and 4700 g and a length distribution between 47 and 56 cm.


TABLE 1 Characteristics of the 147 mother-infant pairs and maternal daily dietary intake in China.
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HM samples

Figure 1 showed the cluster visualization heatmap of vitamins (Z–scores) for the samples in the cohort. Each column was clustered by vitamin group, and each row was clustered according to cohort samples information. Because the vitamins showed a positive distribution by K-S verification. As shown Figure 2, the results showed that vitamins contents were highest in colostrum, except for riboflavin, niacin and vitamin C. Krustal–Kalliss H was used to compare the changes of HM vitamins during different lactation periods. Significant differences in comparison between groups were thiamine, niacin, pantothenic acid, vitamin A, β-carotene and vitamin E. The average vitamins contents in HM from 0–6 months were thiamine (8.07 ± 5.59 μg 100g−1), riboflavin (91.22 ± 28.89 μg 100g−1), niacin (78.96 ± 53.43 μg 100g−1), pantothenic acid (221.68 ± 121.45 μg 100g−1), vitamin B6 (6.59 ± 2.67 μg 100g−1), vitamin C (634.23 ± 537.50 μg 100g−1), vitamin A (39.36 ± 34.13 μg 100g−1), β-carotene (6.21 ± 3.05 μg 100g−1) and vitamin E (354.85 ± 269.68 μg 100g−1).


[image: Figure 1]
FIGURE 1
 Heatmap displays different classes of vitamin composition (z-scores) for 332 samples in the China MINC study cohort.



[image: Figure 2]
FIGURE 2
 The HM vitamins contents change with lactation period.




Correlation analysis

The correlation between HM vitamins contents and maternal–infant factors was revealed as shown in Figure 3. The exogenous factors (lactation period, region and diet records) were more correlated with the presence of HM vitamins contents, compared to the other three factors. Lactation period was significantly negatively correlated (| r | > 0.3) with pantothenic acid, vitamin A, and β-carotene. It also had a significant correlation with vitamin E (r = −0.196, | r | <0.3; p < 0.001), riboflavin (r = 0.129; p < 0.05) and niacin (r = 0.216; p < 0.001). There was a correlation between region and pantothenic acid (r = −0.16, p = 0.003). Dietary intake of mothers that showed correlation with HM vitamins during lactation included: the fruit was correlated with thiamine (r = 0.173, p = 0.016); the sea food was respectively correlated with vitamin A (r = 0.143, p = 0.048) and β-carotene (r = 0.146, p = 0.043); the eggs was correlated with vitamin A (r = 0.151, p = 0.037); the dairy was respectively correlated with pantothenic acid (r = −0.187, p = 0.009) and vitamin B6 (r = 0.149, p = 0.039); the oils was respectively correlated with vitamin E (r = 0.232, p = 0.001) and β-carotene (r = 0.174, p = 0.016). There was a correlation between physiological factors (age, birth weight, and birth length) and HM vitamins (thiamine and vitamin B6). Maternal age was correlated with thiamine (r = −0.138, p = 0.012), and vitamin B6 respectively had correlation with birth weight (r = 0.127, p = 0.02) and birth length (r = 0.108, p = 0.04). The general demographic factor (education) was correlated with vitamin A (r = 0.117, p = 0.033). The endogenous factor (infant gender) showed correlation (p = 0.026, p < 0.05) with niacin, and the point biserial correlation coefficient was −0.122.


[image: Figure 3]
FIGURE 3
 Heatmap displays correlation between HM vitamins and maternal-infant characteristics.




Multiple linear regression analysis

In order to explore the causation between HM vitamins and influence factors, the HM vitamins were used as regression dependent variables and statistically significant (| r | > 0.3, p < 0.05) influencing factors were introduced as regression independent variables according to the correlation analysis. The results of the equation models (vitamin A, β-carotene and pantothenic acid) were statistically significant by multiple linear regression analysis, as shown in Table 2. The variance inflation factors (VIF) was <5, which meant no multicollinearity between variables. Durbin–Watson (D–W) diagnosis proved no serial correlation. Thus, the regression models were effective. Lactation period (time) had explained the negative variation of vitamin A (21.2%), β-carotene (10.5%), and pantothenic acid (9.5%). The regression equation of vitamin A was y = 74.984−8.733 × X1, the adjustment R2 = 0.212. The regression equation of β-carotene was y = 5.712−0.795 × X1 + 0.048 × X2, the adjustment R2 = 0.118. The two variables (lactation period and oils) jointly had explained 11.8 % of the HM β-carotene variation. The regression equation of pantothenic acid was y = 294.416−19.454 × X1, the adjustment R2 = 0.095.


TABLE 2 Associations between mother-infant factors and HM vitamins according to multiple linear regression analyses.
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Discriminatory analysis

HM vitamins were subjected to principal component analysis (PCA) modeling at different lactation stages colostrum (0–5 days), transition milk (12–14 days), and mature milk (28–32 days, 88–92 days, and 178–182 days). The contribution of the first two principal components to the variability of the data was 44.9%. As shown in Figure 4A, all HM samples were well clustered in the center, indicating good stability and accuracy of the characterization of HM vitamin components. However, for the 332 individual milk samples, many samples were mixed together. Based on the results of the PCA, the data were analyzed again using the orthogonal partial least squares discriminant analysis (OPLS-DA) model. Compared with PCA, OPLS-DA is a sophisticated supervised clustering method that generates a more appropriate separation of classes algorithm. The OPLS-DA model was constructed to reveal differences in vitamin content at different stages of lactation. The contribution of the first 4 components to the variability of the data was 61.4%. The score plot in Figure 4B shows the separation between the different lactation stages of the HM samples, and for the 332 milk samples, many samples overlapped, indicating that the HM vitamin components became stable during these lactation stages.


[image: Figure 4]
FIGURE 4
 (A) Score plots for HM vitamin collected in different lactation period based on PCA model. (B) score plots for HM vitamin collected in different lactation period based on OPLS-DA mod.





Discussion

Previous publications (8, 13, 17) had adopted several methods for determining vitamins in human milk, for example, several HPLC–UV/FD and LC–MS/MS methods. HPLC method required complex sample pretreatment was commonly used for the determination of vitamins in the human milk. However, some water-soluble B-vitamin needed to be tested by the time-consuming microbiological method (12), for example vitamin B6. The reason was that the extremely low level of vitamin B6 in HM caused the natural fluorescence of vitamin B6 to be undetectable by the UV light detector of HPLC. Thus, the range of water–soluble vitamins contents using LC-MS/MS: thionine (0.002−0.221mg L−1), riboflavin (0.057−0.845 mg L−1), niacin (0.002−3.179 mg L−1), pantothenic acid (2.0−2.9 mg L−1), vitamin B6 (0.006−0.692 mg L−1), and vitamin C (0.11−64 mg L−1). This study had described those six water–soluble vitamins in HM could be quantified with a satisfactory chromatographic or MS resolution by LC–MS/MS. Even with identical product ions, no cross–talk occurred between the selected mass transitions (13). LC–MS/MS simplified the pre–treatment process, shortened the test time, and enabled high throughput required for a large number of samples.

Compared with other studies, the contents of the water–soluble vitamins were higher than in Japan (15), the United Kingdom (14), Cambodia (18), and other Chinese studies (8), except for vitamin C. The cause of low vitamin C levels mainly might be the different detection methods. Vitamin C, also known as ascorbic acid, was a polyhydroxy compound with acidic properties. The pretreatment method used in this paper might lead to a neutralization reaction between ascorbic acid and sodium hydroxide, which might result in lower results for ascorbic acid content. The other reason was that according to some traditional Chinese dietary habits, many mothers exclude most fruits and vegetables from the diet for the whole lactation after parturition, resulting in a major drop in their vitamin C. Therefore, this method of water–soluble vitamin was suitable for testing the other five B vitamins except vitamin C.

Most studies (6, 12) on water–soluble vitamins had focused on functional activities, relevant physical and chemical properties. For example, thiamin acted as a coenzyme for many important enzymes in the form of co–carboxylase, and niacin was involved in the metabolism activities (carbohydrate and fat) in the form of niacin and niacinamide. However, the special characteristics of HM samples and water–soluble vitamins (the low content, high variability, and diverse forms) in milk had led to fewer studies on water–soluble vitamins in breast milk. Published studies (1, 5, 18) had demonstrated that HM water–soluble vitamins were influenced by lactation period, area of residence, preterm birth, diurnal variation, education level, economic income, seasonal variation, nutritional status of nursing mothers, and dietary interventions. In the correlation analysis of this study, the lactation period had an effect on the water–soluble vitamin contents. All the water–soluble vitamins in colostrum were higher than in other stages, except riboflavin and niacin. Only niacin content increased with prolonged lactation, which was consistent with a published study (12). Age had a negative impact on the dynamics of thiamin. Fruit intake had a positive effect on thiamin content.

Infant gender had an effect on niacin content due to the involvement of niacin in the form of nicotinamide in important physiological activities of the body, such as genomic stability, neuroprotection and metabolism. Geographical distribution affected pantothenic acid content. The three cities (Beijing, Luoyang and Liuyang) are geographically progressively closer to the equator from north to south. The pantothenic acid content tended to decrease with the geographical distribution closer to the equator. The reason was due to the immune protective effect of breast milk on infants. With the increase of temperature and humidity, the human milk immune factor would produce an immune response to the outside world. Pantothenic acid as a coenzyme could participate in the body's metabolism, leading to a decrease in pantothenic acid content. However, no literature was available to explain the negative effect of milk intake on pantothenic acid content. The reason might be pantothenic acid was not only an anti–dermatitis factor, but also was involved in the synthesis of steroid hormones, vitamin A and vitamin D. Infant physiological factors (birth length and weight) had a significant positive effect on vitamin B6. Studies (6, 19) had confirmed that vitamin B6 played an important role in infant growth, immune function, anti–fatigue, and regulation of sterol hormone activity.

The correlation analysis in this paper demonstrated the relevance of maternal–infant factors on HM water–soluble vitamins. However, only pantothenic acid could be modeled as a causal factor by multiple regression analysis, and the significant influencing factor was lactation. The main physiological function of pantothenic acid is the formation of coenzyme A and acyl carrier protein (ACP), through which it exerts its metabolic effects. Several studies (6, 8) confirmed that the mammary gland lacked the ability to synthesize water–soluble vitamins and that water–soluble vitamins in milk were mainly derived from the maternal blood. Meanwhile, the mammary gland also lacked the ability to actively transport and metabolize water–soluble vitamins. Some literatures (7, 12) confirmed that oral supplementation with thiamine could not increase the water–soluble vitamin content in milk, but increased the thiamine content in maternal urine.

The range of fat–soluble vitamins contents in human milk were: vitamin A (40−64.6 μg 100mL−1), β-carotene (16−20.8 μg 100mL−1), and vitamin E (84−3404 μg 100mL−1) (20). Optimization of the sampling process, transportation process, and testing methods had contributed to higher HM vitamins contents than in other countries. Compared with other studies, the contents of the fat–soluble vitamins were higher than in Japan (15), the United Kingdom (14), Cambodia (18), Bangladesh (7), and other Chinese studies (8). Fat–soluble vitamins composed mainly of chemical elements (carbon, hydrogen, and oxygen) cannot provide energy to the body. Studies (8, 19, 21) had confirmed that factors affecting the content of HM fat–soluble vitamins included lactation period, age, number of births, duration of pregnancy, season, and education level. Correlation analysis in this paper confirmed that lactation showed a significant negative correlation for vitamin A and β-carotene and a negative effect for vitamin E. Fat–soluble vitamins were highest in colostrum, in agreement with the studies of China (8) and Tanzania (22). A study (23) had confirmed that fat–soluble vitamins interact with each other and that without dietary intervention, fat–soluble vitamins would remain in balance.

Vitamin A was oxidized in the body then converted to retinoic acid. Retinoic acid was an important form of vitamin A that exerted a variety of biological actions, such as maintaining epithelial cell activity, regulating lymphocyte function, and mediating cellular bioactivity. Carotenoids, such as β-carotene, were known as precursors for the synthesis of vitamin A. They were partially converted to vitamin A and a potential source of vitamin A for breastfed infants. β-carotene, which accounted for 25% of total carotenoids, could be converted to vitamin A, also known as pro–vitamin A. In addition to synthetic vitamin A, β-carotene has immunoprotective and antioxidant properties and other health effects. The mother could pass vitamin E to the fetus through the placenta during pregnancy. For infants who were exclusively breastfed, vitamin E from milk was the only source. It was a hormone precursor with a steroidal structure. Vitamin E was also known as tocopherol. Vitamin E in nature consisted of two groups, tocopherols, and tocotrienols. 28% of vitamin E in HM was in the form of alpha–tocopherol. In this paper, no dietary intervention was imposed on the subjects, so that diet had a positive effect on fat–soluble vitamins. The vitamin A and β-carotene could be modeled as the causal factor by multiple regression analysis, and the largest influencing factor was lactation. Vitamin A and β-carotene showed a significant negative correlation with lactation period. Although many maternal–infant factors were correlated with HM vitamins contents in the correlation analysis. However, when the maternal–infant factors as independent variables unsatisfied the condition (| r | > 0.3, p < 0.05), no multiple linear regression can be performed. The independent variable would be excluded from the regression model.



Conclusions

In order to optimize the HM vitamins, this work had explored the influence of maternal–infant factors on the HM vitamins dynamics through Chinese 147 mother–infant pairs cohort. The average HM vitamins (0–6 months) were thiamine (8.07 ± 5.59 μg 100g−1), riboflavin (91.22 ± 28.89 μg 100g−1), niacin (78.96 ± 53.43 μg 100g−1), pantothenic acid (221.68 ± 121.45 μg 100g−1), vitamin B6 (6.59 ± 2.67 μg 100g−1), vitamin C (634.23 ± 537.50 μg 100g−1), vitamin A (39.36 ± 34.13 μg 100g−1), β-carotene (6.21 ± 3.05 μg 100g−1) and vitamin E (354.85 ± 269.68 μg 100g−1). The three vitamins (vitamin A, β-carotene, and pantothenic acid) showed significant downward trends with lactation period (| r | > 0.3, p < 0.05). The lactation period factor could explain the negative variation of vitamin A (21.2%) and pantothenic acid (9.5%). The factors of lactation period and oils intake could jointly explain variations of β-carotene (11.8%). The results showed that exogenous factors (lactation and dietary intake) could explain the dynamics of vitamin content in human milk, including vitamin A, pantothenic acid and β-carotene. The aim of this study was to find mother-infant factors affecting the dynamics of HM vitamins in order to optimize HM vitamins and Improve the long- and short-term health of infants.
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The number of people living with Alzheimer's disease (AD) is increasing alongside with aging of the population. Systemic chronic inflammation and microbial imbalance may play an important role in the pathogenesis of AD. Inflammatory diets regulate both the host microbiomes and inflammatory status. This study aimed to explore the impact of inflammatory diets on oral-gut microbes in patients with AD and the relationship between microbes and markers of systemic inflammation. The dietary inflammatory properties and the oral and gut microorganisms were analyzed using the dietary inflammatory index (DII) and 16S RNA in 60 patients with AD. The α-diversity was not related to the DII (p > 0.05), whereas the β-diversity was different in the oral microbiomes (R2 = 0.061, p = 0.013). In the most anti-inflammatory diet group, Prevotella and Olsenella were more abundant in oral microbiomes and Alistipes, Ruminococcus, Odoribacter, and unclassified Firmicutes were in the gut microbiomes (p < 0.05). Specific oral and gut genera were associated with interleukin-6 (IL)-6, complement 3 (C3), high-sensitivity C-reactive protein (hs-CRP), IL-1β, IL-4, IL-10, IL-12, and tumor necrosis factor-α (TNF-α) (p < 0.05). In conclusion, anti-inflammatory diets seem to be associated with increased abundance of beneficial microbes, and specific oral and gut microbial composition was associated with inflammatory markers.

KEYWORDS
 oral microbial, gut microbial, dietary inflammatory index, Alzheimer's disease, systemic inflammation


Introduction

Alzheimer's disease (AD), the most common cause of dementia, is an age-related neurodegenerative disease with an insidious onset that manifests primarily as progressive cognitive impairment, most often in people over 65 years of age (1). With the aging process, more and more older adults are at risk of developing AD. The predicted number of those with AD worldwide is reported to be 66 million in 2030 and 115 million in 2050 (2), and China will have 8–11 million patients with AD by 2050 (3). Given the high incidence and the absence of effective pharmacological treatments for AD, experts emphasize identifying risk factors for early prevention and intervention (4). Diet is considered an important means of prevention and intervention (5).

Aging is accompanied by a chronic, progressive pro-inflammatory response called inflammaging. Inflammaging gradually disrupts the balance of microbiota, resulting in decreased microbial diversity and increased harmful microorganisms (6, 7). Multiple studies have found that elevated serum C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) levels were found in those with AD (8–10), which is associated with neurological and peripheral inflammation (11, 12). Recent studies suggested a significant reduction in microbial diversity and alteration of gut microbial composition in patients with AD (13, 14). These changes had a significant connection to the diet (15–18), especially diets with inflammatory components (19, 20). A Western diet—characterized by high sugar and fat—is associated with chronic low-level systemic inflammation and reduced gut microbial diversity (21, 22); altered microbiota have been implicated in AD development (23, 24). However, a Mediterranean diet based on fish, grains, vegetables, fruits, nuts, and olive oil not only increases the diversity of the intestinal microflora (25) and reduces harmful flora such as those of the Aspergillus, but it also reduces the level of inflammation in the body and reduces the risk of AD (26). This suggests that the food consumed by an individual has an inflammatory potential and that it affects the microbial community. Inflammatory dietary components can promote the growth of certain microorganisms, causing changes in, for example, intestinal permeability and metabolic function, and leading to inflammation (27). Therefore, the dietary inflammatory index (DII) was created to measure the potential for the diet to be inflammatory through comprehensively assessing the relationship between diet and markers of inflammation (CRP, interleukin (IL)-1β, IL-4, IL-6, IL-10, and TNF-α (28, 29). A study shows that participants with higher DII had lower microflora diversity and a positive correlation with CRP≥3 mg/L, suggesting that a pro-inflammatory diet reduces microbial diversity and increases the level of inflammation in the host (30). In addition, food provides substrates for microflora, which subsequently produce metabolites that modulate inflammation (31, 32). For example, the Mediterranean diet increases the production of short-chain fatty acids (SCFAs) (33, 34). Refined processed foods, saturated fats, trans fats and sugars, and a low intake of fruits and vegetables have been shown to alter the gut microbiota and the function of the gastrointestinal tract, reducing the formation of SCFAs and increasing inflammation in the host (35).

These findings suggest that the food consumed affects an individual's microbial communities and has the potential to be inflammatory. In addition to intestinal microbes, oral microecological are associated with AD pathogenesis. A study shows that the richness and diversity of saliva microbiota detected in AD patients are lower than healthy controls (36). Other studies have reported detecting more oral bacteria in the brains of AD patients (37, 38). Further oral microecological dysregulation and intestinal inflammation are directly associated with intestinal barrier dysfunction and increased intestinal permeability and may cause malignant destruction of neurons (39–43). Harding et al. advocate that maintaining oral and intestinal health greatly benefits the host (44). Despite the proposed role of diet-related inflammation and oral-gut microbiota in the development or progression of AD, there have been no comprehensive surveys of the diet about inflammation and oral-gut microbiome in individuals with AD. Given that an inflammation-associated diet may interact with microorganisms to regulate organismal inflammation. Therefore, the aim of this study was to investigate the effect of an inflammation-related diet on oral-gut microbial diversity and composition. In addition to initially exploring the relationship between microbial composition and markers of inflammation.



Materials and methods


Participants

A total of 60 subjects with AD aged between 60 and 80 years and community-dwelling Han residents were recruited from the Memory Clinic of Fujian Provincial Hospital (Fujian, China) between February 2020 and December 2021. The participants with AD in this study were diagnosed according to the 2018 National Institute of Aging and Alzheimer's Association (NIA-AA) guidelines and the Diagnostic and Statistical Manual of Mental Disorders (fifth edition) by experienced neurologists (45). And the patients with AD were divided into mild, moderate, and severe AD groups according to the mini-mental state examination (MMSE) scores (mild: 21–26, moderate: 11–20, and severe: 0–10) (46). The exclusion criteria included: (1) other causes of dementia or other types of dementia; (2) a family history of dementia; (3) any kind of neurodegenerative disease, such as Parkinson's disease; (4) confirmed mental illness, such as schizophrenia; (5) severe cardiac, pulmonary, hepatic, or renal disease, or any tumor; (6) intestinal diseases, such as irritable bowel syndrome; (7) taking antibiotics, glucocorticoids, or probiotics within 1 month; (8) known active infections, such as viral, bacterial, or fungal infections, or other autoimmune diseases; (9) infected with a SARS-CoV-2; (10) with severe auditory, visual, or motor deficits that may interfere with cognitive testing were also excluded. In addition, the oral health status of the participants with AD was measured to exclude subjects with the following conditions in the 2 months before the study: oral or dental surgery, inflammation of the oral or perioral tissues, or other chronic diseases of the oral cavity.

The study was registered at the Chinese Clinical Trial Registry (ChiCTR2100041749) and approved by the Ethics Committee of Fujian Provincial Hospital (ref no. K2020-09-025). All participants provided written informed consent before participation.



Dietary data collection

A validated Chinese annual semi-quantitative food frequency questionnaire (FFQ), which has good reliability and validity and contains 17 food groups with a total of 149 food items, was repeated six times over one-year to collect 24-h recalls for 3 days from each subject every 2 months to elucidate daily variation and seasonality of food changes, as well as medium-term changes in dietary habits during the study period. In our study, FFQ was used to assess subjects' dietary intake data for the past year (47). Subjects quantified their food intake by referring to the Retrospective Dietary Survey Supplementary Reference Physical Atlas, which provided photographs of food items in different portion sizes. For example, consumption of edible oil and condiments by those in the household was measured monthly. Participants with >20% of missing FFQ items and abnormal total energy intake were excluded from this study to avoid outlier effects, i.e., an overall intake for males <800 or >4,000 kcal/day and for females <500 or >3,500 kcal/day (48). It is worth mentioning that each AD patient had a relative or guardian present at the time of the survey to confirm the patient's dietary habits. And when patients were unable to fill out the questionnaire on their own, we completed it by consulting their family members, with priority given to partners and co-residents, to confirm the authenticity of the questionnaire content.



Dietary inflammatory index

The DII is a literature-based tool that computes the inflammatory properties of a diet, based on the association of certain food and dietary constituents with defined inflammatory hallmarks: CRP, TNF-α, IL-1β, IL-4, IL-6, and IL-10 (28). In this study, based on the actual food parameters obtained from the FFQ, 24 food parameters were ultimately included to calculate the DII. Pro-inflammatory ingredients include carbohydrates, energy, fat, protein, saturated fat, cholesterol, and iron, and anti-inflammatory ingredients include carotenoids, caffeine, fiber, monounsaturated fatty acids, polyunsaturated fatty acids, riboflavin, green tea, onions, garlic, ginger, vitamin A, vitamin C, vitamin E, magnesium, zinc, selenium, thiamin (Table 1) (28). Components such as eugenol, saffron, isoflavones, pepper, thyme/oregano, and rosemary were excluded because of a lack of related information in the FFQ recordings.


TABLE 1 Pro-inflammatory and anti-inflammatory ingredients.

[image: Table 1]

To avoid randomness caused by the use of individual initial intake values, the actual intake of each food parameter was normalized to a z-score based on the global average intake and standard deviation for 11 countries. Individual z-scores were then converted to centered percentiles. Each centered percentile was multiplied by the standardized overall inflammatory effect score. Finally, the DII scores for all food parameters were summed to obtain the individual DII scores. The final score is a continuous measure, interpreted as strongly anti-inflammatory (the lowest score) to strongly pro-inflammatory (the highest score).



The international physical activity questionnaire

Physical activity (PA) in the most recent week was assessed using the short form of the International Physical Activity Questionnaire (49). The questionnaire asked whether subjects had performed any activities from the following categories during the previous week: walking; moderate activity (household activity or child care); and vigorous activity (running, swimming, or other sports activities). Metabolic equivalent (MET) hours per week were calculated using corresponding MET coefficients (3.3, 4.0 and 8.0, respectively) according to the following formula: MET coefficient of activity × duration (hours) × frequency (days). Total PA levels were assessed by combining the scores for different activities.



Sample collection and handling

Participants were instructed not to brush their teeth on the morning of the sampling day and the night before. After a trained dentist scratched the supragingival debris with sterilized cotton balls, a subgingival plaque was collected with 40# sterilized paper points (Gapadent, Tianjin, China) that were gently inserted into the deep periodontal pocket for 20 s. Once removed from the periodontal pocket, the paper point was placed into a 1-mL sterile cryopreservation tube (50). No sample was collected if a patient had no teeth or dental implants. All subgingival plaque samples were stored at −80°C before processing.

Each participant was asked to collect a fresh fecal sample in the morning. Because several community-dwelling older subjects could not send their samples to the hospital immediately, they were given fecal collection containers (SARSTEDT, Germany) with approximately 5 mL of special cytoprotective agents to preserve the DNA in the stool at an approximate temperature for 10–14 days. The fecal samples were then transferred to the laboratory and stored at −80°C before processing.

Blood samples were collected from the participants after an overnight fast by trained laboratory staff. Immediately after the sample of venous blood was collected, it was centrifuged and stored at −80°C before processing. The serum concentrations of IL-6, complement 3 (C3), high-sensitivity (hs-CRP), IL-1β, IL-4, IL-10, IL-12, as well as TNF-α, were determined with an enzyme-linked immunosorbent assay method according to the manufacturer's directions (Elabscience, Wuhan, China). Oral and blood samples were collected on the same day, except for fecal sample.



DNA extraction and 16S rRNA gene amplicon sequencing

DNA extraction and 16S rRNA gene amplicon sequencing DNA extraction, PCR amplification, and the sequencing of the V3–V4 hypervariable regions of the bacterial 16S rRNA gene based on all oral and gut DNA samples were undertaken at the DNA Sequencing and Genomics Laboratory of Sangon BioTech (Shanghai). Following the manufacturer's instructions, total community genomic DNA extraction was performed using an E.Z.N.A. Soil DNA Kit (Omega, USA). PCR was started immediately after the DNA was extracted. The 16S rRNA V3–V4 amplicon was amplified using KAPA HiFi Hot Start Ready Mix (2×) (TaKaRa Bio Inc., Japan). Two polyacrylamide gel electrophoresis-purified universal bacterial 16S rRNA gene amplicon PCR primers were used: the amplicon PCR forward primer (5′-CCTACGGGNGGCWGCAG-3′) and the amplicon PCR reverse primer (5′-GACTACHVGGGTATCTAATCC-3′). PCR was performed using a thermal cycler (Applied Biosystems 9700, USA) using the following program: one cycle of denaturing at 95°C for 3 min; five cycles of denaturing at 95°C for 30 s, annealing at 45°C for 30 s, and elongation at 72°C for 30 s; 20 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30s; and a final extension at 72°C for 5 min. The PCR products were checked through a separation with electrophoresis in 1% (w/v) agarose gels in Tris, boric acid, and EDTA (TBE) buffer, staining with ethidium bromide, and visualizing under ultraviolet light.

Sequencing was then performed using the Illumina MiSeq system (Illumina MiSeq, California, USA). The raw sequencing reads were detected using FastQC software to remove the primer region and low-quality sequences. The chimera sequences arising from the PCR amplification were detected and excluded using Mothur (http://www.mothur.org) based on the GreenGenes database. The high-quality reads that reached a 97% nucleotide similarity were clustered into operational taxonomic units (OTUs) according to the Ribosomal Database Project database. Summaries of the taxonomic distributions of OTUs were constructed using these taxonomies and were used to calculate the relative abundance of microbiota at the phylum and genus taxonomic levels.



Bioinformatic analysis

The α- (Shannon, Simpson, Chao1, and ACE index) and β-diversity analyses (Bray–Curtis dissimilarity and principal coordinate analysis [PCoA]) were conducted using QIIME and R software to compare the similarity among samples in terms of the diversity of species. Analysis of variance (ANOVA) or the Kruskal–Wallis test was performed to evaluate α-diversity among the different groups. Permutational multivariate analysis of variance (PERMANOVA) was employed to identify the different microbial communities among groups. The relative abundance diagram of flora species was mainly used to visualize the results of species annotation. STAMP analysis was used to identify species that differed in abundance between two or more groups. The key taxa responsible for the differences in the oral and gut microbiota between AD groups were identified using the linear discriminant analysis effect size (LEfSe) for biomarker discovery (51). Spearman correlation coefficients were used to detect relationships between the taxa and inflammatory markers. A significant α of 0.05 and an effect size threshold of 2 were used for all biomarkers discussed in this study.



Statistical analysis

Baseline characteristics of participants are presented as means ± SD, medians (interquartile ranges [IQRs]), and numbers (percentages). Comparisons of continuous variables between groups were made using ANOVA or rank sum tests, and group differences were compared using a chi-squared test or Fisher's exact test for categorical variables. Kruskal-Wallis test was used to analyze the skewness distribution data. Furthermore, when the distribution of variables was skewed (as for IL-6, C3, hs-CRP, IL-1β, IL-4, IL-10, IL-12, and TNF-α), the values were converted to their natural logarithm.

DII scores were ranked and split into approximately equal tertiles, with tertile 1 (T1) representing the most anti-inflammatory diet group and tertile 3 (T3) representing the most pro-inflammatory group. We performed multiple linear regression analysis to examine associations between each tertile of DII scores and inflammatory indicators, and tertile 1 (T1) was considered the reference. In Model 1, we did not adjust for covariates. In Model 2, we adjusted for age and gender. In Model 3, we adjusted for the variables in Model 2 with the addition of education, body mass index (BMI), smoking, alcohol consumption, physical activity, hypertension, diabetes, hyperlipidemia, coronary heart disease, and cerebrovascular disease. Tests for trends were performed by assigning the median value for each tertile and modeling this as a continuous variable. Energy adjustment was done using the residual approach that was explained previously by Willett et al. (52). For calculating energy-adjusted dietary intakes, each of the dietary components is regressed on their total energy intake and residual values were added to their actual mean intake to estimate energy-adjusted values. Statistical analysis was performed using SAS version 9.4 software (SAS Institute Inc., Cary, USA) and STAMP v2.1.3 (53). The R package and GraphPad Prism v6.0 were used to prepare the graphs. All tests of significance were two-sided and p < 0.05 was considered statistically significant.




Results


Baseline characteristics of DII levels and inflammatory indicators in patients with AD

The DII range was −0.021 (the most anti-inflammatory diet) to 1.38 (the most pro-inflammatory diet). According to the DII score, the tertiles were divided from low to high, T1 (tertile 1) means the most anti-inflammatory diet group, T2 (tertile 2) means no anti-inflammatory/pro-inflammatory diet group, and T3 (tertile 3) means the most pro-inflammatory diet group. The baseline characteristics of 60 patients with AD including T1 (n = 20), T2 (n = 20), and T3 (n = 20) are shown in Table 2. Among all the variables examined, significant differences were observed only for the DII score, mean total daily energy intake, and education level (p < 0.05). Patients with higher DII scores (i.e., more pro-inflammatory diets) tended to have lower total energy intakes and education levels. However, there was no statistically significant difference across DII levels in the distribution of other baseline characteristics and inflammation markers (p > 0.05). To further analyze whether there is an association between each tertile of DII scores and inflammatory indicators, we used multiple linear regression with model adjustment for con-founders. The results still showed that none of the inflammatory indicators was statistically significant among the groups (see Supplementary material for details).


TABLE 2 Baseline characteristics of DII levels and inflammatory indicators in patients with AD.
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The energy-adjusted dietary intakes for participants in the different inflammatory diet groups are presented in Table 3. Compared to the most anti-inflammatory diet group, individuals with the most pro-inflammatory diet group consumed significantly lower amounts of energy, protein, fat, carbohydrate, fiber, vitamin A, carotenoids, thiamin, riboflavin, vitamin C, vitamin E, magnesium, iron, zinc, selenium, and PUFA (all p < 0.05).


TABLE 3 Food group and nutrient intake of AD patients in different inflammatory diet groups.
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Baseline characteristics and inflammatory factors in different severity of AD

Considering the progression of AD, we further analyzed the association between baseline characteristics and inflammatory factors with different severity of AD (Table 4), significant differences were observed only for the education level, MMSE scores, and IL-4 (p < 0.05). After pairwise comparison (Figure 1), the IL-4 levels in patients with moderate and severe AD were significantly higher than those in mild AD (p < 0.05).


TABLE 4 Baseline characteristics and inflammatory factors in different severity of AD.
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FIGURE 1
 Differences in serum IL-4 levels in different AD groups (mean ± SEM). *p < 0.05.




The α- and β-diversity of the oral and gut microbiomes in participants with AD

As shown in Figure 2, when the number of samples reached 60, the number of species observed was nearly parallel, indicating that the sample size of our experiment was sufficient. There were no significant differences among the three groups in the oral microbiomes in the Shannon, Simpson, Chao, or ACE indices (Figure 3, p > 0.05). Furthermore, there were no differences in the α-diversity of gut microbiomes across the different DII tertiles in patients with AD (Figure 4, p > 0.05). Interestingly, the PCoA based on weighted UniFrac distances showed (Figure 5) that the oral microbiomes of PT1 largely overlapped with the microbial distribution of PT2, whereas there were statistical differences in the microbial distribution of PT2 and PT3 (PERMANOVA, Bray–Curtis: PT2 vs PT3, R2 = 0.061, p = 0.013). As for the gut microbiomes, no differences were found among the FT1, FT2, and FT3 groups.


[image: Figure 2]
FIGURE 2
 Pan/Core OTU species analysis of the oral (A) and gut microbiomes (B). The Pan/Core plot reflects the rate of emergence of species under continuous sampling. The curve flattens out as the sample size increases, indicating that species don't increase significantly with sample size.
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FIGURE 3
 The oral microbial α-diversity, as assessed with ACE (A), Chao (B), Shannon (C), and Simpson (D) indexes among three groups. PT1 (tertile 1) means the oral microbiomes of the most anti-inflammatory diet group, PT2 (tertile 2) means the oral microbiomes of the no anti-inflammatory/pro-inflammatory diet group, and PT3 (tertile 3) means the oral microbiomes of the most pro-inflammatory diet group.
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FIGURE 4
 The gut microbial α-diversity, as assessed with the ACE (A), Chao (B), Shannon (C), and Simpson (D) indexes among three groups. FT1 (tertile 1) means the gut microbiomes of the most anti-inflammatory diet group, FT2 (tertile 2) means the gut microbiomes of the no anti-inflammatory/pro-inflammatory diet group, and FT3 (tertile 3) means the gut microbiomes of the most pro-inflammatory diet group).
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FIGURE 5
 The β-diversity analysis of the oral (A) and gut (B) microbiomes among different DII tertiles in patients with AD. The PCoA based on the Bray–Curtis of β-diversity analysis is presented. PCoA, principal coordinate analysis.




Alterations of the oral and gut microbiomes in participants with AD

The relative abundance at the phylum and genus levels revealed similar overall microbiome composition among the three groups in the oral microbiomes. The most abundant phyla were Bacteroidetes, Proteobacteria, Firmicutes, Fusobacteria, and Actinobacteria; these five phyla accounted for more than 95% of the total abundance of all the species (Figure 6A). At the genus level, Neisseria, Prevotella, Streptococcus, Fusobacterium, and Leptotrichia were the top five most abundant bacterial taxa, as shown in Figure 6B. We also found that in the gut microbiomes, Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia were identified as the most abundant sequences at the phylum level (Figure 6C). At the genus level, Escherichia, Shigella, Bacteroides, Klebsiella, Faecalibacterium, and Prevotella were the most abundant bacterial taxa, as shown in Figure 6D.


[image: Figure 6]
FIGURE 6
 Distribution of oral and gut microbiomes between the most anti-inflammatory diet group, no anti-inflammatory/pro-inflammatory diet group, and the most pro-inflammatory diet group. (A,B) represent the relative abundance of oral microbiomes at the phylum level and genus level, respectively; (C,D) represent the relative abundance of gut microbiomes at the phylum level and genus level, respectively.


The STAMP results showed that there were no significant differences in the percent relative abundance of any phylum among the groups. At the genus level, the abundance of Prevotella and Olsenella in the oral microbiomes was much higher in PT1 (the most anti-inflammatory diet group) than in PT3 (the most pro-inflammatory diet group). The differences in the relative abundance of Abiotrophia, Neisseria, and Parvimonas between the PT2 (no anti-inflammatory/pro-inflammatory diet group) and PT3 groups were statistically significant (Figure 7A). In addition, the abundance of genera Alistipes, Ruminococcus, Odoribacter, and unclassified Firmicutes in the gut microbiomes were lower in the FT3 group than in the FT1 group. The differences in the relative abundance of Sphingobium, Microbacterium, Centipeda, and Gp6 were statistically significant between the FT2 and FT3 groups, and the other branching genera Pseudoxanthomonas, Firmicutes, Bacillariophyta, Oxalobacter, Alistipes, and Rhodocyclaceae were also found to be significantly different between the FT1 and FT2 groups (Figure 7B).


[image: Figure 7]
FIGURE 7
 Differences in the relative abundance of bacterial genera in the oral (A) and gut (B) microbiomes from the most anti-inflammatory diet group and the most pro-inflammatory diet group. The left of the figure shows the differential species between the two groups, and the right shows the difference in the mean proportions of the target species (p < 0.05).


To further explore the differences in oral and gut microbiomes between the anti-inflammatory diet and pro-inflammatory diet groups, we used LEfSe (linear discriminant analysis score cut off >2.0) analysis to identify the key taxa responsible for the differences in the compositions of the oral and gut microbiota. However, there were no significant differences among the three groups of patients with AD (Supplementary material for details).



Association between inflammatory markers and microbiota in patients with AD

Spearman correlation analysis showed significant correlations between inflammatory markers and specific oral and gut microbiota (Figure 8). In the analysis of oral microorganisms, IL-4 was positively correlated with Fusobacterium (p = 0.008, r = 0.34) and Selenomonas (p = 0.012, r = 0.32); IL-1B was positively correlated with Peptostreptococcaceae_incertae_sedis (p = 0.018, r = 0.31); IL-12 was positively correlated with Haemophilus (p = 0.013, r = 0.32) and Rothia (p = 0.005, r = 0.36) and negatively correlated with Selenomonas (p = 0.001, r = −0.4); TNF-α was positively correlated with Alloprevotella (p = 0.013, r = 0.32) and Selenomonas (p = 0.014, 0.32) and negatively correlated with Haemophilus (p = 0.018, r = −0.31); CRP was positively correlated with Gemella (p = 0.006, r = 0.35); and IL-6 was negatively correlated with Granulicatella (p = 0.022, r = −0.3). Furthermore, in the analysis of intestinal microorganisms, IL-4 was positively correlated with Megamonas (p = 0.016, r = 0.31) and Anaerostipes (p = 0.014, r = 0.31); IL-12 was negatively correlated with Weissella (p = 0.013, r = −032); TNF-α was positively correlated with Lactobacillus (p = 0.019, r = 0.3); and IL-6 was positively correlated with Clostridium_XlVb (p = 0.008, r = 0.34), Morganella (p = 0.005, r = 0.36), and Providencia (p = 0.002, r = 0.39).
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FIGURE 8
 Heatmap of the correlation between Spearman's analysis of inflammatory markers and the relative abundance of oral (A) and gut microbiota (B) at the genus level. Orange and gray represent positive and negative correlations, respectively, with color intensity proportional to the degree of association between indices, and numbers represent r values.





Discussion

In the present study, no association was found between DII and inflammatory markers, but IL-4 was related with the severity of AD. More importantly, we found no significant differences in diversity among the groups stratified by DII, except for differences in the β-diversity of the oral cavity. At the same time, the abundance of microbial composition in the oral cavity and intestine was different between the anti-inflammatory and pro-inflammatory diet groups. In addition, oral and gut microbiota is considered associated with markers of inflammation.

Although DII has been demonstrated to be associated with inflammatory markers, no association was found in the present study. Similar findings were found in several studies that did not find an association with hs-CRP (54, 55). This may be related to memory bias and homogeneity as well as to the small number of components included. Firstly, the FFQ relies on the memory of the respondents and there may be recall bias. Secondly, the inflammatory index profile of the AD population is possible similar. Finally, only 25 food components were counted in this study; however, the richness and diversity of foods in China may underestimate inflammatory levels. And our study found a higher intake of anti-inflammatory antioxidant foods in the anti-inflammatory diet group. A prospective study found that a diet characterized by high consumption of anti-inflammatory foods (monounsaturated fatty acids, polyunsaturated fatty acids, antioxidant foods) was associated with lower DII scores (56). The anti-inflammatory dietary composition in this study is similar to that of the Mediterranean diet. It is well known that the Mediterranean diet consists mainly of high-quality fatty acids, low in saturated fatty acids and cholesterol, an appropriate ratio of polyunsaturated fatty acids omega-3 to omega-6, and high in carotenoids and fiber, which have anti-inflammatory effects and can significantly reduce inflammation levels (57, 58). In addition, we found that only IL-4 of the eight inflammatory markers (IL-1β, IL-10, IL-6, IL-12, TNF-α, hs-CRP, and C3) was associated with the severity of AD, and IL-4 levels were higher in patients with severe AD. It has been proposed that inflammatory markers appear early in AD and that inflammatory levels decline with disease progression (59). The study shows that significantly higher levels of IL-10, IL-1β, IL-4, and IL-2 in mild cognitive impairment (MCI) groups, while there was no significant difference in inflammatory markers between dementia, suggesting that peripheral inflammation may occur in the early stages of AD (60). IL-4 has been reported to have anti-inflammatory effects and reduce inflammation production (61, 62). In conjunction with this study, it is boldly speculated that IL-4 may be associated with lower levels of inflammation in AD. Although no other inflammatory markers were found to be associated with AD severity in this study, this may be due to the lack of a healthy control group and the small sample size. Further validation with larger sample size and well-designed studies is needed in the future.

There are no significant differences in diversity among the groups stratified by DII, except for differences in the β-diversity of the oral cavity, suggesting that the community structure of the oral cavity may be influenced by inflammatory diet. The abundance of microbial composition in the oral cavity and intestine was altered. Anderson et al. (63) also observed differences in β-diversity in the oral microbiome across levels of intake of total carbohydrates, fiber, sucrose, and galactose (64). Another study showed that β-diversity was significantly altered in patients with gingivitis on a nitrate-rich diet compared to that in healthy participants (65). These findings show that differences in the distribution of abundance of oral microbes are affected significantly by foods. Little is currently known about the significance of this change, and more mechanistic studies are thus needed to explore its role. A study by Zheng et al. showed results similar to ours, in which DII was not associated with gut microbial diversity but was associated with gut microbial composition (66). Tian et al. also found that diets with high DII scores were associated with the presence of specific microbes but not the overall diversity of the gut microbiome (67). Other studies comparing the relationship between different diets and gut microbial diversity have had similar findings, with diet affecting specific microflora composition and having a lower or no effect on overall diversity (68, 69). Furthermore, oral-gut α-diversity was not associated with DII and may be related to unmeasured confounding factors, individual variability, and small sample size. Reduced microbial diversity has been reported in patients with AD, and microorganisms are stable over a time frame (6), which may diminish the role of dietary inflammation.

This study revealed a decreased abundance of Prevotella and Olsenella in the oral cavity of patients with patients consuming the most pro-inflammatory diet and reduced intestinal abundance of Alistipes, Ruminococcus, Odoribacter, and unclassified Firmicutes compared to those in the most anti-inflammatory diet group. Prevotella and Olsenella are normal in the oral cavity (70, 71) and produce SCFA metabolites like butyrate (72). Prevotella has been reported to be associated with a fiber-rich diet (73), which, in turn, is associated with better cognition (74). In addition, studies have reported that Odoribacter was reduced in the gut of AD compared to the normal population (75) and the abundance of Alistipes was reduced in the gut of mild cognitive impairment population (76). It is worth mentioning that the most anti-inflammatory diet led to a significant increase in the abundance of Ruminococcus and Prevotella, the main genera that produce SCFAs. SCFAs have important regulatory effects on the blood-brain barrier and the nervous system and are associated with the development of AD (77–79). Furthermore, Ruminococcus and Prevotella are closely associated with the intake of plant-based diets (17, 69, 80). Plant-based diets are well-known as being beneficial to overall health, including the prevention of AD (81, 82). In summary, it is shown that an anti-inflammatory diet may be associated with increased abundance of beneficial microbes in AD patients, especially microorganisms that produce anti-inflammatory compounds.

The study observed higher levels of pro-inflammatory cytokines (e.g., IL-6 and IL-1β) and reduced levels of the anti-inflammatory cytokine IL-10 in patients with cognitive dysfunction (83). Abundant E. coli/Shigella were positively correlated with IL-1β levels, whereas rectal eubacteria were negatively correlated with IL-1β levels and positively correlated with IL-10 levels. These findings suggest that intestinal components may drive peripheral inflammation, leading to brain amyloidosis and possibly neurodegeneration and cognitive symptoms in AD. Another study demonstrated that inflammation levels and intestinal flora may contribute to AD-related neuroinflammation (84). It is suggested that the altered inflammatory state in patients with AD may induce neuropathy by affecting the growth and reproduction of microorganisms within the host or indirectly by affecting the interactions between genera, causing microecological dysregulation. It is boldly speculated that the altered microbiota may be associated with a systemic inflammatory response.

To further support our speculation, we correlated systemic inflammatory markers with microbiota and found that a specific oral and gut microbial composition was associated with inflammatory markers. Fusobacterium and Selenomonas have been reported to be associated with unhealthy microbial characteristics in patients with gingival and periodontal disease, whereas Fusobacterium may be a major indicator of microbial transformation into inflammatory pathogenic bacteria (85, 86) and a potential biomarker of periodontitis and gingivitis episodes (87, 88). In addition, Rothia, Haemophilus, and Alloprevotella are normal in the oral cavity (70); Anaerostipes and Weissella are common in the intestine, with Anaerostipes facilitating acetate formation (89, 90), whereas Weissella is an emerging genus with potential health benefits, capable of inhibiting pathogenic microbial growth through the production of bacteriocins (91, 92). One study found Morganella enrichment and reduced abundance of Megamonas in patients with AD (93). Megamonas has been shown to produce SCFAs that favor host metabolism and slow the development of AD (94), whereas Clostridium_XlV has also been found to be associated with cognitive impairment (95). Providencia is likely to promote inflammation (96, 97). Lactobacillus is the most abundant in the human intestine, and experimental studies in animals and humans have shown that the administration of Lactobacillus probiotics facilitates the recovery of dysregulated intestinal flora and improves cognitive function (98–100). The data above highlight the inflammatory markers that are associated with normal microorganisms in the oral cavity and intestine. It has been proposed that an enhanced inflammatory response allows for the conversion of non-pathogenic microorganisms to pathogenic microorganisms (101). Corrêa et al. (102) found a positive correlation between the presence of pathogenic bacteria and the level of systemic inflammation as indicated by CRP levels. A study by Xiao et al. (103) demonstrated that the pathogenicity of oral microflora was diminished when IL-17 was inhibited. Combined with the analysis of the results of this study, increased inflammation may be associated with the conversion of the normal microbiota of the host oral-intestinal tract to pathogenic microorganisms.

Our research is innovative and comprehensive, analyzing for the first time the relationship between DII and markers of systemic inflammation and exploring its relationship with systemic inflammation by analyzing the microbiological characteristics of the oral cavity and gut in patients with AD. Nevertheless, there are shortcomings. Firstly, this was a cross-sectional study, and no causal conclusions could be drawn. Secondly, the small sample size included only the AD population, making the findings not generalizable. And it would be interesting to explore the relationship between DII scores, energy intake and AD severity, this can be explored in the future in a larger sample size. In addition, we did not include a control group in this study. As a result, it is unclear whether our findings can apply to all older adults. Finally, the microbial community in this study was down only to the genus level, and a more in-depth species analysis was not possible. No metabolic function analysis was performed.



Conclusions

Anti-inflammatory diets seem to be associated with increased abundance of beneficial microbes in the oral-gut axis in patients with AD, whereas microbes are related with specific inflammatory markers and inflammation accumulation may drive a shift from normal microbial composition to pathogenicity. Therefore, it is proposed that targeting the modulation of oral and gut microbiota, especially the improvement of SCFA-producing bacteria and reduction of pathogens, may be an effective and important strategy for the treatment of inflammatory disorders. More long-term, large-sample follow-up studies based on AD populations are needed in the future to explore the mechanistic role of dietary inflammation plays with oral-gut microbiota and systemic inflammation to provide a basis for precise dietary intervention strategies.
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Oligosaccharides in human milk support health via intestinal microbiome. We studied effects of addition of 2-fucosyllactose (2′FL) to the infant formula on infant growth, occurrence of adverse events (AE), and infant microbiome, including expression of microbial genes that metabolize 2′FL. Our hypothesis was that while 2′FL would not affect growth, it would cause changes in microbiome metabolism. In a double-blinded randomized controlled study fashion, the infant formula ± 2′FL or human milk was fed to healthy term infants for 16 weeks. Fecal samples obtained at baseline and week 16 were analyzed for microbial populations, metagenomic species concept (MGS), and genetics of gut metabolic modules (GMMs). There were no effects of addition of 2′FL on growth or AEs. There were no significant differences by feeding group in MGS richness or Shannon diversity at baseline, but formula groups each had significantly greater richness (p < 0.05) and diversity (p < 0.05) after 16 weeks of feeding than the breastfed group. While two glycosyl hydrolase (GH) families (GH42 and GH112) were significantly increased, two other GH families (GH20 and GH2) were significantly decreased in the test formula group compared to the control formula group; although modest, addition of 2′FL resulted in changes in microbiome in the direction of breastfed infants, consistent with internal metabolism of HMOs by Bifidobacterium.
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Introduction

Human milk oligosaccharides (HMOs) are the third most abundant constituent of human milk after lactose and fat, and more of protein, contributing some 8–15% to the total (1). The proportion of fucosylated, sialylated, and non-fucosylated neutral HMOs in term human milk has been reported as 35–50, 12–14, and 42–55%, respectively (2). The carbohydrate composition of human milk has been difficult to mimic in formulas because after lactose, human milk carbohydrates are predominantly oligosaccharides, for which until recently, there was no readily available ingredient source.

There is a presumption that a high concentration of 2-fucosyllactose (2′FL) in human milk has resulted from evolutionary pressures and conveys benefit to infants, distinct from other mammalian species because sugar is not detected in the milk of other species. One randomized controlled trial reported fewer infection-related adverse events (AEs) among infants fed formula containing 2′FL than among infants fed the standard formula (3). A second single arm study showed resolution of most symptoms in most infants fed an extensively hydrolyzed formula because of their medical history and clinical symptoms (4). HMOs including 2′FL may act as prebiotics, selectively metabolized by bacteria considered beneficial to humans (5, 6). HMOs inhibit bacterial adhesion to intestinal epithelial cell surface epitopes, offering an alternative binding site (7, 8). 2′FL inhibits attachment of pathogens like Campylobacter jejuni, enteropathogenic Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, RSV, and influenza virus to human intestinal and respiratory cell lines (9, 10). On the other hand, secretors have been reported to be more likely infected by rotavirus and norovirus (11). 2′FL inhibits binding of a wide array of glycans to DC-SIGN, a domain of dendritic cells and macrophages involved in bacterial and viral recognition and internalization, suggesting milk 2′FL modulates gastrointestinal immune monitoring (12). Pooled HMOs or 2′FL alone was reported to suppress inflammation following enterotoxigenic E. coli (ETEC) or E. coli infection, suggesting HMOs are part of the innate immune system (13). Finally, HMOs may be absorbed to a small extent and have systemic actions. Isolated peripheral blood mononuclear cells from 10-day-old piglets produced more IL-10 when exposed to isolated pooled HMOs and proliferated less when exposed to 2′FL (14). Addition of 2′FL to the feed of infant rodents increased hippocampal long-term potentiation in mice and rats (15).

This clinical study examined effects of 2′FL on growth of healthy term infants, in accordance with U.S. FDA regulatory requirements, and the effects of addition of 2′FL on the infant microbiome. We report that while 2′FL had no discernible effect on growth or incidence of adverse effects, there was a selective enrichment of Bifidobacterium, in particular Bifidobacterium spp. that have genes for intracellular metabolism of 2′FL, supporting the hypothesis of prebiotic effects of 2′FL. In addition, because approximately 20% of the human population lacks the gene to synthesize 2′FL (15), we examined the response of the microbiome as a function of the genotype for maternal and infant fucosyltransferase, allowing an assessment of the relative importance of exogenous and endogenous provision of 2′FL.



Materials and methods

This study was performed in compliance with applicable U.S. FDA regulations (21 CFR Parts 50, 54, 56, and 312), the ethical principles of the Declaration of Helsinki, all applicable International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) Good Clinical Practice (GCP) guidelines, and all local laws and regulations concerning clinical studies. The Institutional Review Board (IRB)-approved informed consent form (ICF) was reviewed and signed by each subject’s parent(s) or legal representative(s) prior to enrollment.

This was a double-blinded randomized controlled study with two formula-fed arms and a reference breastfed1 group. The infant formula or human milk was fed to healthy term infants for a period of 16 weeks upon entering the study as their sole source of nutrition. The formulas consisted of a commercial product (control) and the same formula also containing HMO 2′FL at 1 g/L (test). Altogether, a total of nine study sites in the United States (n = 8) and Honduras (n = 1) were selected.

Eligible infants were enrolled on or before 28 days of age and fed a study-assigned formula or were breastfed for 16 weeks. The weight, length, and head circumference of the infants were measured at baseline and 2, 4, 6, 8, 12, and 16 weeks of feeding. AEs were recorded at monthly in-person caregiver visit to the clinic and by telephone between in-person visits. Fecal samples were obtained at baseline when available and at week 16 for all subjects and analyzed for microbial populations. Information on AEs and new/change of medications was collected at in-person visits at weeks and by telephone interviews between in-person visits.


Subjects and formulas

Healthy term (37–42 weeks of gestation) infants of either sex with a birth weight between the 5th and 95th percentiles and APGAR scores of 7 or greater at birth were eligible. The study formula assigned to each subject was determined by a computer-generated randomization. The investigator, study staff, study monitors, data analysis/management personnel, and parents were blinded to the subject formula assignments. The infants were fed ad libitum. The control formula was a commercial whey-dominant cow milk-based infant formula with canola oil in the fat blend and contained the following optional ingredients: galactooligosaccharide (GOS), fructooligosaccharide (FOS) docosahexaenoic acid (DHA), arachidonic acid (ARA), lutein, and nucleotides. The test formula was identical to the control formula, except that it included 2′FL (1 g/L, from Jennewein, now owned by CHR Hansen, that was synthesized by genetically modified E. coli BL21 (DE3), #1540, per GRAS Notification #571) at the expense of the same amount of GOS. Feeding compliance was determined from caregiver diary during in-person visits and via phone/electronic contact at scheduled intervals between in-person visits.

Anthropometric measurements of weight, length, and head circumference were obtained at days 1, 14, 28, 42, 56, 84, and 116 using an “All-In-One Infant Station” (Perspective Enterprises, Portage, MI). Weight was recorded to the nearest 5 g. The infants were weighed naked without clothes or diaper. To the greatest extent possible, the same personnel who obtained the measurements at visit 1 was to obtain them at visits 3, 5, 7, 9, and 11. Length was obtained to 0.1 cm (1 mm). Length gain was measured as total centimeters gained over the 16-week feeding period (length at week 16 minus length at day 1). The head circumference was measured to 0.1 cm (1 mm) using a circumference tape.

The primary efficacy variable was weight gain, measured as total grams gained over the 16-week feeding period (weight at week 16 minus weight at day 1), analyzed by mean daily weight gain (calculated as total weight gain divided by the total number of days). The primary comparison was between the test and control formula groups. Weight gain in the test formula group was also compared to weight gain in the reference breastfed infants.



Sample size statistics

Based on a previous similar study (3), a non-inferiority margin of the daily gain weight of –3 g/day (test vs. control) and SD = 4.5 g/day (16) were used for the sample size calculations. For a significance level of 2.5% (one-sided test), a sample size of 37 subjects per treatment arm or a total of 74 subjects in the PP population provided 80% power to show non-inferiority between test and control formula groups for mean daily weight gain. For a 90% statistical power, a sample size of 49 subjects per feeding formula arm or 98 subjects completing the study in the PP population were required. Considering a dropout rate of about 25% from the ITT to PP population, approximately 66 subjects were needed to be enrolled in each formula feeding group.

Analysis of covariance (ANCOVA) was used to analyze the primary endpoint of mean daily weight gain (g/day) between the test and control formula groups. The model included formula group, gender, and interaction formula-by-gender as fixed effects, and baseline weight as a covariate. Subjects from all three dietary groups were included in the model.



Adverse events

An AE was defined as any untoward medical occurrence associated with the use of the investigational product whether or not the event was considered product related, and was coded using MedDRA version 20.0. An AE could also include the exacerbation of pre-existing conditions and intercurrent illnesses. Potential AEs were collected by interview at study visits and by telephone calls. Serious adverse events (SAEs) not resolved within 30 days of the final study visit were followed until they resolved or were considered to be chronic.



Fecal samples

Stool samples were collected by caregivers in provided collection tubes (DNA Genotek, Ottawa, Canada), were brought to clinics, and were stored by study personnel. After obtaining informed consent on day 1, if a stool sample was available, 1 g of stool was collected and was subsequently frozen-stored (–20°C). Day 112 samples were brought to study site fresh, were coded, and frozen until shipment to Clinical Microbiomics (Copenhagen, Denmark) for analysis.



Microbiome

DNA was extracted from ∼0.1 g aliquots of the fecal samples using the NucleoSpin 96 Soil (Macherey-Nagel) kit. Fragmented DNA was used for library construction using a NEBNext Ultra Library Prep Kit for Illumina (New England Biolabs). Quantitative real-time PCR (qPCR) was used to determine the concentration of the final library before sequencing. The library was sequenced using 2 × 150-bp paired-end sequencing on the Illumina platform. The metagenomic analysis was performed using the metagenomic species (MGS) concept (17) and the Clinical Microbiomics human gut MGS database. For taxonomic abundance profiling, we used the Clinical Microbiomics HGMGS version HG4.D.1 set of 2095 metagenomic species (MGS), each represented by a set of genes with highly coherent abundance profiles and base compositions in the 12,170 metagenomes, which includes 481 from infants, 9,428 publicly available metagenomes (18), and 3,567 publicly available genome assemblies from isolated microbial strains. Individual high-quality non-host reads were mapped to a gene if the mapping quality (MAPQ) was ≥ 20, and the reads aligned with ≥ 95% identity over ≥ 100 base pairs.



Genes for 2-fucosyllactose metabolism

GMMs, conserved metabolic pathways, were assessed using KEGG Orthology (KO) identifiers (19). Genes in the fucose pathway: K02431 (FumB), K07046 (FumD), K18334 (FumE), K22397 (FumF), and K02429 (FumP, fucose transporter) (20) were mapped to KO identifiers that were also found in the gene catalog. An MGS was considered to have the functional potential to grow on fucose using the Bifidobacterium pathway if at least three of the five genes were present in the MGS. Glycosyl hydrolases GH2, GH20, GH29, GH33, GH42, GH95, GH112, and GH136 (21) were classified using dbCAN2 (v. 2.0.6) (22) based on homology search using HMMER (v. 3.2.1). Analyses of GH families were conducted for total gene abundance and separately for genes with a signal peptide for transmembrane transport of the gene product (external strategy) or not (internal strategy). Signal peptides were annotated using the signalP webserver (v. 5.0) (23).



Microbiome statistics

Statistical analysis of differences in microbiome composition between feeding groups was performed in R (v. 4.1.1). The Mann–Whitney U test was used for comparisons. The generalized fold change in gene-level abundances was calculated as previously described (24).




Results

A total of 221 subjects were enrolled; 66 subjects received the test formula, 66 subjects received the control formula, and 89 subjects were breastfed. Most demographic and baseline characteristics were comparable among the three dietary groups (Table 1). The mean (SD) age of subjects at enrollment was 14 days; the proportion of male and female infants among groups was comparable, with a slight excess of female infants in each group. Most infants were white, predominantly Hispanic or Latino, followed by Black and African American. The mode of delivery of most of the infants was vaginal, with a similar proportion between formula groups but slightly less than among infants who were breastfed. Weight, length, and head circumference were similar at enrollment across diet groups as well.


TABLE 1    Demographic and baseline characteristics (safety population).
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A total of 176 (79.6%) subjects completed the study (Table 2). The number of subjects who discontinued the study was higher in the control formula group (37.9%) than in the breastfed group (11.2%) and the test formula group (15.2%).


TABLE 2    Subject disposition.
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Overall, the primary reasons of study discontinuation were requests by parents/legal guardian (n = 22, 48.9%) and subjects being lost to follow-up (n = 10, 22.2% subjects); 13.3% subjects experienced AEs that led to study discontinuation; these AEs included vomiting, abdominal pain, gastroesophageal reflux disease (GERD), constipation, and spitting up. The most frequently reported protocol violations were early termination of subjects (last subject visit was < 4 months from visit 1) (20.4% subjects) and COVID-19 (6.8% subjects).

In total, three subjects fed the test formula experienced AEs that led to discontinuation of the study formula: a moderate AE of projectile vomiting was considered possibly related to the study formula; a moderate AE of infant irritability and a severe AE of infantile spitting up were considered possibly related to the study formula, and one moderate AE of abdominal pain was considered probably related to the study formula.

A total of seven subjects fed the control formula experienced AEs, which led to discontinuation of the study formula; two AEs were considered likely or definitely related to formula, whereas the others were considered unlikely related. The seven subjects had a moderate AE of GERD; a moderate AE of constipation; moderate AEs of flatulence and GERD and a severe AE of crying; a mild AE of diarrhea; mild AEs of abdominal pain and constipation; a mild AE of infantile spitting up; and a mild AE of abdominal pain.

Despite greater attrition from the control group, the per protocol subjects in the two formula groups were similar in demographics and anthropometrics at enrollment (Table 3).


TABLE 3    Demographic and baseline characteristics (PP population).
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Growth

Growth of the per protocol infants fed the test formula, measured as average daily weight gain, was not inferior to the growth of infants fed the control formula (Table 4). The mean daily weight gain was 30.6 g for the test formula group, 30.3 g for the control formula group, and 29.0 g for the breastfed group. The lower bound of the 95% CI of difference between the least squares (LS) means of test and control formula groups was –2.8, greater than non-inferiority margin of –3 g/day. The lower bound of the 95% CI of difference between the LS means of test formula and breastfed groups was –0.6. The weight gain among the formula-fed subjects in Honduras was slightly more than that among U.S. infants, but that difference was smaller than the non-inferiority margin of 3.0 g/d and smaller than the difference between the breastfed Honduran subjects and breastfed U.S. subjects.


TABLE 4    Analysis of mean daily weight gain (grams) (PP population).
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Only three subjects in the test group had any non-study formula recorded, each instance a feeding of four ounces of a formula; two subjects in the control group were recorded as having a non-study formula, one a serving of four ounces, and the three servings of six total servings on the last study day record.

Similar results were obtained from supportive analysis in the ITT population. Mean daily weight gain was 29.5 g for the test formula, 28.8 g for the control formula, and 28.4 g for the breastfed group. The lower bound of the 95% CI of difference between the LS means of the test formula and control formula groups (–2.3), and that between the test formula and breastfed groups (–1.4) were both greater than non-inferiority margin of –3 g/day.

Mean (LS mean) length gain (change from baseline) at visit 11 was 12.2 cm for the test formula group, 11.6 cm for the control formula group, and 11.3 cm for the breastfed group. Mean (LS mean) gain in the head circumference (change from baseline) at visit 11 was 6.2 cm for the test formula group, 6.2 cm for the control formula group, and 6.1 cm for the breastfed group. There were no significant differences in length gain or head circumference gain between the test and control formula groups and between the test formula and breastfed groups at any time. The 95% CIs of difference between the LS means of the test formula and control formula and between LS means of the test formula and breastfed groups for comparisons at each visit included 0, indicating that there was no statistically significant difference in gain in length or head circumference between the test and control formula groups, or between the test formula and breastfed groups at any measurement time. The analysis of the ITT population also found no differences between formula groups or between the test and BF groups in gains at any time.

Because of difficulty in enrollment, the protocol was revised to allow subjects of age up to 29 days of life to be enrolled. The same proportion of formula-fed infants in the test group were enrolled after the protocol change (57%) as before the change (58%). The weight gain of infants enrolled before day 15 and that of infants enrolled on or after day 15 showed that there was no difference in gain as a function of age at enrollment (Table 5). The mean weight gain for the two formula groups was about less than 3 g/d in each subgroup, and the LS mean difference in each subgroup was within the 95th percentile confidence interval for the three diets. Similarly, comparisons of LS mean differences between the test and BF groups found all differences to be within the 95th centile confidence interval (data not shown). We did not analyze the differences within a feeding group over time, although inspection shows very little difference in either formula groups, where among breastfed infants, there appeared to be lower weight gain of infants enrolled at later ages. We previously reported that among growth studies that had a reference BF group, formula-fed infants were commonly reported to have gained more weight in the 2nd and 3rd months than BF infants (25).


TABLE 5    Weight gain as a function of age at enrollment.
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Safety data

The number of infants affected at any time during the study, by organ system, is shown in Table 6. This population is all infants enrolled and may underestimate the number of AEs for the control formula group because fewer subjects in the control group completed the study (62%) than the test group (85%) or breastfed group (89%). The majority of subjects experienced AEs that were either mild (23.5%) or moderate (17.6%). The majority of AEs in the three dietary groups were gastrointestinal disorders (22.6%), infections and infestations (19.9%), and skin and subcutaneous tissue disorders (13.1%). There was a slightly greater incidence of gastrointestinal disorders in the two formula groups than in the reference breastfed group, but the two formula groups had the same incidence (24%).


TABLE 6    Adverse events by system organ class and preferred term (safety population).
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The overall incidence of reported AEs in formula-fed infants was higher in the U.S. (55%) than in Honduras (22%) subjects; the rates for formula-related events was 8% in the U.S. and 3% in Honduras subjects. There was no difference between formula groups in incidence rates of reported AEs in either country subjects. About two-thirds or the AEs reported were related to infection, which slightly higher in the U.S. than in Honduras subjects.

Overall, six subjects who completed the study experienced eight SAEs in the study, none were life-threatening or fatal, and none were considered related to the study formula. In the test formula group, one subject experienced two SAEs related to viral infection. In the breastfed group, one subject experienced a moderate SAE of parainfluenza virus infection; one subject experienced severe AEs of urinary tract infection and post-procedural hemorrhage; one subject experienced a severe SAE of pneumonia respiratory syncytial viral; one subject experienced a mild SAE of Sandifer’s syndrome; and one subject experienced a moderate SAE of poor feeding.



Microbiome

A total of 162 fecal samples from 133 infants were successfully sequenced using shotgun metagenomic sequencing, of which 55 samples were collected at the initial visit and 107 were collected at the final visit. The samples were profiled against a catalog of metagenomic species (MGS) identified using canopy clustering (17).

Across feeding treatments, vaginally delivered infants had greater MGS richness (p = 0.016) and Shannon diversity (p = 0.027) in the initial samples than infants delivered by cesarean section, although there was no difference in these measures in the week 16 samples (Figure 1). There were no significant differences by feeding group in MGS richness or Shannon diversity at baseline in the subset of infants, whether born vaginally or among all infants (Figure 2). The formula groups each had significantly greater richness (p < 0.05) and Shannon diversity (p < 0.05) after 16 weeks of feeding than the breastfed group but did not differ from each other. Likewise, we found no significant differences by feeding group at any of the taxonomic levels at baseline in the subset of vaginally delivered infants after adjusting for multiple testing (Q < 0.1, Supplementary Table 1), while numerous taxa were significantly differentially abundant between the breastfed and either of the formula groups after 16 weeks of feeding (Q < 0.1, Supplementary Table 2). Bacteroidetes (phylum) was the only taxa that was significantly differentially abundant between the test formula and control formula groups (Q < 0.1), where it was more abundant in the control formula group after 16 weeks of feeding (Figure 3). Bacteroidetes was also more abundant in the control formula group than in the Breastfed group, whereas there was no difference between the breastfed and test formula groups.
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FIGURE 1
Box plots of MGS richness and Shannon diversity index at baseline (A) and after 16 weeks of feeding (B) in infants born by either caesarian section or vaginal delivery. Horizontal lines indicate median; box boundaries indicate the interquartile range; whiskers represent values within 1.5 × the interquartile range of the first and third quartiles. Statistics, Mann–Whitney U-test. P-values < 0.05 are shown.
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FIGURE 2
Box plots of MGS richness and Shannon diversity index at baseline in vaginal delivered infants (A,B) and after 16 weeks of feeding in infants (C,D) in the breastfed, test formula, or control formula feeding group. Horizontal lines indicate the median; box boundaries indicate the interquartile range; whiskers represent values within 1.5 × the interquartile range of the first and third quartiles. Statistics: Mann–Whitney U-test. P-values < 0.05 are shown.



[image: image]

FIGURE 3
Box plots of the relative abundance of Bacteroidetes at baseline in vaginally delivered infants (A) and after 16 weeks of feeding in infants (B) in the breastfed, test formula, or control formula-feeding group. Horizontal lines indicate the median; box boundaries indicate the interquartile range; whiskers represent values within 1.5 × the interquartile range of the first and third quartiles. Statistics: Mann–Whitney U-test. P-values are shown when Q (FDR) < 0.1.


Utilization of the HMO 2′FL by the gut microbiome requires cleaving the monosaccharide fucose from the lactose core. In the infant microbiome, this is achieved by species that express 1,2-α-fucosidase belonging to the glycosyl hydrolase family 95 (GH95) (21). There were no significant differences in the relative gene-level abundances of GH95 between any of the feeding groups after 16 weeks of feeding (Figure 4A). However, GH95 may be expressed with or without a signal peptide corresponding to, respectively, the external or internal strategy for HMO utilization (26). The addition of 2′FL to the test formula was associated with a significant increase (p = 0.0066) in the gene-level abundance of GH95 expressed without a signal peptide after 16 weeks of feeding (Figure 4B, “internal”). The control formula was associated with a significant increase (p = 0.033) in the abundance of GH95 expressed with a signal peptide compared to the breastfed group (Figure 4C, “external”).
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FIGURE 4
Box plots of the relative gene-level abundance of GH95 after 16 weeks of feeding in infants in the three feeding groups: breastfed, test formula, and control formula. Comparisons between the feeding groups were carried out for total GH95 (A), GH95 encoding a signal peptide corresponding to the external strategy (C), and GH95 which did not encode a signal peptide (B). Horizontal lines indicate the median; box boundaries indicate the interquartile range; whiskers represent values within 1.5 × the interquartile range of the first and third quartiles. Statistics: Mann–Whitney U-test. P-values < 0.05 are shown.


Fucose catabolism was evaluated in pathways first described in Bifidobacterium breve (20, 27) and was contrasted to pathways common to Clostridia and E. coli (19). There was no significant difference between the formula groups in the functional potential of the infant gut microbiome to grow on fucose, but there was a significant difference between breast-fed and control formula groups (Figure 5A). However, formula feeding was associated with a significant increase in the E. coli-associated pathway (test formula, p = 0.029; control formula, p = 0.011; Figure 5B) and a decrease, although not significant, in the Bifidobacterium-associated pathway (Figure 5C).
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FIGURE 5
Box plots of the relative abundance of MGS that carry the functional potential to grow on fucose after 16 weeks of feeding in infants in the three feeding groups: Breastfed, test formula, and control formula. Comparisons between feeding groups were carried out for the total abundance of MGS with the functional potential to grow on fucose (A), MGS carrying the pathway annotated in E. coli (B), and MGS carrying the pathway annotated in B. breve (C). Horizontal lines indicate the median; box boundaries indicate the interquartile range; whiskers represent values within 1.5 × the interquartile range of the first and third quartiles. Statistics: Mann–Whitney U-test. P-values < 0.05 are shown.


Degradation of HMOs in breastmilk requires the activity of several different enzymes, which are best characterized in Bifidobacterium (21). In Bifidobacterium, glycosyl hydrolases with known activity on HMOs belong to, in addition to GH95, GH42, GH136, GH112, GH29, GH33, GH20, and GH2 (21) and may be expressed externally or internally. The overview of the differences in the gene-level abundances of GH families between formula groups after 16 weeks of feeding are shown in Figure 6.
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FIGURE 6
HMO is associated with differential abundance of HMO utilization genes in the gut. Generalized fold change in gut microbiota gene-level abundances of glucosyl hydrolase (GH) between feeding groups at week 15. Genes were assigned as “external strategy” if they encoded a transmembrane or secretory signal peptide. Genes without a signal peptide were assigned to the group “internal strategy.” “All” includes all genes. GH families were grouped based on their affinity toward specific groups of HMOs. Statistics: Mann–Whitney U-test. P-value cutoffs: *p < 0.05, **p < 0.01, and ***p < 0.001.


A total of two GH families (GH42 and GH112) were significantly increased, while two other GH families (GH20 and GH2) were significantly decreased in the test formula groups compared to the control formula group (p < 0.05, Figure 6A). All of these were also significantly different (p < 0.05) between the breastfed and control formula groups (Figure 6B), while only one of these, GH42, was significantly different (p < 0.05) between the breastfed and test formula groups (Figure 6C). In addition, GH genes annotated to the “internal” HMO strategy were generally increased in both the breastfed and test formula groups compared to the control formula group. Conversely, GH genes annotated to the “external” HMO strategy were overall decreased in the breastfed and test formula groups compared to the control formula group. Internal GH29, which cleaves fucose from α-1,3-fucosulated HMOs, was also increased in the test formula compared to the control formula group, but not in the breastfed group. The external fucosidases annotated to GH29 were increased in the control formula compared to the test formula and breastfed groups (p < 0.05). Gene expression for type-1 HMO linkages gave the strongest differentiation between breastfed and formula-fed infants and were more apparent for metabolism within the microbes than for enzymes associated with extracellular activity. The relative abundance of GH33, directed against sialylated carbohydrates, was not much different across feeding groups. Non-specific hydrolyses GH20 and GH2 were less expressed in the BF group than in either formula groups in the external strategy, and the 2′FL group was reduced compared to the control in the external strategy as well.

We did not find any differences in microbiome gene expression as a function of maternal or infant secretor status.




Discussion

There were no notable findings in the growth data; average daily weight gain did not differ between formula groups. This absence of difference between formula groups and the slightly greater weight gain of formula-fed infants compared to that of breastfed infants are essentially mean differences calculated in a large review of similar studies (25). ITT results were consistent with per protocol results, evidence that attrition did not affect the study outcome. Similarly, there were no differences in the length of head circumference gains of the two formula groups.

We found no effect of enrollment age on weight gain of formula-fed subjects, although the range of ages was modest, that is, < 15 days, or 2–3 weeks or 3–4 weeks. There appeared to be an emerging difference in weight gain between formula-fed infants and breastfed infants when infants were enrolled after 3 weeks of age, although not in the overall sample, which is consistent with more rapid weight gain of breastfed infants than formula-fed infants in the first few weeks of life. Our data on the small modification of carbohydrate composition support enrollment at ages older than 2 weeks, which is specified by regulation 21 CFR 106.96(b)(1), although it is possible other nutrient modifications could affect growth selectively in either the first 2 weeks or between 2 and 4 weeks of life.

Safety data indicated no excess of AEs reported for the 2′FL group, which is unsurprising given previous studies on 2′FL (3, 4, 28). The greater number if AEs reported in the U.S. infants may be a cultural factor. Despite comparable training, U.S. investigators may be more likely to classify any symptom as an AE than Honduras investigators.

The microbiome results indicated 2′FL addition had a little effect on the overall taxonomic composition or diversity of the microbiome, at the same time confirming previous evidence of substantial differences between breast-fed and formula-fed infants after feeding for 16 weeks (29). Among all infants, vaginal delivery resulted in higher diversity and richness than cesarean delivery at the initial sampling, but the differences by birth manner were not significant in the diet groups for week 16 sample, indicating that our methods were sufficiently sensitive to detect physiologic effects of the birth mode (30) and subsequent feeding (29). Other studies also have reported that differences in the microbiome composition between infants born vaginally or by cesarean section are most profound within the first month of life (31, 32). The few differences in the functional potential of GMMs between the formula groups were not really surprising, given the modest taxonomical differences. Our 2′FL level was based on a mean value for human milk but might have been too low to generate many differences. The 2′FL may not produce effects at the level of richness or diversity; others have reported among infants exclusively breastfed, there is no effect on overall microbiome as a function of maternal FUT2 status (33).

We were able to show effects of 2′FL addition on the relative abundance of genes involved in carbohydrate metabolism, which has been presumed (34) but not previously demonstrated to occur in vivo. Importantly, we were able to show an increase in the gene-level abundance of α-1,2-fucosidases (GH95 family) without a signal peptide in the test formula compared to the control formula group, indicating that the addition of 2′FL to the formula may increase the functional potential of the microbiome to degrade α-1,2-fucoslyalted HMOs internally.

The significant difference between test and control groups in GH42 for the external strategy may reflect greater utilization of type 1 carbohydrates such as derived from mucin, not specifically 2′FL, such as derived from mucin. Also, the “external strategy” occurs in Bacteroidetes, which were elevated in the control group (35). The modest increase in the relative abundance of GH95 in controls compared to test or breastfed infants was observed only for the external strategy (Figure 6), which is paradoxical, as one would expect increased substrate to produce more abundant catabolic capacity. Perhaps that occurred by chance or was secondary to increased Bacteroidetes. We did not notice increased relative abundance of Clostridia (Supplementary Table 2), although others have reported this after feeding 2′FL (10). Overall, for each of the subsets of glycosyl hydrolyases (type 1, fucosylated, or sialylated carbohydrates, or for non-specific hydrolyses), the differences between breastfed and test formula infants were less pronounced than the differences between breastfed and control infants. This occurred with GOS and FOS in both formulas, supporting a specific effect of 2′FL. While the addition of 2′FL generated a pattern closer to that of breastfed infants, substantial gaps between breast-fed and formula-fed infants remain.

We had hoped to correlate 2′FL with reports of AEs including the incidence of infectious disease, but the number of AEs and number of microbiome samples were insufficient for that analysis. Barton et al. reported significant associations of FUT2 SNPs rs601338 and rs602662 with the risks of reported respiratory and diarrheal illnesses, as well as vomiting and nocturnal cough, from birth to 24 months of age in infants in a population study (36). However, neither the maternal secretor status (FUT2 gene) did not independently correlate to reduced risk of infant respiratory or GI infection nor the maternal FUT2 genotype found to be a significant predictor of infant health outcomes when the infant FUT2 genotype was included in the model. Given the evidence of enhanced gene abundance in response to dietary 2′FL, further experiments could be powered to detect 2′FL protection against infection and provide direct evidence of augmented catabolism of luminal 2′FL, particularly among infants negative for FUT2.

A limitation with the shotgun metagenomic sequencing is that the relative abundance is determined, and there could be a difference in the bacterial load among feeding groups. Although we did not detect a significant difference in the relative abundance of Bifidobacterium among formula groups, breastfed infants generally had a higher relative abundance of Bifidobacterium (Supplementary Table 2), which is in line with previous studies (37). The differences in the abundance of Bifidobacterium between formula-fed and breastfed infants may explain some differences in gene abundances between these groups. Bacteroidetes increase in response to the complementary diet (38), which is delayed in breastfed infants. Our data showing increased capacity to degrade 2′FL do not demonstrate that such degradation does in fact occur. Measuring the levels of 2′FL in the stool would allow investigating if the functional potential of the infant gut microbiome to utilize 2′FL correlates negatively with the concentration of 2′FL in stool.

In conclusion, the addition of a physiologic level of 2′FL had no effect on growth or incidence of adverse effects of formula-fed infants, adding evidence of safe use of this HMO in the infant formula. The addition of 2′FL resulted in modest changes in microbiome in the direction of breastfed infants, consistent with more metabolic capability of HMOs by Bifidobacterium.
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Footnotes

1     We have capitalized Breastfed when referring to the study group; and lower case when referring to infant feeding in general.
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Kelp powder, supplemented with a dairy cow diet, effectively improved the milk polyunsaturated fatty acids (PUFAs) content. However, little information exists on the downstream effects of the kelp-treated milk on body health, gut microbiota, and nutrient metabolism. For this purpose, 48 3-week old Kunming (KM) male mice with an average body weight of 16.1 g ± 0.2 g were randomly divided into the control treatment (CON, fed with standard chow), the common milk supplement treatment (Milk), and the kelp powder-treated milk supplement treatment (KPM). The experiment lasted for 35 days, with a 7-day long adaptive period and a 28-day long main trial. Phenotypic parameters including growth performances and serum lipids-related parameters were first measured, and results indicated that Milk and KPM supplement significantly promoted the total body weight gain (P < 0.05), while significantly decreasing the feed conversion ratio compared with CON (P < 0.05). No significant differences were observed in the blood lipids content among all three treatments, however, the triglyceride content showed a decreasing trend after KPM supplement treatment. Further, activities of liver lipometabolic-related enzymes were investigated to determine the underlying factors that impacted physiological lipid metabolism. KPM treatment showed a significant reductive effect on the activity of lipogenesis-related enzymes, such as FAS and ACC, while a significant stimulative effect on the activity of lipolysis-related enzymes included the ATGL and CPT1 compared with CON (P < 0.05). Finally, gastrointestinal tract development and cecal microbiota community that correlated with body lipid degradation and absorption were measured to determine the underlying mechanism of KPM supplementation on physiological lipid metabolism. Results indicated that supplementation with KPM significantly enhanced cecal bacteria diversity which was reflected in the significant increase of Chao1 and ACE indexes. Besides, starch-degraded bacteria such as Faecalibacterium, Ruminococcaceae, and Streptococcus are significant decreased (P < 0.05), while cellulose-degraded bacteria including Parabacteroides, Prevotella, Lactobacillus, Clostridium, and Bifidobacterium are significantly increased (P < 0.05) after KPM supplement, which may further restrict the energy generation and therefore reduce the lipid deposition. In summary, kelp supplement helped increase the milk PUFAs content, enhance the bacterial diversity and relative abundances of probiotics, which finally modulated physiological lipid metabolism, and promote growth performances.
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Introduction

Dairy milk provided humans with broad essential nutrients (proteins and essential fatty acids) and bioactive ingredients (polyunsaturated fatty acids and lactoferrin), which functionally enhanced physiological immunity, proliferated intestinal flora, lowered serum cholesterol, alleviated antioxidation, and promoted the body's health (1–3). Milk fat content needs to be specially pointed out for not only the impacts on flavor (4) but also the potential health-promoting effects because of the content of essential fatty acids (EFAs), including the monounsaturated (MUFA) and the polyunsaturated fatty acids (PUFA, especially n-3 polyunsaturated fatty acids) (5–7).

Highly purified omega-3 PUFAs generally showed an effective regulatory effect on a certain number of genes and enzymes enriched in carbohydrate metabolism, energy provision, and body obesity (8). Increment in PUFA content also helps promoting the development of the intestinal tract and further significantly increasing nutrient utilization (9). Moreover, PUFAs functionally attenuated inflammatory bowel disease (IBD) through regulatory effects on gut bacterial diversity, which included the effective proliferation of probiotics, such as Bifidobacterium (10–12). However, PUFAs in mammals are less efficiently synthesized due to restrictions of certain essential factors including precursors preparation, fatty acids construction, α-linolenic acid (ALA, C18:3), and several elongations and desaturation chemical reactions (13). Fortunately, increasing potency of PUFA content could be achieved by dietary management such as supplementation with marine organisms.

Marine organisms, such as microalgae, seaweeds, and kelp have been proved of PUFAs abundance and could be further directly absorbed by the mammary gland (14, 15) or efficiently triggered the activity of de novo PUFAs synthesis, which finally significantly enhanced the milk PUFAs content (16). However, not much is known about the follow-up benefits of kelp-treated milk on gut microbiota, nutrient metabolism, and physiological body health. Therefore, in the present study, kelp-treated milk was supplemented into mice straw to investigate the regulatory effects on gut microbiota and physiological nutrient metabolism. We hypothesized that supplementary of proper amount of kelp-treated milk could work as PUFAs to help promote the growth performances through modulation of the physiological lipid metabolism and proliferation of the relative abundances of probiotics.



Materials and methods

Animal care and procedures followed The Chinese Guidelines for Animal Welfare, which was approved by the Animal Care and Use Committee of Jiangxi Agricultural University, with the approval number JXAULL-20220226.


Milk sources acquirement

The milk used in the present treatment was acquired from the mix of 12 Chinese Holstein lactating dairy cows [609 ± 17.9 kg BW; 170 ± 18 DIM, milk yield (25 ± 1.3 kg/day)]. Six of which received a 28-day long control diet (CON), while the rest were treated with kelp powder replacing diet (Kelp), respectively. Dietary formation and kelp supplementary methods were stated in our previous study (16). To be simply stated, the kelp powder (brown algae, purity 100%) was purchased from Xiamen Huison Biotech Co., Ltd, Xiamen, Fujian Province, China (http://www.chinahuison.com/). Kelp was used partly to replace corn silage and oat hay which resulted in kelp content coming to 5% [dry matter (DM) basis]. The diets were formulated according to NRC (2001) to meet or exceed the energy and protein requirements of Holstein dairy cows yielding 25 kg of milk/day with 3.5% milk fat and 3.0% true protein. Details of ingredient analysis and chemical composition of diets were shown in Supplementary Table 1.

Milk samples were acquired during the morning milking process at about 08:00 through milking facilities (90 Side-by-Side Parallel Stall Construction, Afimilk, Israel) every day. Milk from each treatment was mixed well, and stored in 100-mL vials in ice boxes before offering to mice. Milk quality of each treatment was measured on the last consecutive 3 days including milk protein, milk fat, somatic cell count (SCC), and colony forming unit (CFU). Milk quality measurement results are shown in Table 1.


TABLE 1 Measurement of the milk quality and milk fatty acids composition of both common milk and kelp-treated milk.
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Animals and experimental design

A total of 48 3-week old Kunming (KM) male mice with an average body weight of 16.1 g ± 0.2 g were acquired from Hunan SJA Laboratory Animal Co., Ltd (Changsha, Hunan province, China) http://www.hnsja.com/index.html. All mice were randomly divided into the control treatment (CON, feed with standard chow), the common milk supplement treatment (Milk), and the kelp powder treated milk (KPM). Ingredients and the nutritional levels of the standard chow are listed in Table 2. Each treatment contained eight repeats, with two mice in each repeat. All animals were housed in stand cages (n = 2 mice per cage) in the same room, exposed to the environment with 22 ± 2.0°C of temperature, 45 ± 5.0% of humidity, and 12 h light/dark cycle lighting program. Mice were acclimatized for 1 week before the 28-days-long main experiment commenced, and given free access to standard chow and water.


TABLE 2 Ingredients and chemical composition of the basal diet (dry matter basis).
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Parameters measurement
 
Growth performance

Body weight gain (BWG) and feed intake (FI) were calculated through the discrepancy between the initial supply and the end residue and further displayed as the average of replicates. Feed conversion ratio (FCR) was calculated by the following equation of FI/BWG.




Serum lipids-related parameters and antioxidant capacity measurement

At the end of the study, one mouse of each repeat was selected for blood collection through the orbital venous plexus method (17). Serum was separated through coagulation at room temperature for 30 min and centrifuged at 3,000 g for 10 min. All samples were then stored at −20°C until the analysis.

Serum lipids-related parameters included cholesterol, triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL), which were determined by kits detection methods. All the assay kits were acquired from the Nanjing Jiancheng Biotech Company (Nanjing, Jiangsu Province, China http://www.njjcbio.com). All measurements were operated through the AU5421 Automatic Biochemistry Analyzer (BackmanKelt, USA) at the First Affiliated Hospital of Nanchang University.

Further, blood antioxidant parameters which included Superoxide Dismutase (SOD), glutathione peroxidase (GSH-px), and malondialdehyde (MDA) were measured by kits detection methods to determine the effects of KPM supplementation on the antioxidant capacity of mice. The kits used were also acquired from the Nanjing Jiancheng Biotech Company and operated through the AU5421 Automatic Biochemistry Analyzer (BackmanKelt, USA) at the First Affiliated Hospital of Nanchang University.



Activities of liver lipometabolic-related enzymes measurement

The mice that were used for blood collection were selected and fasted for 16 h, anesthetized, and humanely sacrificed. Liver samples of each mouse were then acquired and rapidly frozen with liquid nitrogen and stored at −80°C for further enzymatic activity analysis.

Activities of fatty acids synthetase (FAS), acetyl-CoA carboxylase (ACC), lipoprotein esterase (LPL), adipose triglyceride lipase (ATGL), glycerol-3-phosphate acyltransferases (GPAT), and carnitine palmitoyltransferase 1 (CPT1) were determined through the ELISA method which was detailed in our previous study (18). Simply stated, all kits used were acquired from the Nanjing Jiancheng Bioengineering Co., Ltd. (Nanjing, Jiangsu Province, China, http://www.njjcbio.com). To be simply stated, 0.1 g of liver tissue was separated according to the manufacturer's instructions for each enzyme measurement procedure. Liver tissue was mixed with the tissue diluent (five times the volume of the tissue) into homogenate and then centrifuged at 4°C with 3,000 rpm for about 30 min, followed by an interactive reaction with coloration liquid on ice for the chromogenic reaction for about 20 min after the supernatant was separated. UV spectrophotometer (Agilent Cary 60) was used for detecting the FAS, ACC, LPL, ATGL, GPAT, and CPT1 absorbance (19).

The activity of each enzyme was calculated using the following curve:

[image: image]

where, εn = molar extinction coefficient of the enzyme, d = optical path of the cuvette, Vt = total mixed volume, VS = sample volume, T = reaction time, ΔAR = absorbency of reaction cuvette, and ΔAB = absorbency of the blank.



Gut development

Ileum and jejunum samples of each mouse were collected for the paraffin section. Ten villuses of each intestinal segment were chosen for measuring the villus height and crypt depth in a random order to avoid bias. The ratio of villus height to crypt depth was then calculated to see the development of the intestinal wall.



Cecal microbiota

Cecal samples collected at the end of the trial after mice were sacrificed, and samples were rapidly frozen with liquid nitrogen and stored at −80°C for further 16S rRNA sequencing analysis.

The sequencing method of 16S rRNA bacterial diversity analysis has been well-stated in He et al. (20). In brief, DNA from each sample was extracted using the CTAB/SDS method followed by the measurement of DNA concentration and purity. The V4 region of the 16S rRNA gene was amplified using the universal primers 520F and 802R (F: GTGCCAGCMGCCGCGGTAA and R: GGACTACHVGGGTWTCTAAT) for the PCR amplification process. The mixture of PCR products was purified with Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing libraries were established using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) followed by an assessment of the library quality using the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system, and a sequencing process Illumina HiSeq 4000 platform (Illumina Inc., San Diego, USA). Quantitative Insights Into Microbial Ecology (QIIME, V1.7.0) quality controlling process were subsequently applied to the quality of the raw tags filtering process to obtain high-quality clean tags. Sequences with similarity >97% were assigned to the same operational taxonomic unit (OTU). GreenGene Database was used based on the SILVA classifier algorithm to annotate taxonomic information.



Statistical analysis

A normal distribution test on growth performances and serum lipids-related parameters analysis was first conducted using the SAS procedure “proc univariate data = test normal” followed by a one-way ANOVA S-N-K test to investigate the differences. Results were presented as means ± SEM. Relative abundances of cecal bacteria were first received a normal distribution test and further received differential analysis using one-way ANOVA S-N-K test of SAS 9.2 (SAS Institute Inc., Cary, NC, USA). P-value < 0.05 was considered to be significant and 0.05 ≤ P < 0.10 was considered as a tendency. Principal coordinate analysis (PCoA) for different rumen bacteria was conducted using R package version 3.3.1 (R Core Team, Vienna, Austria). Spearman correlation analysis between the bacteria communities and phenotypic parameters was assessed using the PROC CORR procedure of SAS 9.2. Meanwhile, the correlation analysis between the phenotypic parameters and different milk compositions conducted the same calculation. Then the correlation matrix was created and visualized in a heatmap format using R package version 3.3.1.




Results


Growth performances

Growth performances included body weight gain (BWG), feed intake, and feed conversion ratio (FCR) were first measured and the results are shown in Table 3. Average daily feed intake (ADFI) was measured in two ways: one directly calculated the deviation between offered and residue, while the other further added to the dry matter content of milk supplement into the deviation. Finally, body weight and total BWG were significantly increased after milk and KPM supplement (P < 0.05). Meanwhile, no significant changes were found for both feed intakes calculated with or without milk addition (P > 0.05), which indicated a significantly lower FCR after Milk and KPM supplements compared with CON (P < 0.05). No significant discrepancies were detected between Milk and KPM treatments for all growth performances (P > 0.05). However, KPM showed better BWG and FCR performances.


TABLE 3 Effects of Milk and KPM supplement on the growth performances of KM mice.
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Serum lipids content and antioxidant capacity

Serum contents related to lipid metabolism which included cholesterol, triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) are detected and shown in Table 4. Blood cholesterol, TG, HDL, and LDL showed no significant discrepancies after both common milk and KPM supplementation compared with CON (P > 0.05). However, the KPM supplement decreased the serum LDL, while it increased the HDL contents, although not significantly.


TABLE 4 Effects of Milk and KPM supplement on the blood lipid-metabolism related parameters of KM mice.
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Further, serum antioxidant parameters were measured and the results are shown in Figure 1. Common milk and KPM supplements significantly increased the content of GSH-px compared with CON (P < 0.05). Besides, KPM effectively increased the serum SOD content while decreasing the MDA content compared with CON, however, not significantly. No significant discrepancy was observed between the Milk and KPM treatments.


[image: Figure 1]
FIGURE 1
 Serum antioxidant capacity evaluation of CON, Milk, and KPM treatments. GSH-PX, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; CON, control treatment; Milk, common milk supplement treatment; KPM, Kelp powder treated milk supplement treatment. Different letters mean a significant difference was detected among treatments.




Liver lipometabolic-related enzymes

The liver lipid metabolism-related enzymes included fatty acids synthetase (FAS), acetyl-CoA carboxylase (ACC), lipoprotein esterase (LPL), adipose triglyceride lipase (ATGL), glycerol-3-phosphate acyltransferases (GPAT), and carnitine palmitoyltransferase 1 (CPT1) were selected to investigate the impacts of milk and KPM supplement of physiological lipid metabolism. Results are shown in Figures 2, 3.


[image: Figure 2]
FIGURE 2
 Effects of Milk and KPM supplement on the enzymatic activity of ACC and FAS of KM mice. FAS, fatty acids synthetase; ACC, acetyl-CoA carboxylase; CON, control treatment; Milk, common milk supplement treatment; KPM, Kelp powder treated milk supplement treatment. Different letters mean a significant difference was detected among treatments.
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FIGURE 3
 Effects of Milk and KPM supplement on the enzymatic activity of LPL, ATGL, GPAT, and CPT1 of KM mice. LPL, lipoproteinesterase, ATGL, adipose triglyceride lipase; GPAT, glycerol-3-phosphate acyltransferases; CPT1, carnitine palmitoyltransferase 1. Different letters mean a significant difference was detected among treatments.


Lipogenesis-related enzymatic activities including FAS and ACC were first investigated and shown in Figure 2. Milk and KPM supplements treated effectively decreased the activities of both FAS and ACC compared with CON (P < 0.05). No significant differences were found between Milk and KPM treatments (P > 0.05).

Lipolysis-related enzyme activities such as LPL, ATGL, GPAT, and CPT1 were subsequently detected and shown in Figure 3. Common milk and KPM supplementation significantly increased the activities of CPT1 compared with CON treatment (P < 0.05). Besides, Milk treatment significantly increased the expression of ATGL compared with CON (P < 0.05). No significant discrepancies were observed in LPL and GPAT among all the treatments (P > 0.05).



Gut development

Gut development (mainly including jejunum and ileum) related parameters including the villus height and crypt depth were measured through gut development paraffin section results are displayed in Figure 4 and Table 5. Milk and KPM treatments showed significant promoting effects on jejunum villus development and resulted in a significantly higher ratio of V/C (P < 0.05) compared with CON. However, no enhancement effects were found for ileum development (P > 0.05). No significant differences were found between Milk and KPM treatments for both jejunum and ileum development (P > 0.05).


[image: Figure 4]
FIGURE 4
 Effects of Milk and KPM supplement on the jejunum and ileum development of KM mice. (A–C) Represented the jejunum while (D–F) represented the ileum (A,D) control treatment; (B,E) common milk supplement treatment; (C,F) Kelp powder treated milk supplement treatment.



TABLE 5 Effects of Milk and KPM supplement on the gut development-related parameters of KM mice.
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Gut microbiota analysis

Gut microbiota was further investigated following the intestinal development analysis. Generally, after quality control, a total of 12 phyla, and more than 200 genera were identified, and these bacteria are shown in Supplementary Table 1. All taxonomy results are selected for further α-diversity and β-diversity analysis.


α-diversity

Alpha diversity was first used in analyzing the complexity of bacterial diversity through Chao1, Shannon, Simpson, ACE, and Observed_species indexes. Results in Table 6 showed that significant increases of Chao1 and ACE indexes after KPM supplement were acquired compared with CON (P < 0.05), while common milk supplement showed no alteration in cecal bacterial α-diversity compared with CON. No significant alterations were detected on Shannon, Simpson, and Observed_species among all three treatments (P > 0.05).


TABLE 6 Effects of Milk and KPM supplement on the α-diversity of KM mice cecal microbiota.
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β-diversity

Principal coordinates analysis (PCoA) which mainly clarified the monolithic discrepancy of bacterial profiles among all treatments proceeded. As shown in Figure 5, PCoA axes 1 and 2 accounted for 42.21 and 19.83%, respectively. Bacterial communities after both Milk and KPM treatments could be separated from those in CON through PCoA axes 1 and 2. Besides, bacterial communities in KPM treatment could be separated from those in Milk treatment as well, except for KPM6.


[image: Figure 5]
FIGURE 5
 Principal coordinate analysis (PCoA) on community structures of the gut microbiota of CON, Milk, and KPM treatments. CON, control treatment; Milk, common milk supplement treatment; KPM, Kelp powder treated milk supplement treatment.


Differential relative bacterial abundances in both phyla and genera levels were investigated, and all results are shown in Tables 7, 8. Firmicutes contributed the largest population of whole bacteria which accounted for 61% in CON, 55% in Milk, and 52.6% in KPM, respectively. Bacteroidetes and Proteobacteria occupied the 2nd and 3rd of the total microbiota. KPM and Milk supplement treatments significantly promoted the proliferation of Proteobacteria, while suppressing Firmicutes compared with CON (P < 0.05). Relative abundance of Bacteroidetes significantly increased in KPM treatment compared with CON (P < 0.05); however, no significant change was observed between Milk and CON. KPM treatment remarkably increased the relative abundance of Proteobacteria (P < 0.05). No other significant changes were found in other phyla among all three treatments.


TABLE 7 Effects of Milk and KPM supplement on the relative abundances of KM mice cecal microbiota in the level of phyla (n = 8).
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TABLE 8 Effects of Milk and KPM supplement on the relative abundances of KM mice cecal microbiota in the level of genera (n = 8).
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When referred to genera, Faecalibacterium, Parabacteroides, Prevotella, and Ruminococcaceae accounted for the top four genera of all three treatments. Compared with CON, Faecalibacterium, Ruminococcaceae, and Streptococcus are significantly decreased (P < 0.05), while Parabacteroides, Prevotella, Lactobacillus, Clostridium, and Bifidobacterium are significantly increased (P < 0.05) after both common milk and KPM supplement treatments. Besides, Phascolarctobacterium is significantly proliferated in Milk compared with the other two treatments (P < 0.05), and KPM treatment significantly increased the relative abundance of Campylobacter (P < 0.05). No significant changes were investigated in other genera (P > 0.05).




Correlation analysis between growth performances, blood lipids content, gut development, and cecal microbiota

Interactive analysis between the most abundant bacteria and production performance, carcass performance, and intestinal development parameters were conducted and the result is shown in Figure 6.


[image: Figure 6]
FIGURE 6
 Correlation analysis between abundances of cecal bacteria and mice production performances, intestinal development parameters, and blood lipids parameters on the level of genera. The red color represents a positive correlation while the blue color represents a negative correlation. “*” Means a significant correlation (|r| > 0.55, P < 0.05). FI, feed intake; BWG, body weight gain; FCR, feed conversion ratio; HDL, high-density lipoprotein; LDL, low-density lipoprotein.


Integrally, all parameters could be separated into two big clusters. One mainly consisted of FI, HDL, triglyceride, cholesterol, and FCR, which showed a positive correction with Faecalibacterium, Ruminococcaceae, Alistipes, Oscillospira, Megamonas, Coprococcus, Methanobrevibacter, and Streptococcus, while negatively correlated with Prevotella, Parabacterioides, Ruminococcus, Lactobacillus, and Bifidobacterium. The other cluster mainly consisted of LDL, Villus height, Crypt depth, and BWG, which showed a complete converse correlation with the cecal microbiota compared with the former one.

Particularly, FI and FCR were strongly positively correlated with Alistipes, Oscillospira, Megamonas, Coprococcus, and Methanobrevibacter, while the BWG showed a positive relation with Prevotella, Parabacterioides, Ruminococcus, Lactobacillus, and Helicobacter. HDL was strongly negatively correlated with Prevotella, Parabacterioides, Ruminococcus, Helicobacter, and Clostridium, while the LDL showed a complete correlation compared with HDL. Besides, LDL was significantly negatively correlated with Faecalibacterium, Ruminococcaceae, Alistipes, Oscillospira, Megamonas, Coprococcus, Methanobrevibacter, and Streptococcus. No other significant correlations were acquired between cecal microbiota and phenotypic parameters.



Relationship between growth performances, gut development, serum antioxidant capacity, and different milk composition parameters

Finally, we investigated the effects of altered milk composition on the health-related indexes such as growth performances, gut development, and serum antioxidant capacity. The results are shown in Figure 7.


[image: Figure 7]
FIGURE 7
 Relationship between growth and gut development, serum antioxidant capacity, and different milk composition parameters. The red color represents a positive correlation while the green color represents a negative correlation. “*” Means a significant correlation (|r| > 0.55, P < 0.05). FI, feed intake; BWG, body weight gain, FCR, feed conversion ratio; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids.


Similar to the correlation analysis between bacteria and phenotypic performances, milk composition could be separated into two big clusters based on the relationship with phenotypic performances. One mainly consisted of milk fat, PUFA, and MUFA, which showed a positive correlation with BWG, gut development including villus height, and serum antioxidant capacities including SOD and GSH-px, and a negative correlation with FCR, feed intake, cholesterol, and HDL contents. The other part mainly consisted of SFA and milk protein, which showed a complete converse correlation with the former one. Particularly, PUFA in this research showed a positive correlation with LDL, while a negative correlation with FCR. MUFA was positively correlated with LDL, crypt depth, and BWG. No other significant correlations were observed between milk composition and phenotypic parameters.




Discussion

Milk nowadays becomes a necessity in people's daily life, and provides the essential nutrients for body growth (21). The milk content of bioactive ingredients also benefits human (especially infants) health. Therefore, an increment of milk bioactive ingredient content could ulteriorly promote the milk's nutritional value and benefit peoples' life. In our present study, the PUFAs-increased milk was used in analyzing its effects on growth performances and lipid metabolism of mice, purposely to determine the underlying mechanism of KPM on the follow-up application in human daily life.


Effects of kelp powder-treated milk on body health and growth performances

Being frequently used as a dietary additive in promoting PUFAs content, milk PUFAs content could markedly increase with the proper amount of kelp powder supplement just as our previous study indicated (16). Considering the indiscriminate feed intake of mice in all treatments, the considerable increment of growth performance after KPM treatment might attribute to the incremental intake of PUFAs. Underlying reasons are displayed in the following three aspects.

First of all, increased ingestion of PUFAs help enhance body health. PUFAs were substantiated by hyper-bioactivities in the physiological metabolism process (22), and functionally participated in inflammation alleviation programs other than just being an energy source for body growth (23, 24). Besides, physiological antioxidant capacity was also promoted by a proper increment of PUFAs content, which was reflected by increased serum content of antioxidant substrates, such as GSH-px. The promoted body antioxidant and anti-inflammation capacities may further provide a homeostasis environment for body development and, therefore, induced the increment of body weight.

Besides, the increased body antioxidant capacity exerted positive effects on intestinal barrier functions (25), and thus enhanced gastrointestinal development. Both common milk and KPM contained a certain amount of short-chain fatty acids, especially butyrate, which were well-proved critically promoted intestinal development (9). Long-term utilization of butyrate after milk and KPM supplement helps development. Further, a health-developed gastrointestinal tract, especially the significant increase of villus height improved the contact area between feed and digestive enzymes, which subsequently increased absorption of nutrition ingredients and therefore promoted growth development.

Moreover, a health-developed gastrointestinal tract provided a better habitat environment for bacterial proliferation, which contributed to better growth performance. The gut inhabited trillions of microbiota, synergistically acted on nutrients digestion and absorption, and is modulated by diet management. Increased PUFAs of KPM effectively increased the Bacteroidetes to Firmicutes ratio and proliferated Actinobacteria and Proteobacteria, while decreasing the growth of Enterobacteria (6, 26, 27). An increase of Bacteroidetes and Proteobacteria may further help provide more SCFAs and amino acids for tissue development and, therefore, enhancing growth performances. Besides, increased PUFAs are partially metabolized by certain probiotics, such as Bifidobacteria and Lactobacilli in the distal intestine, which further helps the development of intestine, the enhancement of the absorptivity, and finally helps the increment body weight (28–31).



Effects of kelp powder-treated milk on physiological lipometabolic process

The liver lipid-metabolism-related enzymes were significantly altered after both KPM supplements compared with the control treatment. These findings of lipometabolic alterations after KPM treatment were in line with Jump (32), who indicated a remarkable lipometabolic regulatory effect existed in PUFAs-abundant substrates. Physiological lipid metabolism complicatedly proceeded throughout the whole life and functionally affected somatic functions. PUFAs in lipid metabolism exert considerable beneficial effects by upregulating the expression of genes involved in fatty acid oxidation while downregulating genes encoding proteins involved in lipid synthesis (27, 33, 34). In our study, increased PUFAs intake in KPM-treated mice significantly upregulated lipolysis-related enzymes including ATGL and CPT1, while significantly downregulated enzymes participated in lipid syntheses, such as FAS and ACC. These alterations of lipometabolic enzymes might help interpret the declined serum content of cholesterol and Triglyceride.

Apart from directly impeding the lipid synthetic process, increased PUFAs might interact with gut microbiota that are involved in nutrient degradation and energy generation processes, and further impact the lipid content in blood and tissues, both in mice and humans (35). A PUFA-rich diet generally prevented lipid accumulation because of the preservation of gut microbial diversity, especially the increase of Bacteroidetes and certain amounts of probiotics. The ratio of Firmicutes-to-Bacteroidetes (F/B) has been well-proved positively associated with obesity (36), the increase of Bacteroidetes combined with a decrease of Firmicutes help reduce the F/B ratio, which finally caused the decrease of lipid synthesis. Moreover, increased cecal probiotics content such as Bifidobacterium and Lactobacilli significantly increased nutrient digestion, which causatively lead to more small molecule substances absorbed into the physiological process and reduced the lipid accumulation of peripheral tissue (37, 38).

In summary, kelp-treated milk helped increased the milk PUFAs content, further enhancing the abundance of probiotics and modulating physiological lipid metabolism, and finally promoting growth performances.
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Iron deficiency is the most prevalent human micronutrient deficiency, disrupting the physiological development of millions of infants and children. Oral iron supplementation is used to address iron-deficiency anemia and reduce associated stunting but can promote infection risk since restriction of iron availability serves as an innate immune mechanism against invading pathogens. Raised iron availability is associated with an increase in enteric pathogens, especially Enterobacteriaceae species, accompanied by reductions in beneficial bacteria such as Bifidobacteria and lactobacilli and may skew the pattern of gut microbiota development. Since the gut microbiota is the primary driver of immune development, deviations from normal patterns of bacterial succession in early life can have long-term implications for immune functionality. There is a paucity of knowledge regarding how both iron deficiency and luminal iron availability affect gut microbiota development, or the subsequent impact on immunity, which are likely to be contributors to the increased risk of infection. Piglets are naturally iron deficient. This is largely due to their low iron endowments at birth (primarily due to large litter sizes), and their rapid growth combined with the low iron levels in sow milk. Thus, piglets consistently become iron deficient within days of birth which rapidly progresses to anemia in the absence of iron supplementation. Moreover, like humans, pigs are omnivorous and share many characteristics of human gut physiology, microbiota and immunity. In addition, their precocial nature permits early maternal separation, individual housing, and tight control of nutritional intake. Here, we highlight the advantages of piglets as valuable and highly relevant models for human infants in promoting understanding of how early iron status impacts physiological development. We also indicate how piglets offer potential to unravel the complexities of microbiota-immune responses during iron deficiency and in response to iron supplementation, and the link between these and increased risk of infectious disease.
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Introduction

Inadequate nutrition is recognized as a major factor in anomalous development during early life and has serious implications for long-term health (1–3). Iron is an essential nutrient since it acts as a key prosthetic component (e.g., for haem and iron-sulfur clusters) associated with proteins that have vital roles in a wide range of key biochemical processes such as oxygen transport, the respiratory chain and the Krebs cycle. Iron deficiency (ID), where body iron stores are becoming depleted occurs when iron requirements exceed intake. As these store become exhausted, iron deficiency anemia (IDA) develops and affects around 1.2 billion people worldwide (4, 5). IDA is defined as serum hemoglobin (Hb) levels of < 105 and < 100 g/L in 4 and 9 month old infants, respectively (6). Those at particular risk of ID are the under-fives and pregnant women from low- and middle-income countries (7). In full-term infants born to iron-sufficient mothers, transplacental delivery of iron results in high neonatal reserves, around 75 mg/kg, primarily as hemoglobin and in the form of ferritin and hemosiderin (8, 9). Following birth, excess iron, derived from hemoglobin, is immediately transferred to storage compartments and consequently, under normal conditions, iron supplied through the diet is not required during the first 4–6 months of life (10). This may partly explain why human breastmilk possesses such a low iron content (∼0.35 mg/L; bioavailability of 45–100%) (11). However, after ∼6 months, infant iron stores derived from the mother become depleted whilst the developmental demand for iron increases due to higher erythropoietic and brain activity, along with increased tissue accretion as a result of high growth rate (12, 13). Demand for iron soon exceeds that available from breast milk prompting the need for iron from complementary foods and/or supplementation (14).

Dietary iron requirements during pregnancy are significantly increased. Based on a pre-pregnancy weight of 55 kg, it is estimated that an additional 1 g of iron is required during pregnancy, equating to around 3.6 mg/day on average (15). This is due to increasingly higher demands from the fetus and placenta, and rapid expansion of the maternal vascular volume during the latter half of gestation especially (16). However, in both poor and affluent societies a large proportion of women enter pregnancy with ID or IDA (17) since around 50% of women of childbearing age in low and middle income countries are anemic, although there is significant regional variation (18). In both ID and IDA, the iron endowment that new-borns receive from their mothers is often reduced such that iron reserves are depleted well before 4–6 months (when weaning generally commences) leading to the rapid onset of IDA. Infants born to anemic or iron-deficient mothers, and those with low birth weight, begin life with reduced iron stores and are at higher risk of developing ID before 4–6 months (19, 20). Preterm infants are also at increased risk of developing ID as maternal iron transfer to the fetus mostly occurs during the final trimester (21).

Rapid erythropoiesis, inadequate dietary iron consumption and limited iron bioavailability (linked to reduced absorption following enteric infection and/or dietary inhibitors) all contribute to increased risk for ID throughout infancy and childhood. At this time, iron requirements are high due to rapid growth (22). School-age children primarily consuming unfortified cereal-based diets are at greater risk of ID owing to low dietary iron intake (23). In addition, non-haem iron, the form derived from plant sources, has lower bioavailability and is more sensitive to enhancers (e.g., ascorbic acid) and inhibitors (e.g., phytate) of iron absorption compared to haem iron, the form derived from animal sources.

The iron demands of fully functioning adult immune systems are high and consequences of ID include the inhibition of neutrophil function, reduced microbicidal ability of macrophages, reductions in T-cell numbers and thymic atrophy (24–27). However, the mechanisms underlying such effects are poorly characterized and even less is understood regarding the impact of ID on the rapidly developing immunological architecture and immune-associated cell population expansion during infancy. These are important aspects of childhood IDA since the functionality of the adult immune system is highly dependent on appropriate development in early life. This indicates that childhood IDA could have longer-term detrimental consequences on immune function, even if iron-sufficiency is subsequently achieved in adulthood. It is now recognized that even in the absence of IDA, dietary ID has adverse functional consequences and is detrimental to many areas of growth during infancy, as previously reviewed (28).

The WHO report on “Daily iron supplementation” endorses iron supplementation as a public-health intervention for infants and children aged 6–23 months across the globe, where the prevalence of anemia in this age group is high (>40%). Recommendations are for daily doses of 10–12.5 mg elemental iron for 3 consecutive months per year for infants and children aged 6–23 months, which increases to 30 mg for preschool-aged children (29). However, a recent placebo-controlled study of iron supplementation for 12 weeks in ∼8 month old Bangladeshi infants concluded that although rates of anemia were reduced, there was no effect on developmental functional outcomes, including cognitive ability (30). An important caveat to iron supplementation recommendations is in areas with endemic malaria where iron supplementation is only recommended to those infants with access to malaria-prevention strategies (30). This follows comprehensive meta-analyses which concluded that there is a possible link between iron supplementation and increased risk of mortality or hospitalization from malaria (31).



Iron deficiency and infection risk—A trade-off

Complex relationships exist between anemia and infection. ID may result in increased infection morbidity, presumably due (in part at least) to inadequate iron supply to the immune system (32). However, ID can also protect against infection (33) in both humans and animal models. Since iron is crucial for bacterial growth, in particular for pathogens such as Escherichia coli (34, 35), it follows that insufficient iron availability, achieved by nutritional immunity mechanisms in the host, is an effective strategy to limit pathogenic growth and thus reduce infection risk (36). Consistent with this, various in vitro studies have reported reduced growth of potential enteropathogens, including Campylobacter jejuni and E. coli, within iron-deprived environments (37, 38). For example, limiting iron availability resulted in reductions in E. coli abundance to 0.8% compared to 10.7% in an iron-sufficient controls. Non-nutritional factors, such as infection and inflammation, also influence iron metabolism and can cause “anemia of inflammation,” previously termed anemia of chronic disease. This response is instigated by the host to limit systemic iron availability and thus combat ongoing infection (39), and is predominantly mediated through the upregulation of hepcidin, as we have previously reviewed (25). This peptide hormone acts as a major regulator of iron homeostasis. Hepcidin is secreted primarily by hepatocytes in response to various factors including body iron stores and plasma iron levels. It controls iron absorption, recycling, and release from stores by binding to the cellular iron exporter, ferroportin, causing it to internalize, leading to iron retention within cells. This consequently limits iron availability to extra-cellular pathogens (40, 41). Hepcidin expression is also responsive to elevated inflammatory cytokines including IL-6 and IL-22 (33, 42). Therefore, anemia of inflammation is characterized by adequate or high iron stores but low serum iron (bound to the serum iron chaperone, transferrin) (42). In contrast to ID, anemia of inflammation cannot be prevented or resolved by iron supplementation and may even be intensified by increased dietary iron (40).

To mitigate the increased risk of enteric infection driven by oral iron supplementation, perhaps an alternative route of iron administration could be considered. Intravenous (IV) iron sucrose can be administered to children with ID and is especially useful for those who have failed to respond to oral iron supplementation, for example those who suffer from iron malabsorption due to short bowel syndrome or anemia of inflammation. A further advantage of this IV route is that it bypasses the hepcidin-ferroportin pathway that controls iron absorption in the gut. Such infusions can mitigate ID following 1–5 doses of between 25 and 500 mg for up to 6 months following treatment and appears to be safe, effective and well tolerated (43, 44). However, infrequent, high doses are linked with an increased risk of transferrin oversaturation, although to a lesser extent than earlier non-sucrose-based formulations (45). Although promising at this stage, most of the trials exploring IV iron administration have focused on adolescence and adult populations and it is questionable as to whether it is feasible for young infants in rural settings in Low and Middle-income countries where ID is prevalent.



Role of iron in the development of the gut microbiota

Bacterial numbers and microbiota diversity increase in relation to distance from the stomach with the largest, most diverse population residing in the colon due to relatively more favorable conditions (46). Due to the influence of several factors, including pH and the chemical form of iron present, predicting the bioavailability of iron to the microbiota for each of the various sections of the intestinal tract remains problematic. However, it is estimated that on average ∼85% of dietary iron remains unabsorbed and colonic iron concentrations are in the region of 25 mM, of which approximately 0.4 mM is in the form of readily absorbable Fe2+ (47).

The majority of gut bacteria have essential requirements for iron and thus require its availability in the gut. However, the Lactobacillaceae are considered to be iron-independent members of the gut microbiota and preferentially utilize manganese instead (48). It is likely that iron availability influences microbial succession and the developmental stability of the longer-term microbiota. Increased iron availability has also been associated with a raised risk of the presence, or virulence potential, of enteric pathogens including Salmonella typhimurium, E. coli and Enterobacteriaceae, along with reductions in more beneficial bacteria such as bifidobacteria (49–51). Gut fermentation models inoculated with fecal matter from a child and propagated under iron limited conditions (1.56 ± 0.1 mg Fe L–1) showed a relative reduction in Roseburia spp., Eubacterium rectale, Clostridium cluster IV members and Bacteroides spp. along with relative increases in Lactobacillus spp. and Enterobacteriaceae compared to iron sufficient controls (52). Similarly a recent pilot study assessed the composition of the microbiota in IDA infants and young children concluding that ID is associated with distinct microbial signatures with increased abundance of Enterobacteriacea and Veillonellaceae, and decreased Coriobacteriaceae relative to healthy non-ID controls (53). Consistent with this, several large-scale human trials using various doses for different durations (2–18 months) have, in general, reported that oral iron supplementation is associated with higher risk (1–23%) of developing diarrhea in infants (54–56). However, the outcomes of such studies have been inconsistent (57, 58), which suggests the link is complex and that perhaps other factors are at play. One theory is that the effects of iron supplementation on the risks of enteric infections are highly dependent on the composition and metabolic activity of the underlying microbiota (59), which in turn is influenced by iron availability during the earlier developmental stages. These studies largely reported compositional changes to the microbiota during ID and IDA (Figure 1). However, an important consideration is how sustained these effects may be once sufficient iron levels have been attained. A recent early-life piglet study showed that ID (rapidly progressing to IDA during the trial) reported 27 bacterial genera differences in feces following 32 days of iron restriction (from 2 day of age) compared to iron-sufficient controls. It went on to demonstrate that when both groups received oral iron supplementation (standard 180–300 mg Fe/kg of diet) in weaner mix for a further 30 days, no differences in either bacterial populations or bacterial products of fermentation (volatile fatty acids) were detected. Although normal microbial communities appeared to have been be restored following this period of ID and IDA, bacterial colonization and succession in the gut is the primary driver of immune development which occurs in a programmed and sequential manner and is largely complete by 49 days following birth (60), well before the completion of the trial. Therefore different patterns of microbial colonization driven by iron limiting conditions in the gut is highly likely to have had considerable impact on immune function in later life and could effect susceptibility to infection. In addition, this study reported findings from limited pigs (∼n = 10/treatment group). Being outbred there are considerable inter-litter and inter-individual variations and in the absence of litter-matching to accommodate this, treatment differences in gut microbiotas at 61 days resulting from earlier ID/IDA would have to have been larger than physiological differences between piglets to have been observed. In addition, the trial was completed using 2 replicate groups and we have previously demonstrated that minor environmental variations during the first day of life exerted sustained influences on both the microbiota and metabolic phenotype which were of a higher magnitude then differences linked to divergent nutrition (61). Taken together, this suggests that important questions of longer-term impacts of early-life ID and IDA on the gut microbiota, and wider development, remain unanswered.
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FIGURE 1
Changes in the gut microbiota in response to oral iron supplementation and anemia. Iron supplementation prevents iron-deficiency anemia and aids the generation of appropriate immune responses to invading pathogens. However, approximately 90% of unabsorbed iron reaches the colon where most bacteria have substantial iron requirements for growth. This excess iron results in decreased abundance of beneficial bacteria including lactobacilli and bifidobacteria and increased abundance of potential pathogens including E. coli which increase the risk of diarrhea and enteric infection. In addition, oral iron supplementation may result in the generation of reactive oxygen species (ROS) causing oxidative stress and epithelial damage (A). Abundance of potential pathogens including Bacteroides and Clostridium decrease in response to iron deficiency anemia and promote beneficial bacteria population growth (B). Hepatic cells release hepcidin in response to oral iron supplementation which internalizes the ferroportin (iron transport protein), reducing iron absorption in the duodenum (C).


Given the importance of the early microbiota for immune development (62) and susceptibility to infectious disease (63, 64), and the prevalence of global infant ID and IDA, it is perhaps surprising that early bacterial colonization and succession in the infant gut under such conditions have not been explored in more detail. Understanding the underlying mechanism, and the links with the early iron-deficient microbiota and developing immune systems could enable the development of improved approaches for reducing the burden of ID and IDA whilst avoiding the unwelcome side-effects of oral-iron supplements including epigastric comfort, nausea, vomiting (65) and the increased risk of infection. So far, studies have tended to focus directly on the response of the gut microbiota and immune development following iron supplementation in ID and IDA infants, rather than underlying mechanisms.



Iron and gut-associated immune system development

Immune systems are immature at birth and along with considerable thymic activity (66), the gut is a principal location for immune development in infants. This is because exposure to resident microbial populations (and to a lesser extent non-microbially derived ingested antigens) is the primary driver of both adaptive and innate immune-associated cell proliferation, education, and expansion. The gut microbiota is both maternally- (67) and environmentally acquired (68–70) and develops rapidly postnatally and, as highlighted above, the vast majority of these microbes have fundamental requirements for iron. The composition of the microbiota plays a key role in reducing enteric infection rates by competing for nutrients and inhibiting the colonization and proliferation of pathogenic organisms. In addition, the pattern of microbial succession in the gut is a key factor in the development of the microbiota (69–72) and variations from normal patterns of sequential colonization can alter the developmental trajectory of both the microbiota and immune system, as demonstrated by exposure to antibiotics during early life (73). Thus, luminal iron availability is likely to have major impacts on pathogen proliferation in the gut directly, through modifying the composition of resident gut microbiota population (which could promote or inhibit pathogen colonization and expansion), and also through changes in the development of immune function.

The B-cell population is one of the key players in microbiota homeostasis as it leads to abundant production of secretory immunoglobulin A (IgA), the dominant Ig in the gut, antibodies which recognize commensal bacteria (74, 75). Gut commensals, in addition to shaping B cells present in the gut, may also provide the control points to step down autoreactivity from the systemic B cell population (76). The association between gut microbiota and intestinal IgA is mutualistic, in that diverse and selective IgA production contributes to the development and stability of the gut microbiota which in turn promotes the development of regulatory T-cells supporting homeostatic IgA responses. In addition, gut bacteria influence T-cell proliferation and drive differential development of T-helper (Th) (77), T-regulatory (Treg) (78) and memory T-cell populations (79, 80). Secretary IgA is manufactured in both T-cell dependent and independent manners, therefore changes to T-cell populations can influence IgA production. Given the complex interactions between immunity and the microbiota, it follows that anemia- and oral iron-induced changes to intestinal bacterial succession in early-life have the potential to impact immune development, although mechanisms remain unclear.

Iron deficiency during later childhood (< 15 years) has been shown to significantly reduce CD4+ T-cell numbers and decrease CD4:CD8 T-cell ratios without impacting IgA, IgM or IgG levels (81). A further study in children found no reduction in CD4:CD8 T-cell ratios, IgA, or IgM levels in response to IDA, but did report significantly lower IgG levels along with reductions in systemic IL-6, and both macrophage and neutrophil phagocytic function (82). These data arise from small scale, limited and contradictory studies in children, rather than infants, and highlight the paucity of knowledge regarding the impact of ID and IDA during the crucial, early stages of immune development. However, a study of immune responses to vaccination in Tanzanian, Mozambican and Dutch children under 5 years of age reported correlations between anemia and lower frequencies of recent thymic emigrant T-cells, isotype-switched memory B-cells and plasmablasts, and showed that modulating iron bioavailability in vitro could recapitulate B-cell defects (83). However, this was in the absence of in vivo trials where the gut microbiota is likely to have been modified by luminal iron availability and therefore immune development is also likely to be affected. In summary, despite its clear importance (especially when considering the global prevalence of ID, IDA and oral iron supplementation), the relationship between anemia, oral iron supplementation, the microbiota and immune development remains relatively uncharacterized.



Chemical kinetics and absorption of iron

Dietary iron mostly occurs in the oxidized, ferric (Fe3+) form which is poorly absorbed. For iron absorption to occur, it must either undergo conversion to the ferrous (Fe2+) ionic state, or be present as haem or in nanoparticulate form (e.g., ferritin cores) (84, 85). A combination of stomach acidity and reducing agents, such as ascorbic acid and ferric reductase enzymes (including duodenal cytochrome B; DcytB) results in reduction of Fe3+ to Fe2+. Consequently, dietary non-haem iron is mainly absorbed across the duodenum and proximal jejunum in the highly soluble ferrous form via the divalent metal cation transporter 1 (DMT1, also known as NRAMP2) (86, 87). To combat poor absorption and gastrointestinal issues associated with oral iron supplementation, an innovative nano iron supplement is currently being trialed in Gambian children (age 6–35 months). Here, the iron supplement, hydroxide adipate tartrate (HAT) remains in a nano particulate form in the gut which may permit adsorption with fewer symptoms (88).

Partial absorption of dietary iron contained in food and supplements is a persistent and considerable obstacle in the treatment of ID and IDA. Typically, oral iron salt absorption varies between 2 and 13% under normal conditions but can be improved, to some extent, to between 5 and 28% if administered following fasting (89). However, a recent randomized, single-blind, crossover study in ID women demonstrated that coadministration of 15 g of galacto-oligosaccharides (GOS) or fructo-oligosaccharides (FOS) and a single 100 mg Fe tablet, labeled with 4 mg 57Fe or 58Fe, resulted in 45 and 51% increases in absorption, respectively compared to counterparts who received carbohydrate-based placebos (90). Similarly, a 4 week study in iron-sufficient adult Sprague-Dawley rats demonstrated an 8% increase in iron adsorption from standard feed when fortified (5/100 g feed) with GOS (91). The disparities in efficacy between these human and rodent trials could be linked with iron status, or species differences. Some probiotic strains have also been demonstrated to improve iron uptake, as recently reviewed by Rusu et al. (92). For example, meta-analysis of 15 studies found significant improvements in iron uptake in response to administration of Lactobacillus plantarum 299v (Lp299v), but not for other probiotic lactobacilli strains (93). The mechanism appears to be largely via probiotic-induced reduction of luminal Fe3+ to Fe2+ and thus promotion of iron uptake by enterocytes (92).

Since both GOS and FOS are established prebiotics known to selectively stimulate growth and activity of beneficial microbial strains residing in the gut (94, 95), there is potential for both to reduce the impact of increased luminal iron availability on microbial population skewing to a less beneficial phenotype. This could be especially relevant for the Lactobacillaceae which are abundant in healthy infant guts (96). This is because, as previously mentioned, they do not have requirements for iron and so are disadvantaged under iron-rich conditions. However, further research is required to determine whether such prebiotics increase iron absorption in infants and young children, and what effect GOS/FOS-iron combinations may have on the composition and metabolic activity of the gut microbiota during the critical stage of early-life development of other physiological systems. In addition to enhancing iron status, Lp299v (along with several other lactobacilli) has been shown to reduce the incidence and/or severity of a range of enteric infections, and to prevent E. coli attachment to enterocytes and the associated tight cell junction disruption in Caco-2 monolayers (97–100). Given that oral iron availability is also associated with increased enteric infection, such probiotics may also be beneficial in limiting some of the side-effects associated with oral iron supplementation.



Dietary iron negatively impacts host-pathogen competition

The universal iron supplementation policy in areas with high prevenance of ID and IDA results in the delivery of additional oral iron to significant numbers of children who are not iron deficient. This is also the case in more affluent societies where infant formula milk is consistently fortified with iron. This “additional” oral iron may ultimately result in higher quantities of luminal iron being made available to the developing gut microbiota (25). Importantly, an ex vivo study reported considerably raised growth of bacteria (including E. coli, Salmonella and Staphylococcus epidermis) in the serum of subjects receiving dietary iron supplementation (2 mg of iron/kg body weight). A strong correlation was observed between transferrin saturation and bacterial growth rates (101). This suggests that even modest levels of oral iron supplementation may contribute to bacteremia and may have implications for iron administered intravenously. Furthermore, a randomized controlled study in iron deficient and/or anemic Kenyan infants demonstrated that iron supplementation caused a deleterious shift in the gut microbial profile which included an increase in pathogenic bacterial population levels and decreases in beneficial lactobacillus and bifidobacterial numbers (59, 102). Consistent with this, a study in Swedish infants (non-anemic) demonstrated that the intake of infant formula high in iron (6.6 mg/day) was linked with a relatively lower population of bifidobacteria than counterparts consuming low iron formula (1.2 mg/day). Similarly, a reduction in the abundance of lactobacilli was observed in response to the administration of oral iron drops (6.6 mg/day) along with an increased prevalence of bacterial infection (103). Even modest levels of iron supplementation, equivalent to that received by infants in fortified formula milk (150 mg Fe/day) and substantially below levels considered toxic, was associated with significant changes in the gut microbiota in young rats. This excess iron was also associated with increased 3-hydroxybutyrate and decreased amino acids, urea and myo-inositol. These parameters were linked with adverse cognitive development quantified by memory and learning scoring using the passive avoidance test (104). Taking the above together, the results suggest that although oral iron supplementation is adequate in preventing IDA, it also causes a detrimental shift in bacterial populations which is likely to have long-term effects on microbiota and immune system development, and possibly cognitive function. Thus, there appears to be a health trade-off whereby treatment with oral iron supplements can have deleterious as well as beneficial consequences.



The piglet model of iron deficiency

A suitable animal model would be invaluable in generating mechanistic understanding of the multilateral interactions which occur between the gut microbiota, immune system and iron status. Such a model may also be instrumental in unraveling the reasons why oral iron supplementation may increase the risk of infection and thus aid the development of novel ID treatment strategies to limit such side effects. Rodent models have generated important biomedical information in this field and have several advantages over other animal species including transgenicity, rapid generation time, and accessibility of targeted reagents (105, 106). However, there are important disadvantages to using rodent models for ID which require iron-deficient diets over long periods of time, which is problematic for modeling early-life ID and IDA (107). Furthermore, mice have not adapted to adsorb haem which could limit the translational potential of some studies (107). A summary of human, pig and mouse characteristics relevant to assessing the effect of iron deficiency anemia and iron supplementation is presented in Figure 2.
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FIGURE 2
Comparison of human, pig and mouse characteristics relevant to assessing the effect of iron deficiency anemia and iron supplementation.


In contrast, in the absence of iron supplementation neonatal piglets start to become iron deficient within the first week of life. Since early-life environmental and dietary factors can have sustained impact on physiological development (73, 108), it is highly desirable that maternal influence is limited from a very young age and environmental factors are tightly controlled which is far less challenging in precocial species such as the pig; rodents are born relatively underdeveloped and are therefore highly reliant on their mothers during infancy. Consequently, the litter is often the unit which doesn’t conform to the 3Rs (replacement, reduction, and refinement) required by UK legislation, to reduce the number of animals required to generate power. In addition an outbred, rather than inbred, model better reflects the human population, We propose that the piglet model fulfills these criteria, and we provide evidence below to support this.

It is well established that omnivorous pigs are a valuable and tractable model for humans (109) as they share several key features including gastrointestinal immunology, physiology, microbiology, pathologies and dietary requirements (110–114). Full genome studies show that there are fewer difference between pigs and humans, than rodents and humans (115, 116). These factors suggest that pigs are valuable intermediates between highly reductionist, mechanistic studies in rodents, and epidemiological studies and clinical trials in humans. Pup-in-a-cup trials, where rats can be individually accommodated from 5 days of age, have been useful for assessing the impact of early nutrition on physiological development. However, precocial piglets are especially valuable models for early life since their self-sufficiency permits very early separation from their mothers and individual housing within a few hours of birth, thus limiting the maternal influence at this critical period of developmental plasticity. Comparative assessment of pig, mouse and human genomes demonstrated that structural and functional analyses of murine genes involved in immunity an inflammation shared only 10% similarity with humans for measured parameters, whereas in pigs this figure is > 80% (117, 118), Key similarities include the intra-epithelial lymphocytes, and a majority of cytotoxic suppressor T-cells and fewer TH cells (119). In pigs and humans, gut microbiotas are considerably more stable over the passage of time than in rodent models. Additionally, the intra-individual variability is reduced in mice compared to that of humans and pigs (120). Generally, the microbiota of pigs and humans also share similar diversities and dominant phyla, including Firmicutes and Bacteroides (121, 122). For these reasons, there is increased potential for determining the mechanisms underlying early microbiota-host interactions in human infants using piglet rather than rodent pup models.

As food animals, there is wide public acceptance of piglet use in research, which can be problematic for other non-rodent species such as primates, dogs and horses. Piglets are particularly prone to ID and will consistently and rapidly develop anemia if iron supplements are not provided (123, 124). Indeed, iron deficiency has been an established issue in the pig industry since the early twentieth century (125) when oral administration of iron salts, as a preventive measure, was first proposed. However, today an early intra-muscular injection of 200 mg of iron is standard husbandry practice throughout the pig industry to prevent the early onset of ID/IDA (126). Piglets are born with very low iron reserves (35–50 mg) which are only sufficient for 3–4 days since daily iron requirements range from 7 to 16 mg (127). Serum iron at day 4 after birth reduces by 5 fold in non-supplemented piglets and is barely detectable after 6 days (128). The situation is exacerbated by the rapid increase in litter size over recent years from 12 to 16 piglets (129) thus placing further iron demands on sows. Therefore, the sow-piglet dyad provides a highly useful potential model in the exploration of how manipulation of maternal feed practices and other interventions may improve iron status in offspring.

Poor efficiency of iron transfer through the placenta is an important contributing factor for the relatively low maternal iron endowment received prior to birth in both humans (130) and pigs (131). In the study by Colomer et al. (132), 156 infants were closely monitored during their first postnatal year. The risk of developing anemia was increased by 6.57-fold in infants born to mothers with anemia (<12 ng/ml) at the time of delivery. The “perfect parasite” is a phrase often used due to the misconception that the fetus is capable of procuring enough iron irrespective of the mother’s iron status. Although iron is transferred to fetal piglets during gestation, iron supplementation in sows during pregnancy leads to only limited improvements in iron status in offspring and is insufficient to combat the development of IDA in piglets (133). Similarly in anemic humans, while iron supplementation during pregnancy improves maternal iron status and may improve pregnancy outcome, including birth weight and reductions in pre-term births, brief periods of iron supplementation are unlikely to counter anemia in off-spring. Increasing the iron endowment received by infants probably requires improved maternal iron status before the pregnancy begins (134).

A further factor contributing to the development of ID in piglets is the relatively low iron content in sow milk (0.2–0.4 mg per L) (135). From this piglets can absorb ∼60–90% resulting in around 1 mg of iron per day which is insufficient to prevent ID in suckling piglets (133). This is similar to humans where breast milk contains around 0.4 mg/Lt (136). However, there is a remarkable capacity for transfer of serum iron to milk in rodents resulting in concentrations of ∼5 mg/L, sufficient to sustain off-spring iron status before weaning (137). Moreover, piglets have the highest growth rates of livestock animals typically increasing their plasma volume by 30% as well as doubling their weight in the first week of life (138) followed by a 10-fold increase from birth weight over the following 5 weeks (139). Most of the functionally active iron (60%) resides in the form of hemoglobin and the majority of the remainder is required for adequate enzymic function and the generation of myoglobin (127). Liver iron stores and sow milk together cannot meet such high iron requirement of piglets.

Although there are numerous physiological similarities between humans and pigs it is important to consider the differences in placentation and other anatomical features. In humans, placentation is haemochorial; maternal blood is in direct contact with the fetal chorion and thus transfer of passive immunity (and other maternal factors) occurs during gestation (140). However, pigs have an epitheliochorial placenta resulting in extremely limited transplacental transfer of immunoglobulins, leukocytes and various T-lymphocyte subsets during gestation (141, 142). For this reason, the neonatal piglet depends almost entirely on passive transfer from colostrum and, to a degree, subsequent milk. Another immunological difference between humans and pigs is lymph node structure. In comparison to humans, pig lymph nodes are inverted with internally placed germinal centers, a medulla located on the exterior and the afferent lymph diffusing to the periphery from the center, although the functional consequences remain unclear (143). Moreover, jejunal Peyer’s patches (JPP) and ileal Peyer’s patches (IPP) occur as multiple isolated follicles in humans, however, in pigs, IPP are continuous structures, but JPP present as isolated follicles. This may suggest functional differences but this is also unclear (144).

In conclusion, here we provide evidence promoting the piglet model as a valuable tool for the provision of novel insight into the mechanisms underlying host-microbe interactions during iron deficiency and in response to oral iron supplementation, especially during early-life. Given the global prevelance of iron deficiency-driven oral iron supplementation, there is an urgent need to identify alternatives to the current strategy (or refine those already used) since this has been correlated with increased risk of infection in already vulnerable infants and children. Exploration of this dilema using traditional model species suffers from challenging constraints that can be overcome within the piglet model.
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The gut–liver axis (GLA) plays an important role in the development of alcohol-induced liver injury. Alcohol consumption is typically associated with folic acid deficiency. However, no clear evidence has confirmed the effect of folic acid supplementation on alcohol-induced liver injury via GLA homeostasis. In this study, male C57BL/6J mice were given 56% (v/v) ethanol and 5.0 mg/kg folic acid daily by gavage for 10 weeks to investigate potential protective mechanisms of folic acid in alcohol-induced liver injury via GLA homeostasis. Histopathological and biochemical analyses showed that folic acid improved lipid deposition and inflammation in the liver caused by alcohol consumption and decreased the level of ALT, AST, TG, and LPS in serum. Folic acid inhibited the expression of the TLR4 signaling pathway and its downstream inflammatory mediators in the liver and upregulated the expression of ZO-1, claudin 1, and occludin in the intestine. But compared with the CON group, folic acid did not completely eliminate alcohol-induced intestine and liver injury. Furthermore, folic acid regulated alcohol-induced alterations in gut microbiota. In alcohol-exposed mice, the relative abundance of Bacteroidota was significantly increased, and the relative abundance of unclassified_Lachnospiraceae was significantly decreased. Folic acid supplementation significantly increased the relative abundance of Verrucomicrobia, Lachnospiraceae_NK4A136_group and Akkermansia, and decreased the relative abundance of Proteobacteria. The results of Spearman’s correlation analysis showed that serum parameters and hepatic inflammatory cytokines were significantly correlated with several bacteria, mainly including Bacteroidota, Firmicutes, and unclassified_Lachnospiraceae. In conclusion, folic acid could ameliorate alcohol-induced liver injury in mice via GLA homeostasis to some extent, providing a new idea and method for prevention of alcohol-induced liver injury.
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Introduction

Chronic alcohol ingestion can lead to more than 200 diseases, of which alcoholic liver disease (ALD) is one of the most common and serious diseases (1). ALD is a spectrum of disease ranging from asymptomatic liver steatosis to the development of alcoholic hepatitis, fibrosis, and cirrhosis (2), threatening to the health and lives of millions of people around the world every year.

The gut–liver axis (GLA) refers to the interaction between the gut and liver, which is one of the main pathways for the development and progression of ALD (3). Lipopolysaccharide (LPS), also known as endotoxin, is a key trigger of liver inflammation, which could lead to liver steatosis and inflammatory injury (4, 5). Both alcohol-mediated gut microbial dysbiosis and intestinal barrier destruction enhance the release of a large amount of LPS from the intestine into serum, which is later transported to the liver (4). Leaky LPS can be bound by toll-like receptor 4 (TLR4) (6) on the surface of liver cells, activating the downstream nuclear factor kappa-B (NF-κB) inflammatory pathway, promoting an inflammatory cascade response, inducing an overproduction of inflammatory cytokines (7), and consequently leading to inflammatory injury of the liver. Preclinical and clinical studies have shown that alcohol consumption could affect the amount and composition of gut microbiota (8), leading to dysbiosis of gut microbiota. Dysbiosis of gut microbiota could also affect intestinal barrier function and further damage the liver through microbial products such as LPS. Modulation of gut microbiota is also considered a strategy for the amelioration of ALD, aimed at preventing or delaying liver injury (9).

Folic acid, also known as vitamin B9, is a water-soluble vitamin. It is an essential nutrient and a micronutrient necessary for normal human growth and development (10). Notably, folic acid deficiency was found to be one of the most common phenomena of malnutrition in patients with alcoholism. In the United States, a study found that 80% of chronic alcoholics had low serum folic acid levels, and among these chronic alcoholics with low serum folic acid levels, 44% of them were in the severe deficiency range (11). Another study found that 40% of anemic alcoholics had low red blood cell folic acid levels (12). Previous studies pointed out that folic acid could prevent and improve non-alcoholic fatty liver disease (NAFLD) induced by exerting antioxidant and anti-inflammatory effects (13–15), and it has also been found that folic acid had potential to regulate gut microbiota (16). A few studies showed that folic acid could improve alcohol-induced liver injury by exerting antioxidant (17, 18). However, the effect of folic acid on alcohol-induced liver injury via GLA homeostasis has not been reported yet.

In this study, alcohol-exposed C57BL/6J mice were given 5.0 mg/kg folic acid for 10 weeks to investigate the effect of folic acid on alcohol-induced liver injury and its mechanism via GLA homeostasis.



Materials and methods


Animals and experimental design

A total of 24 male C57BL/6J mice (20 ± 2 g, 7 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (License number: SCXK [Jing], 2016-0006). The animals were housed in a specific pathogen-free and environmentally controlled room with constant temperature (22–25°C), humidity (50–60%), and a 12-h light/dark cycle. Animal experiments were performed according to the guidelines of the institutional animal ethics committee and were approved by the Qingdao University Laboratory Animal Welfare Ethics Committee (approval number: 20201030C572720210108044).

After 1-week acclimation period, the mice were randomly divided into three groups (eight mice per group, with no significant difference in body weight among the groups). The control group (CON) was given normal saline at 10.0 ml/kg (body weight) by gavage. The model group (MOD) was given 56% (v/v) ethanol by gavage. The folic acid intervention group (FA) was given 5.0 mg/kg folic acid (body weight) and 56% (v/v) ethanol daily. Gavage was administered daily in all the groups. All the ethanol administration groups were given 56% (v/v) ethanol at 2.5, 5.0, and 7.5 ml/kg (body weight) for the first 3 weeks to acclimatize to the stimulation of ethanol, and then given 56% (v/v) ethanol at 10.0 ml/kg (body weight) for the remaining 7 weeks. The FA group was given ethanol after folic acid intervention for 1 h (Figure 1). Folic acid (≥97% purity, molecular weight 441.40 g/mol) was obtained from Sigma-Aldrich (MO, USA).
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FIGURE 1
Schedule of the experimental protocol and drug administration of folic acid and ethanol.


At 12 h after the final gavage, the mice were killed, and blood samples were collected from the retro-orbital venous plexus. The blood samples were centrifuged at 3,000 g for 10 min at 4°C to obtain serum. The livers were immediately removed and weighed to calculate the liver index (liver index% = liver weight (g)/body weight (g) × 100%). The contents of the colon were harvested into sterile tubes to analyze the structure and composition of gut microbiota. All the samples were stored at -80°C for subsequent experiments.



Serum biochemical analysis

The levels of serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), triglyceride (TG), and total cholesterol (TC) were measured using an automatic biochemical analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan). The concentration of LPS in serum was measured with the Endpoint Chromogenic Endotoxin Detection LAL Kit.



Histopathological examination

Liver and ileum histopathology were assessed via H&E staining. The samples were fixed with 4% paraformaldehyde. After 24 h, the samples were embedded in paraffin wax. Subsequently, paraffin sections of 5 μm thickness were cut using a sliding microtome (Sakura TTM-200-NO), deparaffinized in xylene, rehydrated in an alcohol gradient, and stained with H&E. Finally, the stained sections were observed with a light microscope (Olympus BX60, Japan). The inflammation histopathological scores of liver tissues were obtained according to a semi-quantitative method, as described in a previous study (19). The average villus height, villus width, and crypt depth of ileum tissue were approximated by measuring these parameters in at least 10 well-oriented villi and crypts per section (20, 21). All measures were carried out by ImageJ software (National Institutes of Health).



Determination of hepatic inflammatory cytokines

Liver tissue was homogenized in 10% (w/v) phosphate buffer and centrifuged at 3,500 rpm at 4°C for 15 minutes. The supernatant was collected for analysis. The levels of IL-1β, IL-6, and TNF-α in liver tissue were measured using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) in accordance with the protocol provided by the manufacturer.



Western blot analysis

According to our previous methods (22, 23), the total proteins in liver and ileum tissues were extracted, and proteins were quantified using a bicinchoninic acid (BCA) Protein Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The same amounts of proteins were dissolved on polyacrylamide gels (8–10%) and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 10% non-fat milk in Tris-buffered saline/Tween (TBST) and then incubated with primary antibodies against TLR4, MyD88, IRAK1, TRAF6 (Proteintech Group, Chicago, USA), IκBα, phospho-IκBα (Santa Cruz, CA, USA), NF-κB, ZO-1, claudin 1, occludin, and β-actin (Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight. After washing with TBST, the membranes were incubated with the corresponding secondary antibodies (Bioeasy, Beijing, China) for 2 h at 37°C. In the end, the bands of proteins were visualized by the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). β-Actin served as an internal control.



DNA extraction and 16S rRNA gene sequencing

After 10-week intervention, 16S rRNA gene sequencing was performed on contents of colon samples for microbiome analysis from the CON group, MOD group, and FA group. A total of five samples were randomly selected from each group for sequencing. The sequencing methods were adopted from our previous studies (24, 25). In detail, DNA was extracted using a DNA kit (Tiangen Biotech (Beijing) Co., Ltd.) according to the manufacturer’s instructions. The DNA concentration was measured using a Qubit dsDNA HS Assay Kit and a Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, USA). The 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′ universal primer set was used to amplify the V3-V4 region. The total PCR amplicons were purified using Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) and quantified using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, USA). After the individual quantification step, amplicons were pooled in equal amounts. For the constructed library, Illumina Novaseq 6000 System (Illumina, Santiago CA, USA) was used for sequencing. According to quality of single nucleotides, raw data were primarily filtered by Trimmomatic. Identification and removal of primer sequences were processed by Cutadapt. PE reads obtained from previous steps were assembled by USEARCH, followed by chimera removal using UCHIME. High-quality reads generated from the aforementioned steps were used in the following analysis. The DADA2 method in QIIME2 was used for the denoise processing after the quality control of data. A total of 0.005% of the number of all sequences sequenced was used as the filtering threshold to filter ASVs. Alpha diversity was calculated and displayed by QIIME2 and R software, respectively. Beta diversity was determined to evaluate the degree of similarity of microbial communities from different samples using QIIME. Principal coordinate analysis (PCoA), analysis of similarities (ANOSIM), heatmaps, and unweighted pair-group method with arithmetic mean (UPGMA) were used to analyze the beta diversity. Principal coordinate analysis (PCoA) was performed by using the Bray–Curtis method. Furthermore, we employed linear discriminant analysis (LDA) effect size (LEfSe) to test the significant taxonomic difference among the groups. A logarithmic LDA score of 4.0 was set as the threshold for discriminative features. The raw data of 16S rRNA gene libraries generated during this study are publicly available at the Sequence Read Archive portal of the NCBI1 under accession number PRJNA874577.



Statistical analysis

Statistical analysis was carried out by SPSS 22.0 statistical software (SPSS, Chicago, IL, USA). The experimental data were presented as mean ± standard deviation (SD), and the comparison of multiple groups was statistically analyzed by one-way analysis of variance (ANOVA). When one-way ANOVA gives a significant result, Fisher’s LSD test was used for comparing the difference between two groups. In this study, p < 0.05 was considered statistically significant.

For gut microbiota analysis, the Kruskal–Wallis rank test was used, and p-values were adjusted for multiple comparisons using the false discovery rate. The correlations between gut microbiota and the indexes related to alcohol-induced liver injury (including serum parameters and hepatic inflammatory cytokines) were determined by using Spearman’s correlation analysis and were corrected for multiple hypothesis testing; +p < 0.05; *p < 0.01.




Results


Effects of folic acid on body weight and liver index

No obvious significant difference in body weight was found among all the groups (p > 0.05; Figure 2A). As shown in Figure 2B, the liver index was significantly higher in the MOD group than in the CON group (p < 0.05), and it was significantly lower in the FA group than in the MOD group (p < 0.05). But the liver index in the FA group was still significantly higher than in the CON group (p < 0.05).
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FIGURE 2
Effects of folic acid on general parameters of mice. (A) Body weight; (B) liver index; (C) serum ALT; (D) serum AST; (E) serum TG; (F) serum TC; (G) serum LPS; (H) liver histopathology assessed by H&E staining (400×) (n = 3/group); (I) hepatic inflammatory score. Data are presented as mean ± SD (n = 8/group). ap < 0.05 compared with the CON group; bp < 0.05 compared with the MOD group.




Effects of folic acid on serum parameters

The levels of ALT, AST, TG, and TC were significantly higher in the MOD group than in the CON group (p < 0.05). Compared with the MOD group, the levels of ALT, AST, and TG were significantly lower in the FA group (p < 0.05), but these parameters in the FA group were still significantly higher than those in the CON group (p < 0.05; Figures 2C–F).

The serum LPS level in the MOD group was significantly higher than that in the CON group (p < 0.05), and the serum level in the FA group was significantly lower than in the MOD group (p < 0.05). But the serum LPS level in the FA group was still significantly higher than that in the CON group (p < 0.05; Figure 2G).



Histopathological examination


Effects of folic acid on liver histopathology

In the CON group, the liver lobule structure was clear and complete, and hepatocytes exhibited an ordered arrangement with no evident lipid droplet aggregation and inflammatory cell infiltration. In the MOD group, the hepatic cords of the mice were disordered, and a large number of lipid droplets gathered, accompanied by inflammatory cell infiltration. Compared with the MOD group, liver cords of mice in the FA group were arranged more orderly, and the phenomenon of lipid droplet aggregation and inflammatory cell infiltration improved, but there was still a great difference compared with the CON group (Figure 2H). The results of showed that the hepatic inflammatory score in the MOD group was significantly higher than that in the CON group (p < 0.05), and the score in the FA group was significantly lower than that in the MOD group (p < 0.05) but was still significantly higher than the CON group (p < 0.05; Figure 2I).



Effects of folic acid on ileum histopathology

The ileum in the CON group was intact in structure and normal in shape. Compared with the CON group, the intestinal villi in the MOD group were disordered, broken, and shortened, the submucosa and muscularis were partially detached. Compared with the MOD group, the intestinal villi of mice in the FA group were arranged more neatly, and the villus height, fracture, and abscission of the lower layer were improved, but there was still a great difference compared with the CON group (Figure 3A). The results of villus measurement showed that the villus height, villus width, and crypt depth in the MOD group were significantly lower than those in the CON group (p < 0.05); the villus height, villus width, and crypt depth in the FA group were significantly higher than those in the MOD group (p < 0.05), but the villus height and crypt depth were still significantly lower than those in the CON group (p < 0.05; Figure 3B).
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FIGURE 3
Effects of folic acid on the ileum and the expression levels of tight junction protein. (A) Ileum histopathology assessed by H&E staining (200×); (B) measurement of villus height, height width, and crypt depth; (C) representative Western blot of ZO-1, claudin 1, and occludin protein levels relative to the expression of β-actin in the ileum. Data are presented as mean ± SD (n = 3/group). ap < 0.05 compared with the CON group; bp < 0.05 compared with the MOD group.





Effects of folic acid on the expression levels of tight junction protein in the ileum

The expression levels in the MOD group of ZO-1, claudin 1, and occludin were significantly lower than those in the CON group (p < 0.05). However, the expression levels of ZO-1, claudin 1, and occludin in the FA group were significantly higher than in those in the MOD group (p < 0.05). But the expression of these proteins in the FA group was still lower than that in the CON group (p < 0.05; Figure 3C).



Effects of folic acid on hepatic inflammatory cytokines

The levels of IL-1β, IL-6, and TNF-α in the MOD group were significantly higher than those in the CON group (p < 0.05). In the FA group, the levels of IL-1β, IL-6, and TNF-α were significantly lower than those in the MOD group, but these inflammatory cytokines were still higher than those in the CON group (p < 0.05; Figures 4A–C).
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FIGURE 4
Effects of folic acid on hepatic inflammatory cytokines and the expression levels of TLR4 signaling pathway proteins. (A) Hepatic IL-1β level; (B) hepatic IL-6 level; (C) hepatic TNF-α level; (D) representative Western blot of TLR4, MyD88, IRAK1, TRAF6, IκBα, p-IκBα, and NF-κB protein levels relative to the expression of β-actin (n = 3/group). Data are presented as mean ± SD (n = 8/group). ap < 0.05 compared with the CON group; bp < 0.05 compared with the MOD group.




Effects of folic acid on TLR4/NF-κB signaling pathway in the liver

The expression levels of TLR4, MyD88, IRAK1, TRAF6, p-IκBα, p-IκBα/IκBα, and NF-κB in the MOD group were significantly higher than those in the CON group (p < 0.05), and the expression levels of these proteins in the FA group were significantly lower than those in the MOD group (p < 0.05). But the expression levels of TLR4, MyD88, IRAK1, TRAF6, p-IκBα/IκBα, and NF-κB in the FA group were still higher than those in the CON group (p < 0.05; Figure 4D).



Effects of folic acid on gut microbiota

Long-term alcohol consumption could lead to the dysbiosis of gut microbiota. To investigate the effects of folic acid on gut microbiota in alcohol-exposed mice, 16S rRNA gene sequencing was used to analyze gut microbiota of colon contents, and the results are given in the following text.


Alpha diversity analysis

Good’s coverage index of all the groups based on ASV richness was greater than 99.99%. The index of community richness mainly includes ACE index and Chao 1 index, and the results showed that community richness in the MOD group was significantly lower than that in the CON group (p < 0.05; Figures 5A,B). The index of community diversity mainly includes Shannon index and Simpson index, and the results showed no statistical significance in community diversity among all the groups (p > 0.05; Figures 5C,D).
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FIGURE 5
Effects of folic acid on alpha diversity and beta diversity of gut microbiota. (A) ACE index; (B) Chao 1 index; (C) Shannon index; (D) Simpson index; (E) principal coordinate analysis (PCoA); (F) ANOSIM analysis; (G) heatmap; (H) unweighted pair-group method with arithmetic mean (UPGMA). Data are presented as mean ± SD (n = 5/group). ap < 0.05 compared with the CON group.




Beta diversity analysis

The principal coordinate analysis (PCoA) showed that the clusters of gut microbiota in the CON group were clearly separated from those in the MOD group, whereas the clusters in the FA group were closer to those in the CON group (Figure 5E). The analysis of similarities (ANOSIM) showed that the difference among the groups was greater than that within the groups (r = 0.522, p = 0.001; Figure 5F). The heatmap analysis and the unweighted pair-group method with arithmetic mean (UPGMA) showed that the similarity between the FA group and CON group was greater than that between the MOD group and CON group (Figures 5G,H).



Relative abundance analysis at phylum level

At the phylum level, gut microbiota mainly composed of Bacteroidota, Firmicutes, Verrucomicrobiota, Actinobacteriota, and Desulfobacterota (Figure 6A). The relative abundance of Bacteroidota in the MOD group was significantly higher than that in the CON group (p < 0.05; Figure 6C). The relative abundance of Verrucomicrobiota and Proteobacteria in the FA group was significantly higher than that in the MOD group (p < 0.05; Figures 6D,E).
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FIGURE 6
Effects of folic acid on gut microbiota composition at phylum and genus levels. (A,B) Composition of gut microbiota at phylum and genus levels; (C) relative abundance of Bacteroidota; (D) relative abundance of Verrucomicrobiota; (E) relative abundance of Proteobacteria; (F) relative abundance of Lachnospiraceae_NK4A136_group; (G) relative abundance of unclassified_Lachnospiraceae; (H) relative abundance of Akkermansia. Data are presented as mean ± SD (n = 5/group). ap < 0.05 compared with the CON group; bp < 0.05 compared with the MOD group.




Relative abundance analysis at genus level

At the genus level, top 10 genera from the different groups are shown in Figure 6B. The relative abundance of Lachnospiraceae_NK4A136_group and Akkermansia in the FA group was significantly higher than that in the MOD group (p < 0.05; Figures 6F,H), and the relative abundance of unclassified_Lachnospiraceae in the MOD group was significantly lower than that in the CON group (p < 0.05; Figure 6G).



LEfSe analysis

LDA effect size (LEfSe) analysis could be used for comparison among the groups to identify the species with significant differences. LEfSe analysis revealed that 10 ASVs at the phylum (1 ASV), class (1 ASV), order (1 ASV), family (1 ASV), genus (3 ASVs), and species (3 ASVs) showed significant differences among the groups. Among the significantly different ASVs, p_Desulfobacterota was the most abundant bacterium in the CON group; f_Prevotellaceae, g_Ileibacterium, and s_Ileibacterium_valens were the most abundant bacteria in the MOD group; and s_Bifidobacterium_animalis was the most abundant bacterium in the FA group (Figure 7).
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FIGURE 7
LEfSe analysis. (A) Histogram of LDA score distribution (LDA score > 4.0); (B) LDA effect size of key bacteria of gut microbiota (n = 5/group).





Statistical Spearman’s correlations between gut microbiota and indexes related to liver injury

The potential relationships between gut microbiota and the indexes related to alcohol-induced liver injury (including serum parameters and hepatic inflammatory cytokines) were explored by Spearman’s correlation analysis. As shown in Figure 8, Bacteroidota, Proteobacteria, and unclassified_Muribaculaceae were positively correlated with serum parameters and hepatic inflammatory cytokines, and Firmicutes, Verrucomicrobiota, Deferribacterota, Lachnospiraceae_ NK4A136_group, unclassified_Lachnospiraceae, Akkermansia, and Ligilactobacillus were negatively correlated with these indexes. Specifically, Bacteroidota was significantly positively correlated with serum parameters and hepatic inflammatory cytokines (p < 0.05); unclassified_Lachnospiraceae was significantly negatively correlated with serum ALT, LPS, hepatic IL-1β, and hepatic IL-6 (p < 0.05). Proteobacteria was significantly positively correlated with serum TC (p < 0.05), while Verrucomicrobiota, Deferribacterota, Lachnospiraceae_NK4A136_group, and Akkermansia were significantly negatively correlated with serum TC (p < 0.05). unclassified_Muribaculaceae was significantly positively correlated with hepatic IL-1β (p < 0.05), while Firmicutes and Ligilactobacillus were significantly negatively correlated with hepatic IL-1β (p < 0.05).
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FIGURE 8
Heatmap of Spearman’s correlations between gut microbiota and indexes related to alcohol-induced liver injury (including serum parameters and hepatic inflammatory cytokines). Blue denotes negative correlation, and red represents positive correlation. +p < 0.05; *p < 0.01.





Discussion

This is the first study to find that folic acid could ameliorate alcohol-induced liver injury via GLA homeostasis to some extent. Folic acid ameliorated the destruction of the intestinal barrier and the dysbiosis of gut microbiota induced by alcohol, which subsequently reduced the leakage of LPS. Then, the activation of the TLR4 signaling pathway mediated by LPS in the liver was inhibited by folic acid, and consequently, liver injury induced by alcohol was improved.

ALD is a syndrome of liver injury associated with chronic intake of alcohol, which includes a range of alcohol-induced liver injury such as alcoholic fatty liver, alcoholic hepatitis, and alcoholic cirrhosis (26). The elevation of serum ALT and AST activity, and the infiltration of lipid droplets and inflammatory cells are early biochemical and pathological changes in ALD (27). In this study, the liver tissues of the MOD group showed obvious aggregation of lipid droplets and inflammatory cell infiltration through the histopathological examination, and liver index and serum ALT, AST, TG, and TC in the MOD group were significantly higher than those in the CON group, suggesting the alcohol-induced liver injury has occurred. Alcohol consumption is typically accompanied with folic acid deficiency (28). Our previous study has demonstrated that folic acid supplementation may relieve ethanol-induced Th17/Treg disbalance by altering Foxp3 promoter methylation patterns, which suggest that folic acid may be a feasible preventive strategy for ALD (29). In this study, in the FA group, histopathological liver changes induced by alcohol were improved, and liver index and the levels of serum ALT, AST, and TG were significantly lower than those in the MOD group. However, folic acid did not completely eliminate alcohol-induced liver injury compared with the CON group. The results showed that folic acid could improve alcohol-induced liver injury to some extent.

Notably, recent studies have demonstrated that modulated perturbations of the GLA emerged as a promising therapeutic option in the progression of ALD (30). In normal conditions, a balance between the intestinal barrier and pathogenic microorganisms in the gut lumen is maintained, which prevents harmful substances such as LPS translocation from the gut (31). In ALD, gut barrier disruption induced by alcohol results in a significant increase in gut permeability and gut leakiness, and subsequently, LPS is transported into the portal bloodstream and liver. LPS binds to endotoxin receptors to activate the liver TLR4 signaling pathway and consequently leads to the inflammatory injury. It is showed that phytochemicals such as semen hoveniae extract, ursolic acid, and astaxanthin could ameliorate alcohol-induced liver injury by affecting the GLA (32, 33). However, no study has focused on the ameliorating effect of folic acid on ALD by the mechanism of the GLA.

The destruction of the intestinal barrier facilitated the transfer of LPS from gut to the liver and general circulation (34). Alcohol consumption disrupts the intestinal barrier and increases gut permeability both in patients with ALD and in experimental models of ALD (34). Our results from the histopathological examination showed that the intestinal barrier was disrupted by alcohol, including the detachment of the intestinal epithelium and the destruction of intestinal villi integrity. In the FA group, the destruction of the intestine was ameliorated. Alcohol has been reported to increase intestinal epithelial permeability, mainly due to alcohol-induced alterations in the expression of tight junction proteins (35). This study showed the expression levels of tight junction proteins, including ZO-1, claudin 1, and occludin, were decreased in response to alcohol exposure. Importantly, alcohol-induced decreases in these indexes were notably raised by folic acid. Folic acid could alleviate alcohol-induced destruction of the intestinal barrier, which is beneficial to prevent harmful substances from entering the bloodstream.

The increase in intestinal permeability leads to the leakage of LPS, which was a recognized factor in the pathogenesis of ALD (36). In acute and chronic liver diseases, elevated serum LPS levels and the presence of a large number of inflammatory cytokines could be detected (37). Higher than normal levels of LPS can activate liver macrophages and extrahepatic macrophages to overproduce inflammatory cytokines (38), which could result in hepatocellular necrosis. Previous works showed that folic acid exerted anti-inflammatory activity in mice with NAFLD (39, 40). In this study, we confirmed the anti-inflammatory property of folic acid in alcohol-exposed mice. Folic acid not only decreased the accumulation of LPS in serum but also significantly inhibited the elevation of hepatic IL-1β, IL-6, and TNF-α levels induced by alcohol. Increasing evidence showed that intestinal permeation, translation of bacterial LPS, and activation of the TLR4-dependent signaling pathway in the liver are key mechanisms in the development of ALD (41, 42). The binding of LPS to the TLR4 receptor depends on MyD88 to trigger the initiation of a series of cascade reactions that activate interleukin receptor-associated kinase 1 (IRAK1) and its downstream tumor necrosis factor receptor-associated factor 6 (TRAF6) (43). In the cytoplasm, NF-κB remains inactive by forming a complex with NF-κB inhibitor protein (IκBα). With the activation of TRAF6, IκBα was phosphorylated that leading to the dissociation of NF-κB/IκBα complex and NF-κB activation, and finally specific target genes were activated and the expression of inflammatory cytokines were promoted (44). The results of this study showed that the expression levels of TLR4, MyD88, IRAK1, TRAF6, p-IκBα, and NF-κB proteins in the FA group were significantly decreased compared with the MOD group. Folic acid could reduce the intestinal leakage of LPS and inhibit the activation of the LPS/TLR4/NF-κB signaling pathway, which demonstrated that folic acid could exert anti-inflammatory effects to ameliorate alcohol-induced liver injury.

The dysbiosis of gut microbiota can trigger inflammation of ALD by compromising the intestinal barrier and increasing translocation of bacterial products LPS to the liver (45). The modulation of gut microbiota has potential to relieving liver diseases of different etiologies (28). Therefore, we conducted 16S rRNA gene sequencing to detect and analyze the changes of gut microbiota in each group of mice. We randomly selected five samples from each group to perform sequencing analysis by referring to the published animal studies (46, 47). Diversity analysis showed that there were differences of gut microbiota among the three groups, while the similarity of composition and structure of gut microbiota between the FA group and CON group was greater than those between the MOD group and CON group. At the phylum level, Bacteroidota and Firmicutes were the two most abundant phyla in gut microbiota, which is consistent with previous studies (32, 48). It was reported that following alcohol feeding, there was an overall decrease in Firmicutes, whereas the relative abundance of Bacteroidota increased in alcohol-fed mice (49). Acute-on-chronic alcohol administration induced shifts in various bacterial phyla in the mice, including a reduction in Verrucomicrobiota (50). Consistent with these studies, we found that alcohol exposure resulted in a significant increase in the relative abundance of Bacteroidota, and folic acid significantly increased the relative abundance of Verrucomicrobiota. Furthermore, folic acid significantly decreased the relative abundance of Proteobacteria. Proteobacteria is one of the harmful bacteria, the abundance of Proteobacteria in gut microbiota of patients with inflammatory bowel disease increased significantly, and patients with hepatic steatosis were reported to have a higher abundance of Proteobacteria (51, 52). At the genus level, the relative abundance of Lachnospiraceae_NK4A136_group and Akkermansia was significantly increased in the FA group compared with the MOD group, and the relative abundance of unclassified_Lachnospiraceae was significantly decreased in the MOD group compared with the CON group. Lachnospiraceae_NK4A136_group was related to a decline in intestinal injury (53). Akkermansia is often considered beneficial because it is associated with lower levels of inflammation, and it could improve intestinal barrier function (54). In addition, Akkermansia is involved in regulating the mucus produced by goblet cells, strengthening the intestinal barrier, and supporting the metabolic function of enterocytes; its depletion might exacerbate the toxic effects of alcohol and acetaldehyde on the intestinal barrier (55). Lachnospiraceae members are short-chain fatty acid propionate producers and microbiota composition modulators in the gut (56). And the increase of unclassified_Lachnospiraceae could be a signature of positive effects (57). To identify the specific bacterial taxa after folic acid supplementation, LEfSe analysis was conducted, with a threshold of 4.0 as the log LDA fraction of the distinguishing feature. The results showed that the relative abundance of Prevotellaceae and Ileibacterium was significantly higher in the MOD group than in other groups. Similar results have been observed in population studies, and a significant increase was found in the relative abundance of Prevotellaceae in microbiota of patients with alcohol-use disorders compared with healthy individuals (58). Another study pointed out that LPS biosynthesis may be associated with Prevotellaceae abundance (59). A previous studies on NAFLD showed an increased relative abundance of intestinal microbial pathogenic bacteria in mice, including Ileibacterium, Turicibacter, and Faecalibaculum (60). The relative abundance of s_Bifidobacterium_animalis was significantly higher in the FA group than in other groups. Bifidobacterium is a common probiotic that plays a vital role in the intestinal tract. Among a large number of bifidobacterial taxa, just a few, which include Bifidobacterium_animalis, have been exploited as health-promoting bacteria. In particular, Bifidobacterium_animalis strains have been extensively used as active ingredients in a variety of functional food species (61).

To further explore the potential relationship between gut microbiota and liver injury in alcohol-exposed mice, we performed correlation analysis between the relative abundance of gut microbiota and liver injury-related indexes. The results showed that Bacteroidota, Proteobacteria, and uncultured_bacterium_f_Muribaculaceae were significantly positively correlated with serum parameters and hepatic inflammatory cytokines, while Firmicutes, Verrucomicrobia, Deferribacterota, Lachnospiraceae_NK4A136_group, uncultured_bacterium_f_Lachnospiraceae, Akkermansia, and Ligilactobacillus were negatively correlation with them. Collectively, these results suggested that folic acid may ameliorate alcohol-induced liver injury by selectively promoting the relative abundance of specific beneficial microbiota and inhibiting the relative abundance of harmful microbiota. In this study, we did not perform gut microbiota sequencing and correlation analysis on all samples, which is a limitation for the study. The sequencing and correlation analysis may provide a high convincing result based on the larger sample size, and we will pay attention to this issue in our future studies.



Conclusion

Folic acid could regulate gut microecological dysbiosis, relieve intestinal barrier destruction, and inhibit the LPS-mediated activation of the TLR4/NF-κB signaling pathway, which, in turn, could ameliorate alcohol-induced liver injury to some extent (Figure 9). This is the first study demonstrating that the ameliorative effects of folic acid of alcohol-induced liver injury were probably associated with modulating the perturbations of the GLA in mice, which may serve as an excellent candidate for ALD prevention and uncover the underlying mechanisms involved.


[image: image]

FIGURE 9
Folic acid ameliorates alcohol-induced liver injury via gut–liver axis (GLA) homeostasis, mainly including the improvement of the intestinal barrier, regulation of gut microbiota, and inhibition of liver inflammation.
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Selenium-containing polysaccharide from Spirulina platensis (Se-SPP) has been demonstrated to help in inhibiting cadmium-induced injury in mice, but the underlying mechanism has not been determined. This study aimed to investigate the beneficial effects of Se-SPP on alleviating Cd-induced toxicity in mice by targeting liver inflammatory and gut microbiota. Se-SPP supplementation for 28 days in Cd-induced toxic mice significantly mitigated liver pathological damage and inflammation, which was correlated to the upregulation of antioxidant enzyme activity. Furthermore, Se-SPP effectively restored Cd-induced disruption of the intestinal barrier compared to model group, as indicated by the depletion of Muribaculaceae and the enrichment of Ruminococcaceae. Spearman's correlation analysis revealed that the Se-SPP-altered microbes were highly correlated with inflammation-related indexes in Cd-induced toxic mice. Noteworthily, the modulation of Se-SPP on the Ruminococcaceae population contributed to the improvement of Cd-induced inflammation-related diseases by downregulating the tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) in the liver. These findings suggested that Se-SPP may act as prebiotics for ameliorating Cd-induced toxicity in mice by inhibiting liver inflammation mediated by gut microbiota, and target-specific microbiota of Cd-induced inflammation-related diseases deserve further attention.

KEYWORDS
 gut microbiota, liver inflammation, Cd-induced toxicity, selenium polysaccharide, Spirulina platensis


Introduction

As environment pollution worsens, cadmium (Cd), a toxic heavy metal widely used in agriculture and industry, has been one of the most common environmental pollutants threatening public health (1, 2). Cd is present in abundance in water, soil, and crops and enters the human body mainly through the food chain. Given its long half-life and strong molecular toxic effects, it easily accumulates in living organisms, resulting in a broad range of adverse health effects in humans and animals (3). The World Health Organization (WHO) has listed Cd as the priority food contaminant for research (4, 5). The liver plays an important role in detoxification in living organisms, so it is the main target organ which is most affected by Cd through all exposure patterns. The degree of hepatotoxicity depends on the amount and duration of Cd exposure (6). Cd causes free radicals and reactive oxygen species (ROS) to induce oxidative stress after entering hepatocytes through the transport system, and then excessive intracellular ROS is attributed to cellular inflammation, apoptosis, and necrosis, which may be one of the main mechanisms of Cd-induced hepatoxicity (7, 8). Due to the advantages of high bioavailability and minimal toxicity, natural functional products have gradually become major research objects for the elimination of hepatoxicity associated with Cd exposure (2). As a novel type of functional polysaccharides, selenium polysaccharides possess noticeable antioxidant activity depending on its free radical scavenging ability. Simultaneously, studies have proven that selenium polysaccharides possess hepatoprotective activity for repairing various liver damage caused by oxidative stress (9).

The gut microbiota plays a key role in maintaining intestinal barrier integrity (10). The intestinal barrier is essential to limit the absorption of cadmium, and the disruption of it exacerbates the absorption of cadmium (11). With increasing attention to the gut–liver axis, a number of studies have revealed that gut microbiota is involved in the mechanisms of regulating liver damage. The bidirectional relationship between gut microbiota and the liver leads to an inseparable relationship between the health of the liver and intestines (12). Degradation of polysaccharides in the intestines has an effect on the gut microbiota and short-chain fatty acid (SCFA) productivity. Recently, various natural polysaccharides have been certified to protect host health by modulating the gut microbiota (13–15). Wu et al. investigated the anti-inflammatory effect of Cyclocarya paliurus polysaccharides (CP) on CCl4-induced mice, suggesting that CP ameliorated liver inflammation in mice by regulating the gut microbiota composition and increasing the concentration of SCFAs (16). However, there is no report on either the effects of selenium-containing polysaccharides on the gut microbiota, or the influence of selenium-containing polysaccharides on Cd-induced changes in the gut–liver axis. Our previous work demonstrated that a one-time gavage of 6.5 mg/kg body weight of cadmium chloride resulted in liver injury, and selenium-containing polysaccharides from Spirulina platensis (Se-SPP) treatment provided significant protection against Cd-induced toxicity, but its underlying mechanism has not been studied yet. We hypothesized that Se-SPP alleviated liver inflammation in Cd-induced toxic mice via the regulation of gut microbiota. Thus, this study aimed to investigate the beneficial effects of Se-SPP on alleviating Cd-induced toxicity in mice by targeting liver inflammatory and gut microbiota. In addition, the correlation between the gut microbiota and liver inflammation parameters was analyzed.



Materials and methods


Reagents and materials

The selenium-containing Spirulina platensis was cultivated and collected in Beihai, China, and the preparation and characterization of Se-SPP was carried out as previously reported (17). Cadmium chloride (CdCl2) were purchased from Macklin (Shanghai, China). Mouse TNF-α, IL-1β, IFN-γ, and IL-10 ELISA kits were purchased from Bioswamp (Wuhan, China). SOD, CAT, GSH, and MDA assay kits were purchased from Nanjing Jiancheng Biotechnology (Nanjing, China). All the other reagents used in the present study were of analytical grade.



Experimental design

Totally, 32 healthy male C57BL/6J mice (age 7–8 weeks; weight 16–18 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing China). All animal testing procedures were approved by the Animal Ethics Committee of the Guangxi Institute of Chinese Medicine & Pharmaceutical Science (No. 2020110202). All mice were housed under standard laboratory conditions (constant temperature 23 ± 1 °C, humidity 60 ± 2 % and 12-h light/dark cycle) and acclimatized for 7 days prior to experiments. In each cage, four mice were housed, with distilled water and normal diet (Beijing Keao Xieli Feed Co., Ltd.) provided ad libitum.

All healthy male C57BL/6J mice were randomly assigned into four groups: normal control (NC), model control (MC), positive control (PC, Na2SeO3: 0.1mg/kg/day), and Se-SPP (100 mg/kg/day) groups, with eight mice in each group. In this study, CdCl2 was utilized to establish Cd-induced toxic mice models (18), and Na2SeO3 was used as the positive drug. The animal experiment was conducted according to previous methods with some modifications (19, 20). Except to the NC group, other groups were intervened with CdCl2 (7.5 mg/kg/day) by gavage for 2 weeks. Meanwhile, after 1-h Cd exposure, the PC and Se-SPP groups were, respectively, administered with tested drugs throughout the experimental period, as mentioned earlier; the NC and MC groups were gavage-administered an equivalent quantity of distilled water in accordance with body weight (0.1 mL/10 g weight). The dosage of Na2SeO3 and Se-SPP was determined by pre-experiments.

After 28 days of treatment, all mice were fasted overnight and then euthanized. The whole blood samples were obtained and centrifuged at 3,500 × g for 15 min at 4 °C. The serum samples were stored at −80 °C for the determination of hepatic function biomarkers. The liver and intestinal tissues were excised and processed for the further assays. In addition, fresh feces of mice were collected in sterile tubes and also stored at −80 °C for gut microbiota analysis.



Biochemical analysis and cytokine measurements
 
Determination of liver coefficient in mice

The final body weight of animals from each of the four groups were recorded before being killed. After killing, the liver tissues were rapidly removed from the abdominal cavity and weighed, and the liver coefficient was calculated according to the following formula (21).

[image: image]
 

Determination of hepatic apoptosis in mice

The paraformaldehyde-fixed and paraffin-embedded liver sections were subjected to terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assays using a commercial TUNEL staining kit (Beyotime, Shanghai, China) according to the manufacturer's instruction. The stained sections were observed under an inverted microscope (eVOS, Thermo Fisher Scientific, USA) at × 20 magnification. The TUNEL-positive cells were quantified by counting the number of apoptotic cells in five randomly selected fields from each liver tissue section. Data were expressed as percentages of TUNEL-positive areas (22).



Determination of hepatic function biomarkers in serum

Blood samples were collected by extirpating the eyeballs and centrifuged at 3,500 × g for 15 min, 4 °C [Universal 320R, Hettich Zentrifugen, Germany) to obtain serum, of which the levels of hepatic function biomarkers (alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), total bilirubin (T-Bil), and lactate dehydrogenase (LDH)] were measured using commercial kits (Mindray Bio-Medical Electronics Co., Ltd, Shenzhen, China) according to manual instructions (23).



Determination of the hepatic inflammatory markers in mice

The fresh liver tissues were homogenized in ice-cold PBS (pH 7.4) and then centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatants were obtained for further biochemical analysis (24). The levels of tumor necrosis factor (TNF-α), interleukin-1 beta (IL-1β), interferon-γ (IFN-γ), and interleukin-10 (IL-10) were determined using enzyme-linked immunosorbent assay (ELISA) kits (Cat. Number: 202103, Bioswamp) according to the manufacturer's instructions using an ELISA reader (AMR-100, Aosheng, China) (25).



Determination of the hepatic antioxidant enzyme contents in mice

The levels of superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and malondialdehyde (MDA) were measured using the commercial assay kits as per manufacturer's instructions (Jiancheng Bioengineering Institute, Nanjing, China) (26, 27).




Histological evaluation

The tissues were excised, fixed immediately in 4% paraformaldehyde solution for 24 h, and then embedded in paraffin. Sections of 5 μm thickness were stained with hematoxylin and eosin (H&E). The tissue pathological changes of C57BL/6J mice were observed by light microscopy (eVOS, Thermo Fisher Scientific, USA) at × 20 magnification. Totally, three fields of vision in each sample were collected at random (14).



Western blot analysis

Western blot was carried out as previously mentioned (28). Claudin-4 antibody was purchased from Thermo Fisher Scientific (USA). Tight junction protein 1 (ZO-1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were purchased from Bioswamp (Wuhan, China). All antibodies were diluted at 1:1000 in 4% BSA/PBS. The band intensity was measured by a TANON GIS system (Shanghai, China). Protein expression was estimated through band intensity quantitation and normalized by GAPDH.



Gut microbiota analysis

An E.Z.N.A.® Stool DNA Kit (Omega, USA) was utilized to extract total bacterial DNA from fecal samples according to the manufacturer's instructions. The V3-V4 regions of 16S rDNA of bacterial DNA were amplified with specific primers (341F and 805R). The amplified products were purified with 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 using an Agilent 2100 Bioanalyzer (Agilent, USA) and the Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. The samples were sequenced on an Illumina NovaSeq PE250 platform according to the manufacturer's recommendations, provided by LC-Bio Technology Company (Hangzhou, Zhejiang, China). Microbiota sequencing data were deposited in the Genome Sequence Archive in National Genomics Data Center (GSA: CRA008374) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa. Paired-end reads were merged using FLASH. Quality filtering on the raw reads were performed under specific filtering conditions to obtain the high-quality clean tags according to fqtrim (v0.94). Chimeric sequences were filtered using VSEARCH software (v2.3.4). After dereplication using DADA2, feature table and feature sequence were obtained. Feature abundance was normalized using the relative abundance of each sample through SILVA (release 132) classifier. β-Diversity was calculated by QIIME2, and the related graphs were drawn by R package. Blast was used for sequence alignment, and the feature sequences were annotated using SILVA database for each representative sequence. Other diagrams were drawn using the R package (v3.5.2).



Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0.2 statistical software, and the data are expressed as mean ± standard deviation (SD). All data were subjected to one-way ANOVA, where p < 0.05 was considered statistically significant. Spearman's rho nonparametric correlations between the antioxidant-related indexes and inflammatory factors and between the gut microbiota and inflammatory factors were determined using the R package (v3.6.3).




Results


Se-SPP alleviates Cd-induced liver injury in mice

The effect of Se-SPP on the liver coefficient of Cd-induced toxic mice is shown in Figure 1A. The liver coefficient in the MC group revealed an obvious decrease compared to the NC group (p < 0.001). After treatment, the liver coefficient was not significantly different between the MC and PC groups, while the liver coefficient in the Se-SPP group was significantly increased compared with that of the MC group (p < 0.05).
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FIGURE 1
 Se-SPP alleviates Cd-induced liver injury in mice. Liver coefficient (A). Images of H&E-stained liver [(B), 20×], karyopyknosis (arrow), punctate necrosis (circle), and inflammatory cell infiltration (rectangle). The TUNEL staining of hepatic cells (C,D) and serum T-Bil, ALT, AST, ALP, and LDH levels (E–I). ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; T-Bil, total bilirubin; NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. Data are expressed as mean ± SEM (n = 6). Graph bars marked with ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, when comparing with MC, #p < 0.05, ##p < 0.01, ###p < 0.001 when comparing PC with Se-SPP.


Histopathological examination directly reflected the pathological condition of liver tissue in the mice. The pathological sections in the liver of each group were observed under a × 20 microscope, as shown in Figure 1B. The liver tissues in the NC group showed a normal hepatic architecture with normal hepatic lobular pattern. However, CdCl2 treatments caused apparent pathological changes. The hepatic tissues in the MC group exhibited inflammatory cell infiltration, hepatocytes, karyopyknosis, and disordered hepatic cord. Both therapy groups indicated minor lesions compared with the MC group. The hepatic cords of PC and Se-SPP groups were arranged in order, and the percentage of hepatic cells with karyopyknosis significantly decreased. Likewise, a small number of erythrocytes was found in the hepatic sinus and central veins. In addition to the aforementioned symptoms, punctate necrosis was observed in the liver of the PC group.

The apoptotic nuclei stained brown through TUNEL staining and then detected (Figures 1C,D). The NC group presented few apoptotic hepatic cells. However, the percentage of TUNEL-positive cells in the liver expressed the proportion of hepatic apoptotic cells after CdCl2 treatment. The number of apoptotic hepatic cells in the MC group was noticeably increased when compared with the NC group, the difference was statistically significant (p < 0.001). The degree of apoptosis between the PC group and MC group was not statistically different (p > 0.05). By contrast, after the administration of Se-SPP, the number of apoptotic cells apparently decreased (p < 0.001) compared with the MC group.

To investigate the protective effect of Se-SPP on liver function in the Cd-induced model mice, the levels of the biochemical indicators of liver function in serum samples (T-Bil, ALT, AST, ALP, and LDH) were determined. As shown in Figures 1E–I, the levels of all the five biochemical indicators of liver function in the MC group were significantly higher than those in the NC group (p < 0.05 for ALT and AST, p < 0.01 for ALP T-Bil and LDH). By contrast, AST, T-Bil, and LDH levels of Na2SeO3-treated mice exhibited an apparent decrease compared with the MC group (p < 0.05 for LDH, p < 0.01 for AST and T-Bil). However, the contents of serum ALT, AST, ALP, T-Bil, and LDH downregulated dramatically via the intake of Se-SPP (p < 0.01 for AST, ALP, and T-Bil, p < 0.001 for ALT and LDH).



Se-SPP alleviates Cd-induced liver inflammation in mice

The liver inflammatory responses were evaluated by the levels of TNF-α, IL-1β, IFN-γ, and IL-10 in liver tissues using ELISA. As shown in Figures 2A–D, the levels of pro-inflammatory cytokines of hepatic TNF-α, IL-1β, and IFN-γ in the MC group were remarkably increased (p < 0.001) compared to those in the NC group, while the content of anti-inflammatory cytokine IL-10 was significantly decreased (p < 0.001). However, administration of mice with Na2SeO3 or Se-SPP was found to obviously suppress (p < 0.001) the levels of TNF-α, IL-1β, and IFN-γ but to elevate the level of IL-10 when compared to the MC group. There was no difference in the four inflammatory cytokine levels between the PC and Se-SPP groups (p > 0.05).
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FIGURE 2
 Se-SPP alleviates Cd-induced liver inflammation in mice. Liver TNF-α, IL-1β, IFN-γ, and IL-10 levels (A–D); liver GSH-Px, SOD, CAT, and MDA levels (E–H); and correlation analysis between the inflammatory-related factors and antioxidant indexes (I). NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. TNF-α, tumor necrosis factor; IL-1β, interleukin-1 beta; IFN-γ, interferon-γ; IL-10, interleukin-10; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde. Data are expressed as mean ± SEM (n = 6). Graph bars marked with ns: not significant,*p < 0.05, **p < 0.01, ***p < 0.001 when compared with MC; #p < 0.05, ##p < 0.01, ###p < 0.001 when comparing PC with Se-SPP. The colors range from red (positive correlation) to dark blue (negative correlation), and significant correlations are marked with *p < 0.05, **p < 0.01, ***p < 0.001.


In order to exhibit the effects of Se-SPP on antioxidant capacity in the liver, the levels of hepatic oxidative stress indicators were determined. As shown in Figures 2E–H, compared with the NC group, the activities of SOD, CAT, and GSH-Px in the liver of the MC group were all downregulated markedly (p < 0.001), while upregulating the MDA level (p < 0.001). Nonetheless, an obvious increase (p < 0.001) in the levels of SOD, CAT, and GSH-Px both in the PC and Se-SPP groups was noted with a concomitant apparent decrease (p < 0.001) in the level of MDA as compared to the MC group.

Subsequently, Spearman's correlations between all these inflammatory factors and the antioxidant-related indexes were analyzed. As shown in Figure 2I, the levels of TNF-α, IL-1β, and IFN-γ exhibited significant negative correlations with the levels of CAT, GXH-Px, and SOD (p < 0.01) but negative correlations with the level of MDA (p < 0.01). Meanwhile, IL-10 exhibited opposite correlations (p < 0.01).



Se-SPP prevents Cd-induced disruption of the intestinal barrier in mice

The changes in pathological injuries in jejunum tissues could be revealed by H&E staining. As shown in Figure 3A, histological examination of the jejunum tissues of the NC group presented a regular and complete structure with neat villi and intact mucosa, as well as arranged epithelial cells. However, the jejunum tissues in the MC group exhibited obvious pathological changes, including fusion or disappearance of villi, disorders in epithelial cells and thinned of muscularis. With Na2SeO3 treatment, the PC group exhibited effects on repairing of intestinal damage to a certain extent, but the fusion or loss of villi was still observed. Furthermore, Se-SPP treatment substantially ameliorated the signs of intestinal injury, including relative clear villus structure, tightly packed epithelial cells, and unspoiled muscularis.
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FIGURE 3
 Se-SPP prevents Cd-induced the disruption of the intestinal barrier in mice. Images of the H&E-stained jejunum [(A), 20×]; thinned of muscularis (arrow); fusion or disappearance of villi (circle); disorders in epithelial cells (rectangle). Analysis of tight junctions (TJ) proteins using Western blots (B–D). NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. Data are expressed as mean ± SEM (n = 3). Graph bars marked with ns: not significant,*p < 0.05, **p < 0.01, ***p < 0.001, when compared with MC.


The tight junctions (TJs) between epithelial cells are the major components of the intestinal barrier. In order to investigate whether the disruption of the intestinal barrier in Cd toxic mice was restored by Se-SPP, the expressions of two major tight junction proteins (claudin-4 and ZO-1) were determined using Western blot analysis. As shown in Figures 3B–D, claudin-4 and ZO-1 expressions of the jejunum tissues in the MC group were apparently decreased compared to those in the NC group. Se-SPP treatment led to an upregulation of the expression of claudin-4 and ZO-1, which was better than that in the PC group.



Se-SPP prevents Cd-induced gut dysbiosis in mice
 
Se-SPP reshapes Cd-induced gut microbiota in mice

The histogram exhibited an apparent difference in the relative abundance of intestinal microbial species among the four groups (NC, MC, PC, and Se-SPP). As shown in Figure 4A, at the level of the phylum, the main bacteria of intestinal microbiomes in the NC group were Bacteroidetes, Firmicutes, and Verrucomicrobia, accounting for about 95% of the intestinal flora. After Cd2+ exposure, the relative abundance of intestinal flora was seriously affected. Bacteroidetes and Firmicutes were dominant in intestinal microbiomes. Compared with the NC group, CdCl2 treatment induced an increase in the relative abundance of Firmicutes, as well as decrease in the relative abundances of Bacteroidetes and Verrucomicrobia. Meanwhile, Na2SeO3 and Se-SPP therapies improved the relative abundance of Bacteroidetes.
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FIGURE 4
 Se-SPP reshapes Cd-induced gut microbiota in mice. Relative abundance at the phylum level (A), relative abundance at the genus level (B), difference analysis of gut microbiota composition at the genus level (C), and community heatmap analysis at the genus level (D). NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. Data are expressed as mean ± SEM (n = 3).


At the genus level (Figure 4B), the microbiota was mainly composed of Muribaculaceae, Ruminococcaceae, Lactobacillus, Muribaculum, Helicobacter, Akkermansia, and Desulfovibrio. The influence of CdCl2 substantially increased the relative abundances of multiple genera, including Ruminococcaceae, Lactobacillus, and Desulfovibrio, when compared to the NC group. Nevertheless, Muribaculaceae, Muribaculum, Akkermansia, and Desulfovibrio were opposite.

R software was used for cluster analysis of the 30 most abundant genera and draw the heatmap, and the colors were used to reflect the similarity of community composition between groups. A clustering heatmap (Figure 4C) showed an obvious difference in microbiological composition between the normal and Cd-treated mice, and the supplementation of CdCl2 altered the microbial composition of the Cd-treated mice. The abundance of Muribaculaceae decreased dramatically in the MC group, but its abundance increased after treatment with Na2SeO3 and Se-SPP. The result of relative abundance of Ruminococcaceae was opposite. Consistently, the figure of Circos was comparable to that of the aforementioned (Figure 4D).



β-Diversity analysis

β-Diversity analysis is used to evaluate the similarity of the community structure between different groups (29). Principal co-ordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) analysis were used to represent community changes in different samples. As shown in Figure 5A, PCoA1 and PCoA2 accounted for 19.12 and 14.39% of the overall analysis results, respectively. After treatment with CdCl2, the MC group was clearly separated from the NC group. In addition, the gut microbiota in mice intervened with Se-SPP was effectively farther away from the MC group and closer to the NC group. The result of NMDS (Figure 5B) was consistent with that of PCoA. These results demonstrated that the stimulation of CdCl2 caused an obvious change in the gut microbiota structure in mice, and Se-SPP ameliorated the migration of gut microbiota caused by CdCl2. Coherently, the conclusion that Se-SPP intervention modulated Cd-induced gut microbiota dysbiosis in the donor mice could be proved.
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FIGURE 5
 Se-SPP modulates the specific phylotypes of the gut microbiome. β-Diversity representing PCoA and NMDS (A,B), Venn diagram of OTUs (C), and cladogram. From the inside out was the bacterial taxonomic level of phylum, class, order, family, and genus (D), indicator bacteria of intestinal microbiota with LDA scores of 3 or greater in mice (E). NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. Data are expressed as mean ± SEM (n = 3).




Se-SPP modulates the specific phylotypes of the gut microbiome

The shared and specific OTUs among different groups were represented by Venn diagrams in Figure 5C. A total of 208 OTUs were shared among the four groups, with the NC, MC, PC, and Se-SPP groups having 734, 680, 750, and 379 of unique OTUs, respectively.

LEfSe analysis was further utilized to identify the statistically significant biomarkers of the gut microbiota in different groups. The cladograms and line discriminant analysis (LDA) score distribution histogram (based on LDA score >3) are shown in Figures 5D,E. A total of 65 taxa in different levels were notably different among the NC, MC, PC, and Se-SPP groups. Furthermore, the number of taxa differentially abundant in the MC group was more than twice that in the NC group, while the number of taxa in the Se-SPP group was the lowest. It can be reflected that Se-SPP modulated some specific gut microbiome in mice caused by CdCl2. At the genus level, Akkermansia, Ruminococcaceae, Bifidobacterium, and Clostridiales were the most dominant differential microbiota in the NC, MC, PC, and Se-SPP groups, respectively. The shift was consistent with the previous analysis.




Correlation between gut microbiota and inflammation-related parameters

Spearman's correlation between the gut microbiota (top 30 most abundant gut microbiome) and the inflammation-related parameters was analyzed to identify the specific phylotypes that may contribute to the modulation of Cd-induced injury in the liver. The results showed that about seven specific phylotypes were negatively or positively correlated with inflammation-related traits, respectively (Figure 6). The enrichment of Ruminococcaceae indicated positive correlations with the levels of IFN-γ, TNF-α, and IL-1β in the liver but negative correlations with the levels of IL-10. Akkermansia was found to negatively correlate with IFN-γ, TNF-α, and IL-1β but positively correlate with the contents of IL-10. Likewise, Muribaculaceae was found to negatively correlate with IFN-γ and IL-1β but positively correlate with the contents of IL-10. Clostridiales was found to positively correlate with the contents of IL-1β but negatively correlate with IL-10. Furthermore, Muribaculum exhibited negative correlations with the levels of IFN-γ, but Firmicutes was opposite. Of note, among these genera, Ruminococcaceae and Akkermansia were highly correlated with the inflammatory factors.


[image: Figure 6]
FIGURE 6
 Correlation analysis between the gut microbiota and inflammation-related indexes. Heatmap (A) and visual network diagram (B). NC, normal control; MC, model control; PC, positive control; Se-SPP, selenium-containing polysaccharides from Spirulina platensis. TNF-α, tumor necrosis factor; IL-1β, interleukin-1 beta; IFN-γ, interferon-γ; IL-10, interleukin-10. The colors range from red (positive correlation) to blue (negative correlation), and significant correlations are marked with *p < 0.05, **p < 0.01, ***p < 0.001.





Discussions

On account of urbanization and industrialization, the degree of environmental pollution has seriously increased. As a non-essential trace element, Cd easily accumulates in animals and humans and exhibits toxic effects on various organs (especially the liver) after acute or chronic intake (30). Some natural polysaccharides and sodium selenite have been utilized to mitigate cadmium-induced organ injury, respectively (31, 32). Although selenium-containing polysaccharides possess better bioavailability compared to inorganic selenium, there is a lack of relevant research on the inhibition of Cd-induced toxicity by it. Our previous work revealed that the treatment with selenium-containing polysaccharides of Spirulina platensis (Se-SPP) exhibited significant protection against Cd-induced acute toxicity, but its underlying mechanism lacks study.

The liver have been considered the target organ for toxic effects of cadmium (33). The present study focused on liver injury and inflammation to explore the potential and mechanism of Se-SPP in resisting chronic Cd-induced toxicity. In the present experiment, CdCl2 was utilized to build a Cd-induced toxic mice model in vivo. Then, the protective effect of Se-SPP against cadmium-induced toxicity was assessed by investigating the liver coefficient, histopathology and serum biochemical indicators, and apoptosis rate, inflammatory markers, and antioxidant enzymes in liver tissues.

After intake of CdCl2 in mice, the downregulation of the liver coefficient indicated dehydration and atrophy of the liver due to long-term Cd exposure, which may be caused by pathological changes (34). Some negative pathological changes were observed in hepatic tissues of Cd-induced toxic mice, including inflammatory cell infiltration, hepatocyte karyopyknosis, and disordered hepatic cord. Noticeably, Se-SPP treatment mitigated corresponding lesions in mice compared with the MC group, suggesting that Se-SPP could prevent some of these histopathology changes caused by Cd2+.

The level of T-Bil and the activities of ALT, AST, ALP, and LDH are some of the key direct indicators for assessing liver injury in clinical trials. In general, inflammation, necrosis, poisoning, and other damage to the liver lead to increased serum ALT, AST, ALP, T-Bil, and LDH, which indicate enhanced membrane permeability and impaired hepatocytes (35, 36). As evident from this study, the supplementation of CdCl2 significantly upregulated the levels of all five biochemical indicators of liver function, while the treatment of Se-SPP downregulated them dramatically. It was reflected that Se-SPP had a protective effect on liver function. Furthermore, liver tissue apoptotic cells appeared when the liver was damaged to a certain degree. The result of the number of hepatic apoptotic cells illustrated that Se-SPP partially decreased Cd-induced hepatic injury in mice by ameliorating apoptosis. In summary, pathological changes, biochemical indicators of liver function, and hepatic apoptotic rate in the mice of the present experiment exhibited the same trends. It was confirmed that Cd exposure resulted in apparent liver damage, indicating that Cd-induced liver injury model in vivo was well-established. Similar liver injury phenomena were presented in other related studies (2, 23, 37–39). Simultaneously, Se-SPP possessed significant suppressive effect on cadmium-induced hepatic injury in mice, and the effect was superior than that of inorganic selenium. Rosa persica hydroalcoholic extract, caffeic acid phenethyl ester, and chlorogenic acid have been used in associated research studies and exhibited similar results (23, 37, 39).

Undoubtedly, as an exogenous hepatic toxicant, the intake of Cd activated inflammatory response, thereby releasing inflammatory cytokines and aggravating the damage of liver tissues (40). The levels of pro-inflammatory cytokines of hepatic TNF-α, IL-1β, and IFN-γ in mice were remarkably increased (p < 0.001) after Cd exposure, while the administration of mice with Na2SeO3 or Se-SPP was found to obviously suppress (p < 0.001) the their levels. The change in the content of anti-inflammatory cytokine IL-10 was opposite. This result confirmed that cadmium exposure caused hepatic inflammatory reactions in the experimental mice, which was consistent with previous reports (25, 41). Meanwhile, the anti-inflammatory activity of Se-SPP has been proved, which supported the results of histopathology changes, biochemical indicators of liver function, and hepatic apoptotic rate. Of note, better results in the Se-SPP group than those in the PC group confirmed that selenium-containing polysaccharides possessed better effects on antagonizing Cd-induced hepatic inflammatory reactions than inorganic selenium alone. Due to its advantages of minimal toxicity and high bioavailability, organic selenium has better effects while avoiding the potential harm of inorganic selenium, the effects of which on inhibiting Cd-toxicity deserve more attention.

Oxidative stress is often considered the main cause of drug- or chemical-induced hepatotoxicity (42). Cd leads to functional and structural impairment in cells by increasing lipid peroxidation (6). Excessive free radicals can suppress the antioxidant capacity of hepatic cells, leading to cell inflammation or apoptosis (40). It can be speculated that one of the mechanisms of Se-SPP in inhibiting cadmium toxicity may be associated with its excellent antioxidant activity. In order to explain the potential mechanism of inhibiting cadmium-induced toxicity, the levels of hepatic oxidative stress indicators were determined. The result demonstrated that exposure of the mice to CdCl2 seriously reduced their liver antioxidant capacity. Nonetheless, the problem was alleviated by the supplementation of Na2SeO3 or Se-SPP. It was revealed that Se-SPP attenuated Cd-induced oxidative stress to resist lipid peroxidation occurred in the liver, which contributed to the amelioration of Cd-induced hepatic damage. Significant correlations among all these inflammatory factors (TNF-α, IL-1β, IFN-γ, and IL-10) and the antioxidant-related indexes (SOD, GSH-Px, CAT, and MDA) provided evidence for the aforementioned speculation, suggesting that antioxidant enzymes may play important roles in inhibiting Cd-induced liver damage and inflammation. In sum, 28-day Se-SPP supplementation in Cd-induced toxic mice significantly mitigated liver pathological damage and inflammation, which is correlated to the upregulation of antioxidant enzyme activity.

Due to the bidirectional relationship between the liver, intestine, and its microbiota, the health of the liver is inseparable from the intestine (12). The intestinal flora is considered an indispensable organ of the host and plays an important role in the degradation of many contaminants such as metals (11). Many research studies have confirmed that gut microbiota is closely associated with heavy metal-induced toxicity. Moreover, the integrity of the intestinal barrier is related to the gut microbiota, which may also in turn affect the absorption of heavy metals (43). Gut barrier function depends on the integrity of gut structure (44). The changes of pathological injuries in jejunum tissue could be revealed that the intestinal barrier of Cd-treated mice could be protected by Se-SPP treatment effectively. Additionally, the assembly of the TJ proteins was vital for the integrity of the intestinal barrier. As two important of TJ proteins, the states of claudin-4 and ZO-1 were critical for maintaining the TJ structure and the formation and maintenance of the barrier function (28, 45). The study has exhibited that wild jujube sarcocarp polysaccharides (WJPs) ameliorated the epithelial barrier by regulating the expressions of four major TJ proteins (occludin, claudin-1, claudin-4, and ZO-1) between epithelial cells (46). Our research showed similar results as the expressions of claudin-4 and ZO-1 in jejunum were promoted by Se-SPP. Taken together, Se-SPP attenuated the disruption of intestinal barrier caused by Cd2+, speculating that the effect of Se-SPP on alleviating Cd-induced toxicity in mice may be mediated by the intestinal barrier.

The evidence in the previous study has been proved that a polysaccharide from Spirulina platensis (PSP) had significant effects on the gut microbiota in mice, showing the enhancement in abundance of beneficial bacteria (47). It can be speculated that another mechanism of Se-SPP in inhibiting cadmium toxicity may be related to its effect on ameliorating of gut microbiota. Therefore, to explore the effect of Cd2+ on gut microbiota and the role of Se-SPP in the regulation of gut microbiota in Cd-treated model mice, 16S rRNA sequencing was used to analyze the composition of gut microbiota. An obvious difference in microbiological composition was found between the normal and Cd-treated mice. Akkermansia is considered a new probiotic for degrading mucin and ameliorate the intestinal barrier (48). At the level of the genus, CdCl2 treatment remarkably decreased the abundance of Akkermansia, implying that Cd treatment caused disruption of the gut barrier. Likewise, the higher relative abundance of Muribaculaceae family is correlated with an extended life span (49). As a prevalent gut microbe, Ruminococcus gnavus is associated with Crohn's disease (a major type of inflammatory bowel disease), which potently induces inflammatory cytokine (TNF-α) secretion by dendritic cells (50). Interestingly, a similar phenomenon was also found in the present study, showing that the abundance of Muribaculaceae decreased dramatically in the MC group compared with the NC group, but its abundance increased after treatment with Se-SPP. The result of relative abundance of Ruminococcaceae was opposite. More importantly, Spearman's correlation analysis further revealed that Ruminococcaceae and Akkermansia were highly correlated with the inflammatory factors. These results revealed that the bacteria Ruminococcaceae and Akkermansia might play a key role in mediating liver inflammation. Taken together, it can be speculated that the modulation of Se-SPP on the Ruminococcaceae population contributed to the improvement of Cd-induced inflammation-related diseases by downregulating TNF-α and IFN-γ in the liver.



Conclusion

In conclusion, the amelioration of Cd-induced toxicity in mice by Se-SPP might be mediated by inflammatory factors. Se-SPP treatment downregulated the inflammatory cytokines by increasing the antioxidant capacity, and mitigated Cd-induced liver injury in mice. In addition, Se-SPP positively modulated the composition of gut microbiota destroyed by CdCl2, which was markedly correlated with its inhibition of inflammatory factors. Hence, Se-SPP alleviated Cd-induced toxicity in mice by inhibiting liver inflammation mediated by gut microbiota. Furthermore, potential key microbes in the efficacy of Se-SPP have been proposed. Present research extended the understanding of the inhibiting effect on Cd-induced toxicity of dietary Se-SPP, but the molecular mechanism requires further investigation.
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Dietary non-starch polysaccharides and phenolics are usually ingested at the same time. They are both regarded as prebiotics, and they regulate the intestinal microbiota through various mechanisms. Notably, however, reports of their combined or synergistic effects are rare. Arabinoxylan (AX), a polysaccharide, and chlorogenic acid (CA), a polyphenol, are widely consumed, and their effects on the microbiota have previously been discussed. In the present study, they were given to dextran sulfate sodium (DSS)–treated mice, separately and together, and the intestinal microbiota were investigated by high-throughput sequencing. The data showed that CA attenuated body weight loss, colon shortening, and histological damage in DSS-treated mice, while neither AX nor the AX+CA combination exhibited any ameliorating potential. AX+CA had less of a modulating effect on intestinal microbiota profiles than did CA. AX+CA administration increased the relative abundance of Flavonifractor, Coprobacillus, and Clostridium_XlVa, and decreased the abundance of Robinsoniella and Lactobacillus. Compared to AX and CA, AX+CA contributed to a more complicated shift in the biological functions of the intestinal microbiotaAX seemed to weaken the beneficial effects of CA, at least in the present experimental model of DSS-induced colitis. The combined effects and mechanisms of dietary polysaccharides and phenolic compounds on the intestinal microbiota and on overall health still need to be further investigated.
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Introduction

Low intake of health-benefiting foods, such as whole grains, vegetables, and fruits, has been a major dietary risk factor for mortality and disability-adjusted life-years over the past few decades (1). The beneficial effects of whole grains, vegetables, fruits, and other plant-based foods, including their antioxidant and anti-inflammatory properties, as well as the attenuation of metabolic disorders, could come from their functional ingredients, such as non-starch polysaccharides, phenolics, and other bioactive components (2). Arabinoxylan (AX) is the main non-starch polysaccharide in cereal grains, including maize, rye, barley, oats, sorghum, wheat, rice, and other plants. It accounts for between 11 and 26% of wheat bran and between 60% and 70% of the endosperm cell wall and aleurone layer (3). The main chain structure of AX consists of a β-1,4-D-Xylp backbone with L-Araf. AX exhibits many bioactive characteristics, including antioxidant, fermentable, and prebiotic properties, glucose- and lipid-regulating effects, and immune-modulating potentials (4, 5). AX has been described as an efficient immunomodulator for synergistic or complementary cancer treatment (6). Chlorogenic acid (CA), a hydroxycinnamic acid–derived phenolic compound, is widely distributed in many plant foods, including vegetables, fruits, and herbal remedies (7). It is an extensively studied phytochemical that possesses many health-promoting properties, such as antioxidant, anti-inflammatory, antidiabetic, antilipidemic, and antihypertensive activities (8).

Inflammatory bowel disease (IBD) has become a global disease and health burden with increasing incidence. Although its exact aetiopathogenesis remains unclear, it is widely known that the gut microbiota is closely associated with IBD. Some members of the gut microbiome and bacterial metabolites, including Faecalibacterium prausnitzii, Roseburia, short-chain fatty acids, and secondary bile acids, have potentially protective effects against IBD, while others, such as adherent invasive Escherichia coli, Enterococcus faecium, enterotoxigenic Bacteroides fragilis, and Campylobacter concisus, show potentially causative effects (9). Diet also plays an important role in the development and progression of IBD. Epidemiological studies have identified potential dietary risk factors for IBD, such as red meat, processed foods, refined sugar, and saturated fat, and dietary intervention studies have shown promising results, demonstrating that diets rich in fruits, vegetables, whole grains, and seafood are associated with reduced risk (10).

Dietary fermentable polysaccharides and phenolics have modulating effects on the intestinal microbiota, and they are considered prebiotics (11). In in vitro studies of fecal samples, AX exhibited significant effects on the microbiota, including increased abundance of Collinsella, Blautia, and Bifidobacterium, and decreased abundance of Sutterella, Bilophila, and Parabacteroides. It also significantly increased the amount of total and individual short-chain fatty acids (SCFAs) (12). AX has also been shown to contribute to a global shift in the intestinal microbiota profile in overweight or obese adults, promote the growth of operational taxonomic units related to Bifidobacterium longum, Blautia obeum, and Prevotella copri, and increase the concentration of fecal propionate (13). Supplementation of AX promoted the proliferation of fiber-degrading bacteria and the generation of short-chain fatty acids (SCFAs), and decreased the abundance of opportunistic pathogens, in type 2 diabetic mice (14). Phenolic CA has been shown to increase the relative abundance of SCFA-producing bacteria, including Bacteroides, Prevotellaceae UGC-001, and Butyricimonas, in hyperuricemic mice (15). It also promoted the abundance of Bifidobacterium and decreased the content of Escherichia coli in the feces of mice with non-alcoholic fatty liver disease (16).

Dietary bioactive polysaccharides and phenolics both have prebiotic effects on the intestinal microbiota, and they exert regulating potential via distinct mechanisms. However, there has been little research into their combined effects. The present study investigated the effects of AX, CA, and their combination on the intestinal microbiota of mice treated with dextran sulfate sodium (DSS). Our data have the potential to provide novel insights into the synergistic potential of dietary components.



Materials and methods


Study materials and animal diet

AX (derived from wheat, low viscosity, Lot 160419b) was purchased from Megazyme Ltd. (Bray, Ireland). CA was obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Colitis-grade DSS was obtained from MP Biomedicals (Irvine, CA). AIN-93G purified rodent diet was purchased from Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd. (Nanjing, China).



Experimental procedure

The animal experimental protocol was approved by the Ethical Committee of Nanjing Agricultural University Animal Experiment Center (SYXK- <Jiangsu>-2021-0086) according to the National Guidelines for Experimental Animal Welfare. Forty 6-week-old C57BL/6 mice were kept in a specific pathogen-free facility under standard laboratory conditions. After acclimating for 1 week, they were randomly divided into five groups. The feeding and treatment procedure are illustrated in Figure 1A. The mice in the normal control (Ctrl) and DSS-treated (DSS) groups were daily orally gavaged with water. The mice in the AX and CA groups were daily given AX and CA, respectively, at a dose of 200 mg/kg body weight. The mice in the AX+CA group were administered a combination of AX and CA dosed at 200 mg/kg body weight. The mice in the Ctrl group freely drank water. The other mice had free access to DSS solution (1.5%, w/v) for the first 7 days, then the DSS solution was changed to water for the remaining days. After 14 days of treatment, fresh feces were collected, immediately frozen in liquid nitrogen, and stored at −80°C until further analysis.


[image: Figure 1]
FIGURE 1
 (A) Experimental design and treatment structure; (B) Changes in body weight over time for each group. The * symbol indicates the body weight of mice in the group was significantly different from those in the Ctrl group after feeding and treatment for 14 days (p < 0.05).




Histological analysis of colon tissue

After sacrifice, the distal colon tissues of the mice were immediately fixed with 4% formalin, and they were washed, dehydrated, embedded into paraffin, sliced into 5 μm sections, and transferred onto glass slides. The slides were stained with hematoxylin-eosin reagent (Sigma-Aldrich, St. Louis, MO), and a histological examination was performed, with a focus on crypt architecture, inflammatory cell infiltration, goblet cell depletion, and muscle tissue thickening (17).



Gut microbiota analysis

The high-throughput amplicon sequencing and gut microbiota analysis were performed by Genesky Biotechnologies Inc. (Shanghai, China) according to a general pipeline. The total DNA of the fecal samples was extracted with the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany). The resulting DNA was amplified with barcoded specific bacterial primers targeting the variable region 3 (V3) and V4 of the 16S rRNA gene using Primer F (5'-Illumina adapter sequence 1+ CCTACGGGNGGCWGCAG-3') and Primer R (5'-Illumina adapter sequence 2+ GACTACHVGGGTATCTAATCC-3'). The sequencing was performed on an Illumina NovaSeq 6000 platform via the SP-Xp two-end strategy. An amplicon sequence variants (ASVs) table was generated after the raw sequencing data were filtered, denoised, merged, and depleted of chimeras with the QIIME2 and DAD2 plugins (18, 19). Taxonomic assignments of the ASV sequences were conducted by a naive Bayes classifier with a confidence threshold of 0.8; the classifier had been pretrained on the RDP database (version 11.5). The function of the bacterial community was predicted by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) software (20).



Statistics

The data were expressed as mean ± standard error of the mean, and statistical significance was tested by one-way analysis of variance (ANOVA). A p < 0.05 was considered statistically significant. The difference of microbial taxon was determined by Metastats software and the linear discriminant analysis effect size (LEfSe) package (21, 22).




Results


Effects of AX and CA on body weight

Body weight is one of the most important objective indicators of nutrition and health status. Body weight changes in the mice were therefore analyzed to assess whether the treatments had any effects on their body condition. Administration of DSS decreased body weight due to colon inflammation. As shown in Figure 1B, at the experimental endpoint, the body weights of the mice in the DSS, AX, and AX+CA groups were still lower than those of the Ctrl group (p < 0.05). However, the body weights of the CA group mice were attenuated, remaining closest to those of the Ctrl group (p > 0.05), suggesting the ameliorating effects of CA on colitis. Unfortunately, the combination of AX and CA did not show satisfying potential with regard to body weight.



Effects of AX and CA on colon length and histological structure

The colon lengths of the mice in each group are presented in Figure 2. DSS administration significantly shortened colon length, as compared to those of mice in the Ctrl group (p < 0.05). CA supplementation reversed these losses, ultimately restoring the colon lengths of CA group mice to lengths similar to those of Ctrl group mice (p > 0.05); however, the AX and AX+CA treatments did not show any attenuating potential. As shown by the histological examination (Figure 3), the crypt damage caused by DSS administration was remedied by CA treatment, while AX and AX+CA supplementation had only slight effects on colon crypt structure. This is consistent with the data on body weight and colon length.


[image: Figure 2]
FIGURE 2
 Colon lengths of the mice in each group.



[image: Figure 3]
FIGURE 3
 Histological observations of colon tissue from mice in each group.




Effects of AX and CA on the diversity and similarity of the intestinal microbiota

The alpha-diversity of the mice's intestinal microbiota was evaluated with the Chao1, Shannon, and Simpson indices (data not shown), but the results did not demonstrate a difference in the diversity of intestinal microbiota across the five groups.

Beta-diversity is widely used to compare the similarity of different ecosystems. To identify possible differences between the intestinal bacterial profiles among the five groups, as well as the changes in gut microbiota derived from the AX and CA interventions, the beta-diversity of the samples was assessed using principal coordinates analysis (PCA) and non-metric multidimensional scaling (NMDS). The results are displayed in Figure 4.


[image: Figure 4]
FIGURE 4
 Beta-diversity of intestinal microbiota [(A) PCA; (B) NMDS].


The results derived from different methods exhibited similar tendencies, and the data showed that the intestinal microbial profiles of DSS group mice were significantly different from those in the Ctrl group. Intervention with AX and CA shifted the overall intestinal microbial profiles in DSS-treated mice toward those of the Ctrl group, suggesting their modulating effects on the intestinal microbiota. The results further indicated that the microbial profile of CA group mice was closest that of Ctrl group mice, while AX+CA supplementation had little effect on the beta-diversity of the intestinal microbiota. These results were consistent with the tendencies illustrated by the findings for body weight and colon morphological structure.



Effects of AX and CA on microbial compositions

The taxonomic compositions of the intestinal microbiota of each group, at both the phylum and genus levels, are displayed in Figure 5. At the phylum level, Firmicutes, Proteobacteria, Bacteroidetes, Verrucomicrobia, and Actinobacteria were the dominant communities. DSS treatment significantly decreased the relative abundance of Verrucomicrobia and Actinobacteria. AX and CA supplementation both increased the relative abundance of Verrucomicrobia and decreased the level of Firmicutes. Notably, the combined administration of AX+CA did not significantly affect the relative abundance of Verrucomicrobia or Actinobacteria. At the genus level, Lactobacillus, Akkermansia, Bacteroides, Escherichia/Shigella, Romboutsia, Enterococcus, Erysipelotrichaceae incertae sedis, Blautia, Parasutterella, Robinsoniella, Turicibacter, Clostridium XVIII, Proteus, Clostridium XI, Enterorhabdus, Bifidobacterium, Barnesiella, Citrobacter, and Streptococcus were the most abundant communities.


[image: Figure 5]
FIGURE 5
 Intestinal microbial composition of the mice in each group, at the phylum (A) and genus (B) levels.


As shown in Figure 6, LEfSe was used for discriminant analysis of multilevel species differences. For each group, bar charts were drawn for the highest relative abundance. Bars with different colors represent the different species in different groups with an LDA score > 2. Compared to the DSS group, CA supplementation decreased the relative abundance of Enterococcus and Robinsoniella and increased the relative abundance of Coprobacillus, Clostridium XIVa, Enterorhabdus, Corynebacterium, and Akkermansia at the genus level. AX decreased the relative abundance of Clostridium XIVa and increased the level of Akkermansia and Coprobacillus. The combination of AX+CA decreased the relative abundance of Lactobacillus and Robinsoniella and increased the relative abundance of Coprobacillus, Flavonifractor, and Clostridium XIVa. Interestingly, AX and CA exhibited similar regulating effects on certain communities, such as Coprobacillus, and opposite effects on other communities, such as Clostridium XIVa. In addition, AX+CA supplementation significantly modulated the levels of some communities, including Lactobacillus and Flavonifractor, and they were not significantly affected by solo AX or CA.


[image: Figure 6]
FIGURE 6
 LEfSe cladogram plot of the intestinal microbiota of mice in the AX (A), CA (B), and AX+CA (C) groups, compared to those in the DSS group.




Effects of AX and CA on the biological functions of the intestinal microbiota

As shown in Figure 7, the combination of AX and CA significantly regulated the biological functions of the microbial communities. Compared to those of the DSS group, supplementation with AX or CA alone mainly contributed to changes in carbohydrate and amino acid metabolism. However, the modulation of microbial functions derived from the combination of AX+CA was much more sophisticated. AX+CA supplementation had a significant impact on nitrogen metabolism, carbohydrate metabolism, and cellular components, including amino acids, nucleotide bases, monosaccharides, lipids, and lipopolysaccharide biosynthesis.


[image: Figure 7]
FIGURE 7
 Biological functions according to the differences in intestinal microbiota of mice in the AX (A), CA (B), and AX+CA (C) groups, compared to those of the DSS group.





Discussion

Dietary non-starch polysaccharides and phenolics are usually ingested at the same time. They are both considered prebiotics, and they regulate intestinal microbiota through various mechanisms. The exact mechanisms regarding the modulation of intestinal microbiota by polyphenols remain unclear, though it is believed that they could exert regulating potential through antibacterial effects derived from phenol groups. Phenolic compounds can interact with bacterial development as well as substance and energy metabolism, and interfere with cellular membrane integrity and function. In addition, phenolics could inhibit bacterial biofilm formation and quorum sensing (23). On the other hand, non-digestible carbohydrates can modulate the composition and function of the intestinal microbiota as energy sources for some microbial communities. These microorganisms encode certain glycosidases and are capable of degrading and utilizing the given carbohydrates (24). However, their combined or synergistic effects have rarely been discussed in the literature.

Arabinoxylan, a polysaccharide, and chlorogenic acid, a polyphenol, are widely consumed, and their effects on the microbiota have been described in the literature. In the present study, they were given to DSS-treated mice, separately and together, and the intestinal microbiota were investigated by high-throughput sequencing. The data provided insights into the combined effects of different prebiotics.

AX has been shown to promote the proliferation of Prevotella 9, Megamonas, and Bifidobacterium in fermentation by pig or duck intestinal microbiota (25, 26). It has also been observed to increase Lactobacillus, Bifidobacterium, and Bacteroidetes populations, and reduce Escherichia coli populations, in the colonic digesta of high-fat diet–fed mice (27). AX-containing diets promoted probiotic Lactobacillus and Bifidobacterium populations, compared to a basal control diet without fiber, in piglets (28). Supplementation with AX oligosaccharides promoted the growth of bifidobacteria in the cecum of mice fed on a high-fat diet (29). Previous research into the effects of AX on the intestinal microbiota mainly focuses on Bifidobacterium, Lactobacillus, and Bacteroidetes. These populations are known widely as probiotics; their genomes encode glycoside hydrolase family genes, including xylanases and arabinofuranosidases (3, 30). AX-containing diets have been found to downregulate the gene expression of pro-inflammatory cytokines (tumor necrosis factor [TNF]-α, interleukin [IL]-1β, and IL-6) and the TLRs/MyD88/NF-κB pathway, compared to a basal control diet without fiber, in piglets (28). Wheat bran–derived AX oligosaccharides also reduced metabolic endotoxemia, macrophage infiltration in the adipose tissue, and plasma IL-6 in high-fat diet–fed mice, and improved tight junction proteins (ZO-1 and claudin 3) and gut barrier function (29). A synbiotic composed of AX and L. fermentum HFY06 significantly reversed histopathological changes in the colon and inhibited the activation of the NF-κB signaling pathway and the expression of TNF-α, iNOS, and COX-2, alleviating DSS-induced colitis (31). However, many of the previous in vivo studies of AX were performed in mice fed a basal diet or high-fat diet, and the effects of AX on DSS-treated mice have rarely been reported. It should be noted that the modulation of the intestinal microbiota seen with AX supplementation could be highly individualized (13), and the intestinal microbiota–modulating effects of AX seen in the present study may differ from previous data due to different experimental inducements, feeding conditions, and dietary fiber sources (32).

CA has the potential to regulate the intestinal microbiota under various physiological conditions. CA has been shown to increase the relative abundance of Akkermansia and Bacteroides, and reduce the populations of Erysipelatoclostridium, Faecalibaculum, and Erysipelotrichaceae, in L-carnitine–fed mice (33). It has also been found to increase the population of Lactobacillus and decrease that of Escherichia coli in weaned piglets (34). Pigs fed a CA-containing diet had a higher abundance of Lactobacillus, Prevotella, Anaerovibrio, and Alloprevotella in the cecum (35). CA administration alleviated gut dysbiosis by enhancing the relative abundances of Ruminiclostridium 9, Alloprevotella, and Rikenella in cadmium-treated mice (36). CA also increased the relative abundance of Bacteroides, Prevotellaceae UGC-001, and Butyricimonas, and reversed the purine metabolism and glutamate metabolism functions of the gut microbiota, in hyperuricemic mice, and it inhibited the expression of pro-inflammatory cytokines and activation of the TLR4/MyD88/NF-κB signaling pathway in the kidney (15). It also reduced the growth of Bacteroides and Bacteroides-derived liposaccharides and increased the abundance of Lactobacillus in indomethacin- and DSS-induced inflammation, respectively (37, 38).

CA has been shown to activate the Nrf-2/HO-1 pathway in DSS-treated mice, upregulate the expression of anti-inflammatory cytokines, antioxidant enzymes, and gut-tight junction proteins, and alleviate colitis (39). CA has also been reported to attenuate DSS-induced colitis by promoting the growth of Akkermansia in mice (40). Our data are consistent with these previous results.

The combined effects of phenolics and polysaccharides on colon inflammation have only rarely been described in the literature. It was hypothesized that AX and CA, belonging to two different categories of prebiotics, could synthetically modulate the intestinal microbiota to attenuate DSS-induced colitis. Unfortunately, the combination of AX+CA did not exhibit the expected benefits on colon inflammation, at least in the present mice model of DSS-induced colitis; AX depleted the colitis-ameliorating potential of CA. Compared to the DSS group, AX+CA administration increased the relative abundance of Flavonifractor, Coprobacillus, and Clostridium_XIVa, and decreased the populations of Robinsoniella and Lactobacillus.Gut-derived Flavonifractor species could be involved in degrading flavonoids; oral administration of F. plautii has been shown to promote recovery from acute colitis in mice via suppression of IL-17 (41), attenuation of inflammatory responses in obese adipose tissue (42), and suppression of Th2 immune responses (43). An association between F. plautii and the gut microbiome was identified in patients with colorectal cancer in India (44), and it is regarded as a potential pathogen for cholecystitis (45).

The Eubacterium-like genus Coprobacillus nov. was first isolated and identified from human feces in 2000 (46). Coprobacillus is thought to positively interact with Akkermansia and Blautia; they maintain intestinal stability and confer resistance against colonization with the pathogen Clostridium difficile (47). The abundance of Coprobacillus cateniformis was improved by supplementation of chitosan and positively correlated with serum leptin in high-fat diet–fed mice (48). The abundance of Coprobacillus was found to be decreased in the gut microbiota of patients with acne (49). Notably, C. cateniformis has been reported to cause bacteremia (50). Besides the effects on microbial composition, AX+CA contributed to more complex changes in the biological functions of the intestinal microbiota.

In summary, CA attenuated body weight loss, colon shortening, and histological damage in DSS-treated mice, while AX and the combination of AX+CA did not exhibit any potential to ameliorate these effects. AX+CA had less of a modulating effect on the profile of the intestinal microbiota than did CA. AX+CA administration increased the relative abundance of Flavonifractor, Coprobacillus, and Clostridium XIVa, and decreased the populations of Robinsoniella and Lactobacillus, in DSS-treated mice. Compared to AX or CA alone, AX+CA contributed to a more complicated shift in the biological functions of the intestinal microbiotaAX seemed to weaken the beneficial effects of CA, at least in the present experimental model of DSS-induced colitis. The combined effects and mechanisms of dietary polysaccharides and phenolic compounds on the intestinal microbiota and on overall health still need to be investigated further.
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Sex, 1 (%) 3636 0162
Male 12(60.0) 9.(45.0) 6(30.0)
Female 8(40.0) 11(55.0) 14(70.0)
Education level, n (%) 1.917 0.044
None 0(0.0) 7(35.0) 5(25.0)
Primary school 5(25.0) 5(25.0) 5(25.0)
Middle school 9(45.0) 6(30.0) 9(45.0)
High school or higher 6(30.0) 2(10.0) 1(50)
Income (yuan), n (%) 4.602 0.626
<3,000 4(20.0) 3(158) 5(25.0)
3,000-5,000 5(25.0) 2(105) 2(100)
5,000-10,000 3(15.0) 7(3638) 7(35.0)
>10,000 8(40.0) 7(368) 6(30.0)
Smoking status, 7 (%) 1543 0.821
Never 12(63.2) 16 (80.0) 15(75.0)
Former 411 2(100) 3(150)
Current 3(158) 2(10.0) 2(10.0)
Alcohol status, 7 (%) 5431 0347
Current 1(5.0) 2(100) 1(50)
Former 6(30.0) 2(10.0) 7(35.0)
Never 13(65.0) 16 (80.0) 12(60.0)
Diabetes, 7 (%) 0745 0799
Yes 4(200) 4(20.0) 6(30.0)
No 16 (80.0) 16 (80.0) 14(70.0)
Hypertension, 1 (%) 1833 0400
Yes 6(30.0) 7(35.0) 10 (50.0)
No 14(70.0) 13(65.0) 10(50.0)
Hyperlipidemia, n (%) 1111 0.863
Yes 2(10.0) 1(5.0) 3(15.0)
No 18(90.0) 19.(95.0) 17(85.0)
Coronary heart disease, 7 (%) 2353 0474
Yes 2(10.0) 2(10.0) 5(25.0)
No 18 (90.0) 18(90.0) 15 (75.0)
Cerebrovascular disease, 1 (%) 2143 0532
Yes 0(0.0) 2(10.0) 2(100)
No 20(100.0) 18(90.0) 18 (90.0)
Physical activity (METsx h/wk), medians (IQR) 35.88 (17.70-49.76) 7420 (11.55-181.30) 24.33 (11.55-67.55) 3374 0.185
Systolic blood pressure (mmHg) medians (IQR) 120,50 (112.00-136.00) 127.00 (120.00-141.00) 128.50 (118.00-139.00) 1593 0511
Diastolic blood pressure (mmHg) 77941157 8181050 777 £875 4312 0408
Severity of AD 1459 0241
Mild 10(50.0) 7(35.0) 9 (45.0)
Moderate 10(50.0) 9(45.0) 9(45.0)
Severe 0(0.0) 4(20.0) 2(10.0)
IL-1p (pg/mL) 354078 354068 3.6+0.70 1433 0.789
1L-4 (pg/mL) 324062 304065 334055 1999 0412
IL-10 (pg/mL) 580,65 594084 574112 1390 0522
1L-12 (pg/mL) 324040 28125 294089 1057 0459
TNF-a (pg/mL) 42042 384057 40056 3.689 0.164
hs-CRP (mg/L) 21063 21049 18061 2561 0341
1L-6 (pg/mL) 282061 284052 284066 0.095 0942
C3 (ug/mL) 584053 56 1.00 584062 0.035 0911

Data are presented as mean = SD, medians (interquartile range, IQR), or numbers (%). According to the DI score, the tertles were divided from low to high, T1 (tertile 1) means the most
anti-inflammatory diet group, T2 (tertile 2) means no anti-inflammatory/pro-inflammatory diet group, and T3 (tertile 3) means the most pro-inflammatory diet group. The MMSE score

used for AD seve ines, with 21 10 26 as mild cogni i s c cognitive impairment, and 0 t0 10 as severe cognitive impairment.
10; IL-12, interleukin-12; TNE-0, tamor necrosis

METS, metabolic equivalents; BMI, body mass index; 1L
factor-o; C3, complement C3; hs-Cl
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Anti-inflammatory
ingredients

Carotenoids (mg/day)
Caffeine (g/day)
Fiber (g/day)

MUFA (g/day)

PUFA (g/day)
Riboflavin (mg/day)
Green tea (g/day)
Onions (g/day)
Garlic (g/day)
Ginger (g/day)
Vitamin A (RE/day)
Vitamin C (mg/day)
Vitamin E(mg/day)
Magnesium (mg/day)
(mg/day)
Selenium(mg/day)
Thiamin (mg/day)

Pro-inflammatory
ingredients

Carbohydrates (g/day)
Energy (Kcal/day)

Fat (g/day)

Protein (g/day)

SFA (g/day)
Cholesterol (mg/day)

Iron (mg/day)
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Indicators

BUN (mmol/L)

SUA (umol/L)

SCr (umol/L)

SUA/sCr

196G (rg/mL)

CysC (ng/L)

RBP (kg/L)

Values are expressed as the mean + SD. %P < 0.05, “* P < 0.01, compared with the NC group; *P < 0.05, *'P < 0.01, compared with the DN group.

Groups

NC
OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

NC
0OGC
DN
LOG
MOG
HOG

Week 0

454 £0.83
419 £0.42
13.04 + 3.67%%
12.06 + 2.60
13.24 £3.08
16.40 + 2.63

488 %2085
4389 % 13.62
105.22 4 42.9%%
79.65 £ 24.59
9220+ 4193
74.96 % 6.42

32.40 £ 3.06
29.66 + 1.81
37.67 + 2.56%%
38.89+3.75
36.14 + 6.87
8917 +4.09

147 £0.80
150 0.49
281+ 1.18%¢
2114085
255 +0.90
194034

10.30 + 0.65
10.79 £ 0.92
10.69 + 0.72
10.27 £ 091
11.56 £0.73
10.01£0.72

904.26 + 56.67
949.41 £115.87
984.86 + 116.18
999.04 + 55.91
920.30 + 109.66
1,121.05 + 34.09

14.06 +1.24
1562 £ 0.93
16.68 + 1.22
16.92 +093
16.74 £ 1.43
15.74 £ 0.44

Week 4

499:£1.14
480 097
11.15 £ 3.26%%
925+ 169"
10.70 £ 3.30
10.00 +1.26

41.30 % 16.08
39.00 & 10.91
151.91 & 64.14%¢
32362 +81.25
138.43 + 62.20"
124.44 £ 46.67*

37.70 £ 3.40
4211 £18.31
38.45 + 4.29
3468 £5.88
32.86 + 6.85
34.75 + 6.86

1094065
1024040
4.04 +2.08%%
983577
457 £258
3734175

10.80 +0.98
1120 +£0.76
10.04 + 1.14
9.40£0.70
1033 +£1.01
10.03 +£0.82

997.84 + 67.17
1,054.01 £ 102.01
998.6 + 44.89
1,179.26 + 113.17
1,050.60 + 161.49
1,086.28 + 133.78

14.26 £0.78
1612 £ 1.12
16.93 + 1.22
16.16 +0.94
16.38 + 1.33
14.44 £0.90

Week 8

690+ 1.90
710+ 1.19
14.80 % 3.63%%
1039 & 2.04*
12,20 £2.50
14.45 £3.26

94.20 & 23.60
101.44  18.66
181.06 4 47.87%¢
250,88  37.20
191.43 & 46.91
178.56 £ 22.61

33.90 % 13.89
35111024
21.34 + 11.46%
17.95 % 7.41°
1671+ 950"
20.80 £ 9.01

3.28+£2.09
311£101
2853 +3.22%%
16.48 % 1.76"
24.30 2.99
15.39 £ 127

10.99 + 0.64
10.94 £ 0.84
10.73 £ 0.88
9.81 £ 054
11.24 £ 051
11.17 £056

1004.63 & 114.2

944.93 £ 104.23
956.01 + 86.10
1,011.36 & 138.12
939.34 + 98.48

1,087.47 +£91.06

13.83+1.18
15.41 £1.17
16.31 £ 0.87
17.05 £1.13
17.02 +£1.27
1535 £1.11
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Groups LPS (wL)

NC 19.42 +0.95
OGC 1964 £0.76
DN 22.98 +1.09
LoG 20.72 £0.87
MOG 18.18 £ 1.14
HOG 17.18 + 1.08*

Values are expressed as the mean = SD. "

IL-6 (ng/L)

131.08 + 3.49
137.15 £ 11.30
145.96 + 5.67**
155.99 £ 9.92
144.70 £ 7.90
129.71 + 6.48"

IL-8 (ng/L)

779,88 + 45.89
795.64 4 3164
756.50 & 41.92
760.87 & 27.48
734.63 + 41.00"
759.04 & 46.77

TNF-o (ng/L)

306.32 + 14.99
270.17 + 12.06
287.47 + 16.18
280.57 £8.94
281.01 + 16.79
274.11 + 18.54

VEGF (ng/L)

27093+ 1252
312,54  13.39
322,66 + 11.40*
269.94 & 16.70*
322,44 + 1591
323,90 4 20.36

'P < 0.01, compared with the NC group; *P < 0.05, **P < 0.01, compared with the DN group.

MCP-1 (ng/L)

728.48 + 38.49
71531 £37.14
826.19 + 38.24"
796.75 + 42.81
787.90 + 26.32
762.79 £ 17.79"
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Group

NT-free group compared with NT
intervention group

Basal diet group compared with
NT intervention group

Basal diet group compared with
model control group

MS2 name

Choline

Onithine

D-Proline

L-Lysine

Deoxyadenosine
L-Methionine

Urocanic acid

Riboflavin
3-Methylhistidine
Anserine

Pyridoxine
Hexanoylglycine

Pyridoxal

L-Arginine
5-Hydroxyindoleacetic acid
Adenosine

Trigoneline

4-Pyridoxic acid
Methyldopa
5,6-Dihydroxyindole
N-Acetylleucine

Lutein

Indole

Methylimidazole acetaldehyde
Imidazole-4-acetaldehyde
Linoleic acid
Formiminoglutamic acid
138-hydroxyoctadecadienoic acid
2-Fucosylactose
1-Methylhistamine
L-Proline

Pyridoxal

Thymine

Methyldopa

6,7-Dihydro-5-methyl-5H-
cyclopentalblpyrazine
4-Hydroxy-2-butenoic acid
gammarlactone

Pyridoxal 5'-phosphate

Deoxyguanosine

Kynurenic acid
Riboflavin
L-Cyclo(alanylglycyl)
Diethanolamine
Cholesterol
L-Threo-3-Phenyiserine
4-Hydroxy-2-butenoic acid
gamma-lactone
4-Aminohippuric acid
Serotonin
Dihydrotestosterone

MS2 score

1.000
0.999
0.998
0.998
0.993
0.989
0.987
0.983
0.964
0.963
0.960
0.958
0.950
0.948
0.940
0939
0.937
0910
0.891
0818
0817
0.807
0.803
0.749
0.744
0.638
0510
0.409
0.995
0.978
0977
0.950
0.928
0.891
0.870

0.836

0.822
0.997
0.984
0.983
0.952
0.945
0915
0.836
0836

0.822
0.822
0.527

vIP

1.219
1.213
1.161
1111
1.038
1.036
1.130
1.070
1.022
1.237
1.364
1.192
1.304
1.212
1.330
1.095
1.307
1477
1.330
1.286
1.138
1.322
1.352
1.210
1.163
1.248
1.334
1.256
1.637
1.504
1.818
1.886
1.391
2225
1.364

1.241

2.160
1.542
1.142
1.824
1.946
1.848
1.315
1.554
1.958

1.758
1.940
1.083

P-value

0.000
0.019
0.016
0.020
0.000
0.002
0.019
0.004
0.034
0.003
0.000
0.012
0.000
0.001
0.002
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.001
0.005
0.035
0.030
0.009
0.002
0.041
0.000
0.050

0.011

0.000
0.044
0.050
0.026
0.039
0.037
0.041
0.036
0.030

0.027
0.017
0.040

Fold change

0389
10.019
4114
28908
0.156
1.804
0.248
0348
0.224
0.138
0022
0.137
0327
3846
0044
0.055
0274
0.132
0.204
0071
0.434
0.109
5709
3342
0353
4.456
0477
2088
0.485
0540
0622
0639
0684
2.854
0576

0.380

0.191
1.801
1.678
0.537
1.805
3572
0.593
1.590
467.029

1.738
1.988
2.843

Changing trend

v
t
t
T
3
T
v
4
v
v
4
3
4
T
3
v
v
-
-
4
4
4
T
t
v
+
4
T
4
3
3
v
3
1
v

-«

In the table, MS2 name: the name of the substance obtained from the secondry mass spectrometry qualitative matching analysis; MS2 score: the score of the secondary matching.
“Significant difference; **extremely significant difference.
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Case (n=72) Control (n = 98) Tzt P

Age (years) 2950 + 4.98 29.63 +8.97 0.193 0847
Gestational week (weeks) 37.86 (35.57, 38.86) 3857 (37.25,39.18) —2538 0011

Pre-pregnancy BMI (g/m?) 23.95 (21.66, 27.56) 21.45 (19.00, 24.19) -4335 <0001
Maternal weight gain (kg) 15.70 (12.75, 20.00) 15.00 (11.50, 16.45) -1.937 0053
SBP (mmHg) 140.50 (135.00, 148.75) 117.00(110.00, 128.25) -9522 <0001
DBP (mmHg) 90.00 (81.25, 94.00) 7050 (67.00, 76.00) -9.599 <0001
Parity (1, %) 4581 0,032
0 45.00 (62.50%) 45.00 (45.90%)

=1 27.00 (37.50%) 58.00 (54.10%)

Occupation (1, %) 1.135 0.287
Yes 38,00 (66.70%) 60.00 (75.00%)

No 19.00 (33.30%) 20,00 (25.00%)

TC (mmol/L) 6.02 (4.95,7.04) 5.93(5.30, 6.48) ~0.181 0.856
TG (mmolrL) 375 (2.73,5.56) 366 (2.81,4.84) -0.322 0747

HDL-C (mmol/L) 2,06 (1.83,2.29) 1.95(1.72,2.28) -1073 0283

LDL-C (mmol/L) 3.47+0.98 338068 ~0.620 0536

Total bilirubin (umol/L) 5.90 (4.90, 7.40) 7.20 (6.25,9.10) -4.439 <0001
Albumin (g/L) 35.40 + 3.89 37.24 254 3.687 <0001
ALT (UL) 10.00 (8.00, 14.70) 9.40 (7.93, 12.33) -1.332 0.183

AST (UIL) 17.70 (14.68, 22.95) 16.55 (14.73, 19.85) ~1.983 0,047

Uric acid (pmol/L) 355,80 (285.13, 457.08) 290.75 (253.70, 335.43) -5.038 <0.001
CRP (mg/L) 5.40 (3.40, 9.60) 370 (2.20, 6.50) —2017 0044

Vitamin A (ug/mL) 0.41£0.20 0500221 2013 0,047

Vitamin E (ug/mL) 958 (6.71,11.93) 9.78 (8.2, 13.36) -1.312 0.189

Beta-carotene (ug/mL) 0.11(0.05,0.83) 0.19(0.12,0.31) -0.788 0.431

Data are presented as mean + SD for continuous variables with normal distributions, median (Pzs, Prs) for continuous variables with non-normal distributions, or participants
(percentage) for categorical variables. BMI, body mass index; SBF. systolic blood pressure; DBF, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density
lipoprotein-cholesterol: LDL-C, low-density lipoprotein-cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein.
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Energy (keal)
The ratio of energy supplied by protein (%)

The ratio of energy supplied by fat (%)

The ratio of energy supplied by carbohydrate (%)
Fiber (g)

Cholesterol (mg)

Vitamin A (ug)

Vitamin C (mg)

Vitamin E (mg)

Potassium (mg)

Sodium (mg)

Calcium (mg)

Magnesium (mg)

Iron (mg)

Zinc (mg)

Selenium (mg)

Case (n = 44)

1,840.80 550,59
1713+ 3.78
36.86 + 7.66
4624 +9.02

11.49 (8583, 18.14)

179.79 (113.97, 287.31)

666.76 (525.39, 901.18)

106.04 (79.64, 185.69)

27.77 (2438, 34.52)
2,166.72 + 77352

635.76 (509.36, 766.94)

664,63 (435.10, 863.84)

308.19 (245.35, 358.59)

2054 (16.13, 26.24)
11.26£3.86
45.58 (33.68, 62.44)

Control (n = 47)

1,982.80 + 640.34
16.94 £ 4.25
36,37 £7.75
47.05£9.53

13.43 (9.61, 18.02)
199.15 (113.56, 279.43)
909.07 (642.70, 1,162.31)
159.92 (114.84, 225.35)
28.65 (23.28, 34.86)
2,275.33  980.50
616,66 (505.25, 1,003.52)
601.31 (456.21, 728.91)
312,00 (235.43, 389.30)
20.89 (16.14, 26.26)
11.07 4 4.66
47.81(32.50, 62.34)

Tz

1.330
-0.272
-0.3563

0.487
-1.013
-0.127
—2.390
-2.113
-0.369

0.584
-0.373
—0.421
-0.096
-0.107
-0.216
-0.012

Data are presented as mean + SD for continuous variables with normal distributions or median (Pys, Ps) for continuous variables with non-normal distributions.

0.186
0.786
0.725
0.627
0311
0.899
0017
0.035
0712
0.561
0.709
0674
0.924
0915
0.829
0.930
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Model 1
B (95%CI)
Bacteroides 0.020 (0.002, 0.043)"
Blautia ~0.028 (~0.074, 0.015)
Prevotella ~0.002 (~0.046, 0.028)
Bifidobacterium ~0.108 (~0.233, ~0.043)"

Model 2

OR (95%Cl) B (95%CI)

0007 (~0.017,0.039)

~0.081 (~0.106, 0.026)

0001 (~0.051, 0.035)
~0.106 (~0.287, ~0.043)"

1.020 (1.002, 1.038)"
0977 (0.940, 1.016)
0.998 (0976, 1.021)
0898 (0.837, 0.963)"*

OR (95%Cl)

1.007 (0.985, 1.029)
0970 (0.917, 1.025)
1.001 (0.973, 1.081)
0899 (0.813, 0.995)"

Model 1, crude model. Model 2, adjusted for age, gestational week, pre-pregnancy BMI, and parity. OR, odds ratio; Cl, confidence interval. "P < 0.05, P < 0.01.
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Test formula Control formula Breastfed Total
(n=66) (n=66) (n=289) (n=1221)
Age (d), mean (SD) 14.1 (6.72) 14.3 (7.05) 13.6 (6.35) 14.0 (6.66)
Male (1) 32 (48%) 28 (42%) 42 (47%) 102 (46%)
White (1) 53 (80%) 49 (74%) 75 (84%) 177 (80%)
Hispanic or Latino (1) 42 (64%) 39 (59%) 27 (30%) 108 (49%)
Black or African American (n) 7 (11%) 9 (14%) 9 (10%) 25 (11%)
Other/mixed 6 (9%) 8 (12) 5 (6%) 19 (9%)
Vaginal delivery 44 (67%) 45 (68%) 67 (75%) 156 (71%)
Weight mean, g (SD) 3,588 (511) 3,587 (453) 3,590 (421) 3,589 (457)
Length mean, cm (SD) 51.9 (3.0) 51.8 (2.0) 52.0 (2.2) 51.9 (2.4)
Head circumference mean, cm (SD) 35.8(1.5) 35.7(1.3) 35.6 (1.4) 35.7(1.4)
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Characteristic

Age in days, mean (SD)
Male (%)

Vaginal delivery (%)
Weight, g, mean (SD)
Length, cm, mean (SD)

Head circumference, cm, mean (SD)

Test formula

n=47

13.7 (6.9)
22 (46.8)
33(702)
3,561 (539)
517 (3.2)
35.6 (1.4)

Control formula

n=35

14.1 (7.6)

14 (40.0)
25 (71.4)
3,640 (485)
52.0 (1.8)
35.7 (1.3)

Breastfed

n=78

13.7 (6.6)
36 (46.2)
60 (76.9)
3,595 (429)
52.1(2.1)
35.5(1.4)

Total

n =160

13.8 (6.9)
72 (45.0)
118 (73.8)
3,595 (474)
520 (2.4)
356 (1.4)
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Enrolled/safety population

Per protocol population

Subjects who completed the study
Subjects who discontinued from the study
Reasons for discontinuation from study
Non-compliance

Lost to follow-up

Adverse event

Parent(s)/legal guardian request

Other

Test formula

n (%)

66 (100.0)
47 (71.2)
56 (84.8)
10 (15.2)

S N NN O

Control formula

n (%)

66 (100.0)
35(53.0)
41 (62.1)
25(37.9)

Breastfed

n (%)

89 (100.0)
78 (87.6)
79 (88.8)
10 (11.2)

SIS, B -

Total

n (%)

221 (100.0)
160 (72.4)
176 (79.6)
45(204)

10

22
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Genera (%) CON Mik KPM SEM P-value

Faecalibacterium 1623 1412 13a7° 117 0.017
Parabacteroides 10.67°  1349°  1401° 214 0041
Ruminococcaceae 1221°  901°  1006° 113 0031
Prevotella 1077 1377 411 106 0023
Alistipes 998 841 858 097 0222
Ruminococcus 938 1064 1003 L12 0478
Oscillospira 6.08 4.94 6.62 1.05 0.098
Megamonas 286 058 101 092 0071
Sutterella 259 418 365 096 0214
Phascolarctobacterium ~ 2.54 7048 4n® 176 0031
Helicobacter 126 418 134 122 0478
Butyricimonas 147 1.02 120 085 0.398
Coprococcus 130 0.9 128 059 0171
Lactobacillus 038®  050' 056 016 0014
Methanobrevibacter 027 0.10 014 007 0.064
Bifidobacterium 013 017 019t 002 0021
Clostridium ot 0.19° 021 0.04 0033
Campylobacter 0.15" 0.09" 031° 007 0.013
Streptococcus 0.07 002" 0.04° 0.01 0.008
Others 973 9.37 9.42 048 0323

*>Means a significant difference was detected in the same row among treatments.
SEM, standard crror of the mean;
supplement treatment; KPM, Kelp powder treated milk supplem

"ON, control treatment; Milk, common milk
t treatm
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Phyla (%)

Firmicutes
Bacteroidetes
Proteobacteria
Tenericutes
Actinobacteria
Elusimicrobia
Synergistetes
Verrucomicrobia

Others.

CON

61.06%

33.18"
4.15¢
033
038
016
0.29
0.11
034

Milk

5521
34.43%
653
024
032
018
027
0.09
072

KPM

52.66°

3575
10.48*
023
062
016
051
012
0.47

SEM

3.05
114
113
0.16
0.07
012
0.05
0.02
006

P-value

0017
0.041
0.001
0253
0222
0478
0.098
0171
0214

*b<Means a significant difference was detected in the same row among treatments.

M,

supplemer

ndard error of the mean;

treatment; KPM, Kelp powder treated milk supplem

JON, control treatment; Milk, common milk
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Items

Shannon
Simpson
ACE
Chaol

Observed_species

CON

561
093
8427
85350
7237

Milk

571
094
877.1%
875.7°
7425

KPM

570
094
912.7*
920.6"
7523

SEM

0.09
0.006
377
386
306

P-value

0305
0.174
0.012
0014
0.114

bMeans a significant difference was detected in the same row among treatments.

SEM, standard error of the mean; CON, control treatment; Milk, common milk

supplement treatment; KPM, Kelp powder treated milk supplement treatment.
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Items CON Milk KPM SEM P-value

Jejunum  Villusheight  397.1° 4126 4163 973 0017
Crypt depth 62.42 63.82 62.81 2.56 0.347
vic 636" 647" 663" 0.13 0.046

leum  Villusheight 2369 2287 2336 1071 0.187
Cryptdepth 4806 47.18 4835 195 0274
vic 493 485 483 024 0623

*Means ficant difference was detected in the same row among treatments.

CON, control treatment; Milk, common milk supplement treatment; KPM, Kelp powder
treated milk supplem standard error of the mean.
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CON Milk KPM SEM  P-value

Items (mmol/L)

Total cholesterol (TC) 178 172 156 0.167 0.131
Triglyceride (TG) 033 032 028 0028 0,095
HDL 133 131 136 0049 0.182
LDL 030 031 028 0020 0313

ON, control treatment; Milk, common milk supplement treatment; KPM, Kelp powder
HDL, high-density

treated milk supplement treatment; SEM, standard error of the
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Items CON Milk KPM  SEM P-value

Initial BW (g) 1614 1613 1609 018 0.637
Final BW (g) 3773 sy 3004 062 0034
BWG () 2059 245 2305 053 0.041
ADFI (g) 448 434 439 on 0.098
ADFI (g) 448 447 452 007 0134
FCR 7.26" 696" 686" 013 0.029

*bMeans a significant difference was detected in the same row among treatments.
JON, control treatment; Milk, common milk supplement treatment; KPM, Kelp povwder
treated milk supplement treatment; SEM, standard error of the mean. BW, body weight;
BWG, body weight gain; ADFIC, average daily feed intake of basal diet. ADFIY, average
daily feed intake of basal diet together with milk intake (dry matter basis); FCR, feed
conversion rat
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Items Content (%)

Ground corn 39.00
Wheat bran 20,00
Wheat flour 1500
Soybean meal 1600
Soybean oil 100
Fish meal 4.00
NaCl 050
Limestone 150
CaHPO, 200
Premix® 1.00

Nutritional levels (%)

GE (MJ/kg) 1421
EE 450
cp 18.10
Ash 400
Lys 082
Met+Cys 053
Ca 120
3 0.80

*The components contained in the premix are as following: Fe, 100mg; Cu, 12 m;
75 mg; Zn, 30 mg; Se, 0.1 mg; 1, 0.5 mg; VA, 900,000 1Us VBy, 8 mg; VBy, 10mg; VBs,
6mg; VD, 800 1U; VE, 60 IU.
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Indicators

MIP-15 (ng/L)

MCP-1 (ng/L)

1P-10 (ng/L)

Groups

NC
0GC
DN
LOG
MOG
HOG

NC
0OGC
DN
LOG
MOG
HOG

NC
OGC
DN
LOG
MOG
HOG

Week 0

546.77 + 43.53
57587 + 43.93
543.76 + 27.23
486.91 + 42.58
545.10 & 32.47
505.14 & 41.49

628.44 + 66.62
536,57 +51.51
606.99 + 67.08
499.76 £ 79.33
736.87 + 76.23
726.03 & 66.05

111.78 £7.54
108.42 £ 9.09
106.51 £ 11.21
123.65 + 9.09
118.00 £ 8.09
11023 £ 7.71

Week 4

528.78 £ 43.73
550.00 & 24.85
543.58 +£33.13
490.12 £ 41.81
537.72 £ 36.21
502.13 £ 46.43

674.38 + 82.03
612,61 + 49.49
591.47 £78.77
57432 £78.21
685.42 + 65.82
663.57 & 40.61

11035 £7.95
106.64 + 6.42
108.39 £ 10.61
126,64+ 6.84
109.92 £+ 5.83
112.14 £ 9.34

Week 8

501.62 + 16.61
525.20 & 26.12
546.77 + 31.88
506.64 + 28.29
511.12 £ 39.96
513.82 + 34.91

618.31 £ 75.78
521.67 £29.75
600.63 + 44.96
599.39 £ 81.11
650.34 + 98.48
636.56 + 51.72

11233 +£7.57
105.17 £ 8.17
109.05 £ 8.71
123.74 % 7.00
119.99 £ 11.11
106.40 + 7.53
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Items Milk KPM P-value

Milk fat (%) 361 £0.12 3724008 0012
Milk protein (%) 342002 3394003 0.107
Milk dry matter content (%) 1262+ 013 12,67 £0.11 0.061
CFU (x10°/mL) 240023 233013 0722
SCC (x10*/mL) 880 0.64 9204 0.65 0572
SFA (% of milk fat) 681+ 4.64 66.945.68 0.189
MUFA (% of milk fat) 233275 24.1% 198 0317
PUFA (% of milk fat) 4.08+0.26 435%0.16 0.032
Other lipids (% of milk fat) 435+0.56 4824047 0.089

Milk, common milk supplement treatment; KPM, Kelp powder treated milk supplemes
saturated fatty acid;
, polyunsaturated fatty acids.

. somatic cell count

nonounsaturated fatty acid; PUI
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Metabolites

RES

RES-sulfate
RES-glucuronide
RES-sulfoglucuronide
DHR

DHR-sulfate
DHR-glucuronide
DHR-biglucuronides
DHR-sulfoglucuronide
LUN

LUN-sulfate
LUN-glucuronide

Retention time (min)

13.67
9.75/9.96
8.46/6.48

6.86

13.42

9.65
8.55/8.60

6.43

701

17.14

10.36/10.56

9.85

m/z [M-H]~

227.071
307.027
403.108

483.06
229.087
309.043
405.119
581.151
485.075
213.092
293.048
389.124

MS/MS fragment

227.0702, 185.079, 143.0493
307.0269, 227.0702, 185.0595
1403.1026, 227.0708, 113.0236, 175.0293
307.027, 227.0715, 113.0223
229.0837, 123.0442, 81.0339
309.0424, 229.0395, 123.0443
405.1161, 229.0865, 113.0235
405.1160, 229.0875, 175.0238, 113.0236
485.0757,405.152, 309.0425, 113.0237
213.0912, 106.0415, 107.0494
293.0476, 213.0910, 79.9567, 107.0494
389.1267, 213.0910, 113.0235
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System organ class Test formula Control formula Breastfed Total

(n=66) (n=66) (n=89) (n=1221)

n (%) n (%) n (%) n (%)
Number of subjects with at least one event 28 (42.4) 21 (31.8) 48 (53.9) 97 (43.9)
Gastrointestinal disorders 16 (24.2) 16 (24.2) 18 (20.2) 50 (22.6)
Abdominal pain 1(1.5) 2(3.0) 1(L1) 4(1.8)
Constipation 4(6.1) 5(7.6) 1(11) 10 (4.5)
Diarrhea 1(1.5) 3(4.5) 0 4(1.8)
Flatulence 5(7.6) 1(1.5) 4(4.5) 10 (4.5)
Gastrooesophageal reflux disease 3(4.5) 3 (4.5) 5(5.6) 11 (5.0)
Vomiting 2(3.0) 1(15) 2(22) 5(2.3)
Infections and infestations 15 (22.7) 6(9.1) 23 (25.8) 44 (19.9)
Bronchiolitis 2(3.0) 0 0 2(0.9)
Candida infection 2(3.0) 0 3(34) 5(2.3)
Conjunctivitis 0 0 4 (4.5) 4(1.8)
Nasopharyngitis 5(7.6) 1(1.5) 2(22) 8(3.6)
Oral candidiasis 1(1.5) 0 2(22) 3(1.4)
Otitis media 1(1.5) 0 5(5.6) 6(2.7)
Upper respiratory tract infection 2(3.0) 3(4.5) 7(7.9) 12 (5.4)
Viral infection 4(6.1) 0 0 4(1.8)
Viral upper respiratory tract infection 0 0 2(22) 2(0.9)
Skin and subcutaneous tissue disorders 7 (10.6) 7 (10.6) 15 (16.9) 29(13.1)
Respiratory, thoracic and mediastinal disorders 5(7.6) 3 (4.5) 12 (13.5) 20 (9.0)

Bold face indicates a significant difference in incidence among feeding groups, p < 0.05.
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Age at enrollment

0-14d

LS difference from control
15-21d

LS difference from control
22-29d

LS difference from control

Test (g/d) Control (g/d)

30.0° & 4.8 (23) 30.6+ 8.8 (17)
-1.73" [-6.6, 3.1]°

30.9 +8.2(18) 29.4 452 (13)
1.56 [-3.3, 6.4]
31.1+ 3.1 (6) 29.1 +6.8 (5)
1.1[-9.8,12.0]

“Mean =+ SD; n in parentheses; bleast square mean difference from control, °95% confidence interval in brackets.

BF (g/d)

310483 (37)
26.8 % 7.0 (37)

23.7 +9.1(6)
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Statistic

Mean (SD)

Median (Min, Max)

LS mean (SE)

95% CI of LS mean

LS mean difference test vs. Control or test vs.

95% CI of LS mean difference

Test formula (n = 47)

305 (6.1)
30.0 (13.5,49.3)
30.6 (1.0)
28.6,32.6
Breastfed

Control formula (n = 35)

299 (7.3)
28.0 (18.9, 53.9)
303 (1.2)
27.9,32.7
03
-2.8,34

Breastfed (n = 78)

28.4(8.1)
27.1 (122, 46.5)
28.6 (0.9)
27.0,30.2
2.0
~06,46
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Genus. log2 fold change ~ wilcoxt test  regulation log2 fold change wilcoxttest  regulation

(Dss/Ctrl) p-value  (DSS/Ctr)  (DSS+mesalazine/DSS)  p-value (DSS+mesalazine/DSS)
g_Anaerotignum -1.96 0.009 down 1.01 0.028 w
9_Burkholderia-Cabaleronia- -253 0009 down 276 0047 w
Paraburkholderia
g__Enterorhabdus -394 0009 down 258 0016 w
g_Erysipelatoclostricium -2.10 0.009 down 228 0,009 w

g__Lachnospiraceae_UCG-008 -2.38 0.016 down 235 0.047 up
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Order log2fold change  wilcoxttest  regulation log2 fold change wilcoxttest  regulation

(DSS/Ctrl) p-value (DSS/Ctrl)  (DSS+mesalazine/DSS) p-value (DSS+mesalazine/DSS)
Anaeroplasmatales 2.89 0.03 up -0.68 035 down
Bacteroidales —144 001 down 0.13 075 up
Betaproteobacteriales -248 001 down 238 005 up
Coriobacteriales -378 001 down 2.44 003 up
Enterobacteriales 6.60 0.02 up -3.54 0.08 down
Firmicutes 315 0.01 up -0.15 092 down
Lactobacilldles 2.19 0.02 up 329 0.17 up
Saccharimonadales ~186 0.05 down 030 0.46 up

Verrucomicrobiales 9.63 001 up -0.29 025 down
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Species level Control group Xylitol group

Significance Trend Relative median abundance (%) Significance Trend Relative median abundance (%)

Mo M1 Mo M1
Abiotrophia defective (nutritionally variant Streptococci) 0.336 0.258 - 1 0.141 0.09
Actinomyces unclassified (Actinomyces spp.) 0.018 0.016 - 1 0.026 0.01
Actinomyces gerencseriae 0.032 0.009 - 1 0.01 0
Actinomyces meyeri 0.001 0.001 e 1 0.02 0.003
Actinomyces odontolyticus 0.003 0.001 = 1 0.008 0.005
Actinomyces sp._HMT_448 0.009 0.005 . 1 0.026 0
Porphyromonas unclassified (Porphyromonas spp.) 0.358 0.279 s 1 0.929 0.412
Porphyromonas catoniae 0.528 0.314 0.466 0.390
Porphyromonas sp._HMT_278 * 1 0.041 0.018
Porphyromonas sp._HMT_284 0.007 0.006 0.008 0.004
Alloprevotella sp._HMT_914 0.123 0.107 e 1 0.344 0.083
Alloprevotella rava 0.081 0.087 0.065 0.099
Prevotella unclassified (Prevotella spp.) 4.239 2747 2.330 2.920
Prevotella denticola 0.081 0.146 0.127 0.119
Prevotella histicola 0.014 0.009 0.003 o
Prevotella intermedia 0.006 0.0 0.043 0.004
Prevotella melaninogenica 0.517 0.6 0.225 0.273
Prevotella nigrescens 0.247 0.263 0.172 0.157
Prevotella oulorum 0.055 0.072 0.326 0.149
Prevotella pallens 0.048 0.035 0.011 0.016
Prevotella veroralis 0.040 0.047 0.344 0212
Streptococcus unclassified (Streptococcus spp.) 4.335 1.642 3.270 1.621
Streptococcus anginosus 0 0 0.031 0.013
Streptococcus cristatus_clade_578 0.030 0.013 0.051 0.029
Streptococcus gordonii 0.160 0.114 * 13 0.197 0.039
Streptococcus intermedius 0 0 0.017 0.008
Streptococcus oralis_subsp._dentisani_clade_058 2.338 1.906 1.744 0.858
Streptococcus oralis_subsp._dentisani_clade_398 0 0 0.003 0.003
Streptococcus oralis_subsp. _tigurinus_clade_071 0.078 0.145 0177 0172
Streptococcus salivarius 0.024 0 0.003 0]
Streptococcus sanguinis 0.041 0.032 0.038 0.030
Fusobacterium unclassified (Fusobacterium spp.) 9.807 8.878 - 4 8.541 10.199
Fusobacterium naviforme 0 0.001 * o 0 0.015
Fusobacterium nucleatum_subsp._animalis * 4 0.492 1.391 * 1 1.774 3.697
Fusobacterium nucleatum_subsp._polymorphum 0.120 0.072 0.077 0.099
Fusobacterium nucleatum _subsp._vincenti - 1 0.359 1.600 - 1 1.281 2.083
Fusobacterium periodonticum 0.958 0.598 * 1 0.324 0.097
Fusobacterium p._HMT_203 * 1 0.065 0.118 0.081 0.116
Lautropia mirabilis 0.840 0.330 e 1 0.446 0

*n < 0.05, *p < 0.01, and ***p < 0.001 by Wilcoxon's test.
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Variable Control Xylitol gum
MO M1 Mo M1
Average dental plaque weight, mg 32.00 34.30 34.80 26.40"
(19.15-66.60) (22.10-49.50) (30.50-57.60) (16.17-37.80)
Average pH value 6.53 6.58 6.55 6.58
(6.35-6.79) (6.49-6.80) (6.28-6.79) (6.30-6.67)

*o < 0.05 by Wilcoxon’s test; The average dental plaque weight was significantly decreased following chewing xylitol gum treatment.
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Basic profile Control Xylitol gum

Sample size, N 1 13
Male: Female 6:5 87
Age, years 2491 +£391 23.31+3.12
Decayed, Missing, and Filled Teeth (DMFT) index 0(8-13) 9 (6-13)
Number of decayed teeth (DT value) 2(1-8 1(1-4)
Number of missing teeth (DM value) 3 (2~ ) 4 (1-4)
Number of filled teeth (DF value) 4(2-9 3 (1-5)

There was no statistically significant difference between the two groups.
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Source

Fucosylated chondroitin
sulfate from sea
cucumber Stichopus

chloronotus.

Polysaccharides from
Gracilaria rubra
Polysaccharides from

Polygonatum kingianum

Water-soluble
polysaccharide from wild

morels

Polysaccharides from

purple sweet potato

Insoluble polysaccharide
from the sclerotium of

Poria cocos

Polysaccharides from

blackberry

Polysaccharides from

Tuber indicum

Pumpkin polysaccharide

Polysaccharides from

green tea

Mulberry leaf
polysaccharide

Flaxseed polysaccharide

Tamarind seed

polysaccharide

Polysaccharide from
Artocarpus heterophyllus
Lam. pulp

Spirulina platensis crude

polysaccharides

Polysaccharide from

Schisandra chinensis

Polysaccharide from

Caulerpa lentillifera

Polysaccharides from

Rapeseed

Polysaccharides from
Solanumm nigrum L. (S1

and $2)

Ficus carica

polysaccharide

Depolymerized
RG-I-enriched pectin
from citrus segment

membranes

Polysaccharides from
Fuzhuan brick tea
Polysaccharides from bec
collected pollen of

Chinese wolfberry

Apple polysaccharide

Polysaccharides from

Laminaria japonica

Oudemansiella radicata
polysaccharides
Polysaccharides from

Flammulina velutipes

Polysaccharide from

oyster

Polysaccharide from
Craterellus

cornucopioides

Jinxiang garlic

polysaccharides

Polysaccharide from

Mung bean skin

Models

In vitro fermentation with

human feces

In vitro fermentation with
human feces
High fat diet-induced obese

rats

Normal and
eyclophosphamide

(CP)-treated mice
Normal and

cyclophosphamide (CTX)

treated mice

ob/ob mice

Invitro fermentation with

human feces

Exhaustive
swimming-induced fatigue

mice

High-fat diet-induced T2DM

rats.

High-fat diet and

streptozotocin-induced
‘T2DM rats and normal rats
Cyclophosphamide-treated

mice

High-fat-diet-induced

metabolic syndrome

Invitro fermentation with

human feces

Normal mice

High-sucrose and high-fat
diet-fed rats

Dextran sodium

sulfate-induced ulcerative

colitis mice

Cytoxan-induced

immunosuppressed mice

High-fat diet-induced obesity

Invitro fermentation with

human feces

Dextran sodium

sulfate-induced colitis

Normal mice

Invitro fermentation with
human feces
In vitro fermentation with

human feces

High-fat diet-fed rats

High-fat diet-fed mice

In vitro fermentation with
human feces
In vitro fermentation with

human feces

Invitro fermentation with

human feces

In vitro fermentation with

human feces

Dextran sulfate

sodium-induced colitis mice

Normal mice

Effects on gut microbiota

Increased Megamonas, Bacteroides,
Parabacteroides, Prevotella,
Fusobacterium, and
Faecalibacterium; decreased
Clostridium_XIVa,
Bifidobacterium, Dialister, etc.
Increased Bacteroidetes; decreased
Firmicutes

Increased Bacteroides,
Bifidobacterium, and Streptococcu;

inhibited Lactobacillus and

Psychrobacter

Increased Lachnospiraceac in

normal mice; increased
Rumiinococcaceae in CP -treated
mice

Increased Bacteroidetes,
Lachnospiraceae and Oscillospira,
and decreased Firmicutes,
Alealigenaceae and Sutterella in
normal mice; increased
Bacteroidetes, etc., decreased
Alcaligenaceae, etc., in
CTX-treated mice

Increased Bacteroides,
Lachnospiracea, Alloprevotella,
Parabacteroides, Clostridum IV,
and Ruminococeus; decreased
Megamonas and Proteus
Increased Bacteroides,
Parabacteroides, Prevotella;
decreased Dorea, Blautia,
Enterobacteriaceae, Coprococeus
and Sutterella

Increased Porphyromonadaceae,
Bacteroidetes, etc; decreased
Firmicutes, Proteobacteria,
Ruminococcaceac,
Helicobacteraceae, etc.

Increased Alealigenaceae,
Prevotella, Sutterella,
Burkholderiales,
Deltaproteobacteria,
Betaproteobacteria and Bilophila
Enriched Lachnospira, Victivallis,
Roseburia, and Fluviicola in T2DM
rats

Increased Bacteroidetes; decreased
Firmicutes, Butyricimonas and
Eubacterium.

Increased Akkermansia and
Bifidobacterium; decreased
Oscillospira and Odoribacteracea.
Increased Parabacteroides,
Lactobacillus, Prevotella and
Faccalibacterium; decreased
Escherichia-Shigell and Dorea
Increased Firmicutes,
Proteobacteria, Cyanobacteria;
decreased Bacteroidetes
Increased Bacteroides,
Corynebacterium, Alloprevotella,
Paraprevotella, Flavonifractor, etc:;
decreased Phascolarctobacterium,
ifidobacterium, Lactobacillus and
Romboutsia

Increased Alloprevotella,
Saccharibacteria, Bacteroidetes,
ete; decreased Anacrotruncus
Increased Ruminococcaceac,
Lactobacillus, Coriobacteriaceae,
Helicobacter, and
Clostridium_XVIIT; decreased
Bacteroides, Barnesiella and
Lachnospiraceae

Increased Blautia, Dorea,
Akkermansias inhibited
Ruminococcaceae

Both polysaccharides increased
Faccalibacterium, Roseburia,

Anaerostipes spp.

Increased 247, Bacteroides, and
Coprococus; decreased Escherichia
and Clostridium

DWRP: increased Bifidobacterium

spp. Lactobacillus spp.,
Faccalibaculum spp. etc. WRP:

increased Bacteroides spy

Ruminococcus spp, Butyricicoccus
spp-ete.

Increased Prevotella and
Bacteroides; decreased Firmicutes
Increased Prevotella, Dialister,
Faccalibacterium Megamonas,
Alloprevotella; decreased
Bacteroides, Phascolarctobacterium,
Clostridium XIVa, Parabacteroides,
ete.

Increased Bacteroidetes and
Lactobacillus; decreased Firmicutes,
Fusbacterium.

Increased Bacteroides spp. and
Ruminococcaceae spp.; decreased
Pseudomonas spp.

Lachnoclosts

ium spp.

Increased Bacteroidales and
Parabacteroides

Increased Bifidobacteriaceae and
Bacteroidaceac; decreased
Lachnospiraceae and
Enterococcaceae.

Increased Bacteroides, Prevotella,
Faecalibacterium, Parabacteroides,
Blautia, Agathobacter, etc.,
decreased Escherichia-Shigella,
Lactobacillus, and Bifidobacterium
Increased Bacteroides,
Parabacteroides, Citrobacter,
Phascolarctobacteriunm; decreased
Dorea, Gemmiger, Bifidobacterium
Increased Muribaculacea;
decreased Mucispirillum,
Helicobacter, Bacteroides.
Increased Firmicutes, Bacteroidetes,

Clostridium and decreased TM7

Effects on specific SCFAs

Increased acetic acid, isobutyric

acid, and isovaleric acid

Increased acetic acid, propionic
acid, and isobutyric acid
Increased acetic acid, and

propionic acid

Increased acetate, propionate;
butyrate, and valerate in CP-treat

mice

Increased acetic acid, propionic
acid and butyric acid in normal

mice

Increased butyrate

Increased acetic acid, propionic
acid, butyric acid, isovaleric acid,

valeric acid

Increased butyric acid.

Increased butyric acid and

isovaleric acid

Increased acetic acid, propionic
acid, n-butyric acid, i-butyric acid,
and n-valeric acid in normal rats
Increased acetic acid, propionic

acid, and n-butyric acid

Increased propionic acid and

butyric acid

Increased propionic acid and

butyric acid

Increased acetic a

acid, n-butyric acid

Increased butyric acid

Increased propionic acid, butyric

acid and valeric acid

Increased acetate

Decreased propionate and butyrate

Sland 2 increased propionic acid,
butyric acid, isobutyric acid, valeric
acid and isovaleric acid; $2 also
increased acetic acid and succinic
acid

Increased acetate and butyrate

Increased total SCFAs

Increased lactic, acetic, propionic
acids
Increased acetic and propionic

acids

Increased acetic acid and isobutyri

acid

Increased fecal butyric acid

Increased acetic acid, propionic
acid

Increased acetate, propionate,
butyrate, isobutyrate, valerate,

isovalerate

Increased acetic acid, propionic

acid, and n-butyric acid

Increased acetic, propionic and

n-butyric acids

Increased acetic acid and propionic

acid

Increased acetic acid, propionic

acid and butyric acid
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Typical metabolites

Short-chain fatty acids
(SCFAS) (acetate,
propionate, butyrate,
isovalerate, isobutyrate,

valerate, etc.)

Bile acids (BAs)
(w-muricholic acid,
‘murideoxycholic aci
deoxycholic acid,
lithocholic acid,
hyodeoxycholic acid,

etc)

Trimethylamine (TMA),
and indirect product
trimethylamine-N-oxide
(TMAO)

Branched-chain amino
acids (BCAAs) (leucine,

isoleucine, and valine)

Tryptophan and indole
derivatives
(indole-3-lactic acid,
indole acetic acid,

indole-3-acetamide, etc.)

Gases (Hy$, Ha, CO,,
CHy, NO)

Others
(lipopolysaccharides;
Vitamins such as vitamin
B2, organic acids such as
benzoate; polyamines
such as cadaverine;
neurotransmitters such

as dopamine)

Typical targets

G-protein-coupled receptors
(GPR41, GPR43, GPRI09A,
GPR8I, GPRI1) and nuclear
class I histone deacetylases
(HDACI and HDAC3)

Farnesoid X receptor (EXR),
‘Takeda G-protein receptor 5
(TGRS), vitamin D3 receptor
(VDR), pregnane X
receptor/steroid and
xenobiotic-sensing receptor
(PXR/SXR), constitutive
androstane receptor (CAR),
ete.

Nuclear factor-«B (NF-xB),
protein kinase C (PKC), and
nucleotide-binding
oligomerization domain-like
receptor family pyrin

dor

n-containing 3
(NLRP3) inflammasome
Mammalian target of
rapamycin complex
1(mTORC), glutamate
dehydrogenase

Aryl hydrocarbon receptor
(ABR) and PXR

NO acts on soluble guanylate

cyclase

Lipopolysaccharides acts on
CD14/Tolllike receptor 4,
vitamins act on vitamin
receptors, neurotransmitters

act on adrenergic receptors

Specific functions

Regulate gut barrier, appetite,
energy metabolism, gut hormones;
reduce proinflammatory cytokines;
modulate systemic immune

response

Facilitate lipids absorption;
regulate gut microbiota
composition, intestinal immunity,
gut motility, lipid and glucose
homeostasis, amino acid

metabolism

Promote inflammation,
thrombosis; influences myocardial
hypertrophy and fibrosis; promotes

mitochondrial dysfunction

Acting as building blocks for all
life, especially involved in protein

is and insulin secretion

synth

Regulate gut barrier, gut motility,
gut hormone secretion, and

systemic immune response

CHj modulates gut motility; Hy$

regulates epithelial secretion, gut

inflammation, and susceptibilty to
infections; NO regulates blood flow
Influence gut barrier; regulate
intestinal or systemic immune
reaction; act as the nutrients; be

toxic to host cells

Typical diseases

associated

Diabetes, obesity,
non-alcoholic fatty
liver disease,
hypertension,
atherosclerosis,
ulcerative colitis,
Crohn’s disease,
colorectal cancer,
autism spectrum
disorder,
Parkinsons discase,
asthma

Primary biliary
cholangitis, obesity,
non-alcoholic fatty
liver disease,
atherosclerosis,
ulcerative colitis,

cancer, Alzheimer's

disease, Parkinson's
disease
Non-alcoholic fatty
liver disease,
diabetes, heart
failure, obesity,
atherosclerosis,

hypertension

Insulin resistance,
type 2 diabetes,
cardiovascular
discases, cancers
Uleerative colitis,
Crohn’s discase,
irritable bowel
syndrome, obesity,
Alzheimers disease,
Parkinson’s disease,
schizophrenia,
Parkinson’s discase,

colitis, ulcer

Insulin resistance,
obesity, type 2
diabetes mellitus,
non-alcoholic fatty
liver disease,
chronic hepatitis C
irritable bowel
syndrome,

ulcerative colitis
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Compounds MOD vs. CON DSFS vs. MOD WPC vs. MOD

VIP FC Change VIP FC Change VIP FC Change
1,4-Dihydro-1-Methyl-4-Oxo-3- 7.20 1.51 N 7.00 0.49 V 5.99 0.72 V
Pyridinecarboxamide
2,6-Dihydroxypurine 4.09 1.41 1# 418 0.57 A 3.80 0.74 A
Hypoxanthine 6.30 0.44 i 5.85 0.67 i
Uracil 2.88 1.65 14 2.78 0.45 & 2,22 0.76 i
7-Methylguanine 4.37 0.77 A4 4.28 1.42 1™
Thymine 3.71 0.43 Vi
6-Methylmercaptopurine 2.73 0.68 i 2.52 1.65 i
L-Leucine 7.29 0.83 N 5.41 1.15 i
L-Valine 5.29 0.73 i
L-Tyrosine 4.93 0.79 W
L-Tryptophan 4.64 0.56 e
Indoleacetaldehyde 1.13 3.65 A 1.09 2.55 A
(E)-3-Indoleacrylic acid 2.36 0.53 {#
Methoxyindoleacetic acid 1.04 0.58 V
Azelaic acid 1.77 1.26 1# 1.88 0.65 L 2.72 0.60 L
N-acetylhistamine 1.70 1.61 14 1.57 0.48 i 1.55 0.66 i
Hydrocinnamic acid 1.39 2.47 1 1.21 0.35 i 1.89 0.16 i
1-Phenylethanol 4.66 1.86 1 5.25 1.79 1
2-(Formylamino)Benzoic acid 3.1 0.71 i 3.11 1.61 1
D-Mannose 2.33 3.20 il
D-Fructose 217 2.92 5%
Thiamine 3.06 0.16 U 4.49 0.04 U

#Represents a significant difference compared with CON group (P < 0.05). **Represents a highly significant difference compared with the CON group (P < 0.01).
*Represents a significant difference compared with the MOD group (P < 0.05). **Represents a highly significant difference compared with the MOD group (P < 0.01).
tndicates a significant increase. |Indicates a significant decrease.
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Ruminococcaceae_UCG-005
Alloprevotella

Blautia

Unidentified_ Ruminococcaceae

Parasutterella

Baseline

360055
7294091
8264131
104045
039%0.15
0.0940.01
2904092
2894065
10.29 £ 1.06
0.06%0.02
590+ 1.08
3.03£057
4.17£061
284086
199037
077014

Starch
(Control)

148049
19.48 +2.79%
4294106
0094002
2744129
011001
183065
849+ 1.12%
8304058
0074003
260£037
2754058
2194028
1724022
3394 0.16%
0194003

Diets

Starch+olive Starch+FOS Fructose
(negative control) (FOS control)
314159 3494203 333£ 131
1437 £ 3814 029£0.11 12.97 £ 2828
1087 £4.77 1854038 2714065
043 £ 017 14.69 £ 1.84¢ 0.16 % 0.08"
1.74 £ 0.50° 11.94 £ 4.13° 413 £ 170"
0204005 9.12£601° 0134002
059020 0.36:£0.07 635£399
1127 3.40° 1314056 697 % 112
7734205 4544225 8.504082
0.17 009" 0142005 021009
342080 541159 263£047
4.06 % 1.06* 0374002 2784045
1304022 0820110 1504033
1.90 £ 0.59 2.88+0.94 207£032
1.79 & 0.40% 053 0.08" 290+ 0.61%
0264004 549+ 121 0.17£005

Fructose+FOS

130026
122031
1052%2.09
661 £ 111
5234127
385+ 0.64%
104033
3164 156"
594136
059 0.13%
357068
123+ 1.14*
640+ 113"
582+ 192
214 0.64%
358+ 024"

Galactose

305£051
5.04 % 0.89¢
174024
056012
189 117
109 027
118 £ 031
7.28 4 1.74%
1151 176
031014
539£059
930+2.17"
6834 1.36"
5.01£059
467 £ 0.40°
072:£017

Galactose+FOS

305109
10,51 £ 374
209027
9.52+325%
0.68£0.15"
069018
541164
2424054
7094191
27941

403£0.69
0934024
2114035
278+ 112
1,61 £029%
081£027

Values shown are LS mean 2 SEM of six rats (percentage of relative abundance). Only classified genera with relative abundance above 5.0% cut-offlevel are shown. Groups were assessed by one-way ANOVA followed by Tukey'stest. Means with different

letters) differ significantly (p < 0.05).
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Diets

Baseline Starch Starch + olive Starch + FOS Fructose Fructose + FOS Galactose Galactose + FOS
(Control) (negative control) (FOS control)
Firmicutes 54.58 £ 1.44 5572+ 1.86 56.54 £ 6.36 36.13 £ 8.66 56.87 £2.71 46.03 £3.92 50.02 % 2.46 4944 £6.06
Bacteroidetes 37.08 % 1.66 31184225 26144582 29.80 % 10.30 30454294 31714357 3778275 2060 %£2.73
Actinobacteria 1.25+0.46 0.16 %0.03¢ 059+ 0,18 14.87 £ 1.86° 025007 691 % 1.16 069 +0.14% 9.6%3.25%
Verrucomicrobia 03940.15 2744129 174 0.50° 11944 413 4134 17> 5234 1.27% 1894 1L17° 068 0.15"
Proteobacteria 5324069 9.6941.23 13.07£328 7204173 7824095 8124163 945168 106343
Tenericutes 0.09:£0.01 0,03 £0.01° 030:£ 007 0.03:£ 001 0044002 1.96 £ 0.07* 0.05£001° 002:£001°
Cyanobacteria 1.28+0.54 0.48 £0.15" 1.60 £ 0.51° 0.01 £0.00 0444025 0.03+0.01° 0.08 0.03" 0.0240.00°

ay ANOVA followed by Tukey significantly (p < 0.05).

by or

Values shown are LS m ntage of relative abundance). Grou

n = SEM of six rats (perc
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Starch Starch + olive Starch + FOS (FOS control) Fructose Fructose + FOS Galactose Galactose + FOS

(control) (negative control)
Initial body weight (g) 258318 2540423 2529424 2547424 2532433 2567 £25 2517429
Final body weight (g) 605867 587.5 4215 559.0 £20.1° 598.8 £ 13.4° 55324176 4980 £155° 4798 £166°
Energy intake (kcal/day) 380.3 £:8.2° 369.5 & 9.4 3186+ 14.7¢ 4262+99* 3502 % 8.9% 3938 £ 19.9% 1403.6 £ 20.8
FOS intake (g/day) na na 35401 na 39401 na 45402
Fructose intake (g/day) na na na 152404 129403 na na
Galactose intake (g/day) na na na na na 140£07 14908

ripts (lowercase letters) differ signifi

.y ANOVA followed by Tukey’s test. Means with differ tly (p < 0.05).

At super

S mean = SEM of six rats. Groups were ass

na, not applicable. Value
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Metabolites
modulated

SCFAs.

BAs

TMA (TMAO)

BCAAs

Tryptophan
and indole

derivatives

Typical dietary

compounds

Epigallocatechin-3-gallate

Ginsenoside Rk3

Hydroxysafflor yellow A

Gallic acid

Chlorogenic acid

Quercetin-3-glucoside

Green tea polyphenols

Anthocyanins from fruits
of Lycium ruthenicum

Murray
Blucberry

anthocyanin-rich extract

Lychee (Litchi chinensis

Sonn.) pulp phenolics

Polyphenols from
Camellia japonica bee

pollen

Capsaicin

Theabrownin

Epigallocatechin-3-gallate

Apple polyphenols

Allicin

Baicalin

Citrus,
polymethoxyflavones

Ginsenoside Rgl

Models

Bisphenol A-induced insulin
resistance and microbial

disturbance mice

Antibiotic-induced gut
microbiota disturbance and

low-grade inflammation mice

High-fat diet-induced obese

mice

Dextran sulfate sodium

salt-induced colitis rats

High-fat diet-induced obese
rat

In vitro fermentation with
human fecal suspensions and

single bacteria

Antibiotic-induced gut

microbiota disorder mice

Dextran sodium

sulfate-induced colitis mice

In high-fat and high-sucrose

diet-induced obese mice

Dextran sodium

sulfate-induced colitis mice

Hyperuricemia mice induced

by potassium oxonate

High-fat diet-induced obese

mice

High-fat diet-induced obese

mice

Dextran sulfate

sodium-induced colitis mice

High-fat diet-induced
dysbiosis

Dextran sulfate
sodium-induced ulcerative
colitis

Healthy participants,
L-canitine-fed mice,
ApoE~/~ mice

Repeated cerebral
ischemia-reperfusion injury

mice

Metabolic syndrome induced
by high-fat dict

Ulcerative colitis mice
induced by dextran sulfate

sodium

‘Gut microbiota involved

Increased Lachnospiraceae
and Ruminococeaceac;
reduced Firmicutes and
Clostridia

Enriched genera Bacteroides,
Alloprevotella and Blautias
decreased
Firmicutes/Bacteroidetes ratio
Increased Akkermansia,
Romboutsia, Butyricimonas
and Alloprevotella; decreased
Firmicutes/Bacteroidetes ratio
Increased Bacteroides and
re4_d; decreased
Enterobacteriaccae,
Peptococcaceae,
Turicibacteraceae

Decreased Blautia, Sutterella,
and Akkermansia
Enterococeus casseliflavus and

Eubacterium ramulus

Increased Lactobacillus,
Akkermansia, Blautia,
Roscburia, and Eubacterium,
ete.

Increased
Porphyromonadaceac,
Rikenellaceae and
Prevotellaceae

Decreased Lachnospiraceae
bacterium Chocos6, Blautia
sp. N6H1-15, and
Ruminococeus torques
Increased Akkermansia,
Lactobacillus, Coprococcus,
and Bacteroides uniformis;
decreased Enterococcus and
Aggregatibacter

Increased Bacteroidetes,
Actinobacteria and
Proteobacteria; decreased
Firmicutes

Increaseed Bifidobacterium,
Bacteroides, Akkermansia
muciniphila, etc.

Increased species richness,
decreased

Firmicutes/Bacteroidetes ratio

Increased Lactobacillaceac;
decreased Lachnospiraceac,
Peptostreptococcaceae, and
Streptococcaceae

Increased Adlercreutzia,
Akkermansia, Allobaculun;
decreased Desulfovibrionaceae
Increased Verrucomicrobia,
Bacteroides and Akkermansia;
decreased Bacterodetes
Increased Akkermansia and

Faccalibacterium prausnitzii

Increased
Citromicrobium_sp_WPS32
and

Eubacterium_sp_CAG_86;

decreased
Lactobacillus_plantarum
Enriched the commensal
bacterium Bacteroides ovatus
Increased Lactobacillus,
Allobaculum, and
Akkermansia; decreased
Odoribacter,
Clostridia_UCG-014,

Bacteroides, and Turicibacter

Effects on gut
microbiota-associated

metabolites

Increased acetic acid, butyric

acid, and valeric acid

Increased acetic acid,
propionic acid, butyric acid,
isobutyric acid, valeric acid,
and isovaleric acid
Increased acetic acid,
propionic acid, and butyric

acid

Decreased acetate,

propionate, iso-butyrate, and

butyrate

Increased butyric acid

Butyrate, acetate, and formate

were detected
Increased acetic acid and

butyricacid

Increased acetic, propionic,

i-butyric acids

Decreased valeric acid,
isobutyric acid, and isovaleric

acid

Increased propionic,

n-valeric, and iso-valeric acids

Increased acetic acid and

butyric acid

Increased lithocholic acid

Decreased deoxycholic acid,

23-nordeoxycholic acid,

taurodeoxycholic aci
increased lithocholic acid

Increased a-muricholic

and; decreased solithocholic
acid, and
taurohyodeoxycholic acid

Decreased deoxycholic acid

Decreased hyodeoxycholic

acid

Decreased TMA and TMAO

Decreased TMA and TMAO

Reduced the levels of valine,
leucine, isoleucine
Increased
indole-3-formaldehyde,
3-indolepropionic acid and

decreased tryptophan
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Dietary intakes
Total energy intake (kcal)
Carbohydrates (g)
Fat (g)
Protein (g)
Fiber ()
Body composition
BMI (kg/m?)
Fat ratio (%)
Fat mass (kg)
Muscle mass (kg)
Blood pressure
Systolic (mmHg)
Diastolic (mmHg)
Blood lipids
Triglycerides (mmol/L)
Total cholesterol (mmol/L)
HDL-~cholesterol (mmol/L)
LDL- cholesterol (mmol/L)
Glucose homeostasis
HoAlc (%)
Fasting glucose (mmol/L)
Liver and kidney function indices
AST (UIL)
ALT (UAL)
Creatinine (jmol/L)
Uric acid (umol/L)
Gut microbial characteristics*
Shannon (bacteria)
Observed features (bacteria)
Firmicutes-to-Bacteroidetes (%)
Shannon (fungi)
Observed features (fung)

Baseline
(n=61%)

1805.3 (1303.6-2254.6)
2336 (151.9-315.1)
63.8(51.1-85.5)
64.2 (41.7-77.7)
12.7 (89-16.9)

302(4.5)
35.18.7)
2938.1)
49.2(9.0)

1266 (3.5)
89.2(2.5)

1.40.1)
49(02)
1.3(0.1)
30002

65(0.4)
6.4(05)

23.1(25)

37.2(6.3)

60.5(2.7)
369.8 (20.4)

5.2 (4.65-5.59)
159.0(112.0-181.0)
202 (6.36-40.89)
2.4(1.0-3.0)
37.0 (23.0-50.0)

5% Weight loss
(n=61)

9965 (797.9-1212.4)
767 (65.8-1135)
45.6(37.9-57.9)
65.6(51.1-78.5)
11.8 (8.4-15.9)

28.6 (4.4)
33.7 (35)
268(8.2)
476 86)

121.9(4.5)
83.43.7)

NA
NA
NA
NA

NA
NA

NA
NA
NA
NA

53(4.9-5.9)
1485 (120.0-190.0)
6.4 (2.82-21.03)
31(22-35)
380 (26.0-56.0)

P-value
(F1vs.BL)

<0.001
<0.001
<0.001
0.733
0.738

<0.001
<0.001
<0.001
<0.001

0.028
0.002

NA
NA
NA
NA

NA
NA

NA
NA
NA
NA

0.031
0.034
0.002
0.009
0.113

10% Weight loss
(=27

1091.3 (934.7-1320.0)
94.4(55.9-124.4)
50.0 (41.2-61.9)
72.9(57.0-84.6)
13.6 (11.0-18.4)

26.73(3.5)
32.8(3.8)
23.9(6.4)
447 (7.0)

1158 2.9)
83.3(2.6)

09(0.1)
46(0.2)
1.3(0.1)
25(0.2)

56(0.9)
5.1(0.1)

165(0.8)
18.3(1.7)
62.8(2.4)

356.3(17.4)

53(4.8-5.7)
142.0 (116.0-171.0)
7.3(4.3-14.3)
32(2.5-85)
34.0 (25.0-54.0)

P-value
(F2vs. BL)

<0.001
<0.001
<0.001
0.186
0.683

<0.001
<0.001
<0.001
<0.001

0.001
0.002

<0.001
0.055
0.953
0.016

0.029
0.004

0.008
0.002
0.124
0.301

0.221
0.330
0.701
0.016
0.631

Data with normal distribution are presented as mean (SD), those with skew distribution are presented as median (IQR). For those data with normal and skew distribution, paired T-test
and paired Wilcoxon test were used o assess significance of the difference, respectively. BL, baseiie.

465 participants were included in the present stucy, with data of 61 participants available for the paired analysis.
0 for the comparison between baseline and F1, as 1 participant did not provide stool sample at F1 visit.

'n





