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Editorial on the Research Topic

Gut Microbial Response to Host Metabolic Phenotypes

It is increasingly apparent that gut microbiota perform functions crucial to the host, such as
regulating host physiology and influencing host health (1–3). Using fecal bacteria transplantation
technology, Wu et al. found that fecal microbiota from obese Jinhua pigs and lean Landrace pigs
exert different lipid metabolic phenotypes. Zheng et al. also witnessed gut microbial alterations
in high fat diet-fed mice, with a high ratio of Firmicutes to Bacteroidetes and abundance of
Allobaculum. Although this Research Topic failed to receive any papers about the role of gut
microbiota in amino acid metabolism, nucleic acid metabolism, and carbohydrate metabolism,
other reports have confirmed these functions (4, 5).

Currently, the gut microbiota is attracting much interest due to its role in maintaining host
health and its association with all aspects of health and diseases. In this Research Topic, gut
microbial disorders are screened in persistent atrial fibrillation patients (Xu et al.) renal cell
carcinoma metastasis patients (Dai et al.), and a spinal cord injury animal model (Rong et al.).
Xu et al. thoroughly discussed the taxonomic and functional characteristics of the gastrointestinal
microbiota and demonstrated the profound relationship between gastrointestinal microbiota and
metabolic disorders in ruminants. Together, these results further confirmed the role of gut
microbiota in disease occurrence and development and manipulation of gut microbiota might,
therefore, be considered a potential target for treating diseases.

Indeed, various disease treatment measures include gut microbial improvement, such as dietary
probiotics (6). For example, Zhang et al. reported that dietary Lactobacillus acidophilusATCC 4356
improved gut microbiota distribution and alleviated renal ischemia–reperfusion injury. Similarly,
beneficial effects of Lactobacillus have been identified in lumbar disc herniation (Wang et al.),
hypercholesterolemic golden hamsters (Yang et al.), asthma, and Clostridium perfringens infection
(Wang et al.). In animal production, the gut is generally disturbed by weaning stress, dietary
toxins, and pathogen infections, thus dietary probiotics have been widely introduced to maintain a
healthy gut and guarantee higher production performance (7). Lactococcus lactis, in this Research
Topic, has been identified to improve gut function in piglets (Yu et al.). However, probiotics are
not limited to Lactobacillus, some species of Bifidobacterium, Escherichia coli, Enterococcus, and
Saccharomyces have long been used as probiotics to alleviate various diseases by changing gut
microbiota compositions.

Gut microbiota diversity and compositions are highly associated with dietary fluctuations. Thus,
dietary manipulation has also been used to target gut microbiota to regulate host physiology and
metabolism. In this Research Topic, Qian et al. found that dietary dried citrus peel (Chenpi)
improved gut microbiota compositions in high fat diet-fed mice. Li et al. concluded that maternal
fiber nutrition during pregnancy regulated the health of offspring, and the response of the maternal
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intestinal microbes played an important role in intervening in
the phenotype of sows and neonatal piglets. Dietary protein and
amino acids are the main factors shaping gut microbiota (8),
Fu et al. also reported a role of tryptophan in gut microbiota.
Besides, vitamin K2 (Liu et al.), β-carotene (Yuan et al.), olive
fruit extracts (Wang et al.), bovine lactoferrin (Wang et al.), and
β-sitosterol (Yu et al.) have been reported to shape gut microbiota
compositions in this Research Topic.

How does gut microbiota affect host physiology and
metabolism? Hou et al. showed that the gut–liver FXR–FGF19
axis is involved in Lactobacillus delbrueckii-promoted ileal bile
acid deconjugation. In our previous studies, we found that
gut microbiota-derived metabolites are highly associated with
host metabolic reprograming (9–12). Furthermore, bacterial
microRNA, bacteriocin, and microbiota sensing pathways have
also been identified to be involved in the relationship between
gut microbiota and host metabolism (13, 14). However, with
the focus on the detailed mechanism by which gut microbiota
influence host metabolism, much still needs to be elucidated.

In summary, papers from the current Research Topic screened
the gut microbiota dysbiosis in various diseases and reported the
beneficial roles of dietary probiotics and other active components
in the improvement of gut microbiota. Despite the progress made
in understanding the relationship between gut microbiota and
host metabolism, there are a number of prominent research
avenues that remain to be explored. For example, what are the

molecular and physiological links between the gut microbiota
and host metabolism at the epigenetic, transcriptome, and
proteome levels? Gut microbiota is changed in various pathologic
conditions and microbial biomarkers need to be screened in
specific metabolic diseases. Additionally, dietary manipulation is
widely used to maintain a healthy gut microbiota composition,
and the interaction between diets, gut microbiota, and host
metabolism will be an important area of future research.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

This study was supported by the National Natural Science
Foundation of China (32172761) and the Young Elite Scientists
Sponsorship Program by CAST (2019-2021QNRC001).

ACKNOWLEDGMENTS

We would like to thank all authors for their papers and the
reviewers for the painstaking care taken in helping improve the
clarity of the manuscript.

REFERENCES

1. Yin J, Li YY, Han H, Ma J, Liu G, Wu X, et al. Administration of exogenous

melatonin improves the diurnal rhythms of the gut microbiota in mice fed a

high-fat diet.mSystems. (2020) 5:e00002-20. doi: 10.1128/mSystems.00002-20

2. Tian M, Chen JM, Liu JX, Chen F, Guan WT, Zhang HS. Dietary fiber

and microbiota interaction regulates sow metabolism and reproductive

performance. Anim Nutr. (2020) 6:397–403. doi: 10.1016/j.aninu.2020.10.001

3. Ma J, Zheng YM, TangWJ, YanWX, Nie HF, Fang J, et al. Dietary polyphenols

in lipid metabolism: a role of gut microbiome. Anim Nutr. (2020) 6:404–

9. doi: 10.1016/j.aninu.2020.08.002

4. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan

metabolism in health and disease. Cell Host Microbe. (2018) 23:716–

24. doi: 10.1016/j.chom.2018.05.003

5. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease.

Nat Rev Microbiol. (2021) 19:55–71. doi: 10.1038/s41579-020-0433-9

6. Azad MAK, Gao J, Ma J, Li TJ, Tan B, Huang XG, et al. Opportunities of

prebiotics for the intestinal health of monogastric animals. Anim Nutr. (2020)

6:379–88. doi: 10.1016/j.aninu.2020.08.001

7. Azad MAK, Sarker M, Li T, Yin J. Probiotic species in the

modulation of gut microbiota: an overview. Biomed Res Int. (2018)

2018:9478630. doi: 10.1155/2018/9478630

8. Yin J, Ma J, Li YY, Ma XK, Chen JS, Zhang HH, et al. Branched-chain amino

acids, especially of leucine and valine, mediate the protein restricted response

in a piglet model. Food Funct. (2020) 11:1304–11. doi: 10.1039/C9FO01757G

9. Yin J, Li YY, Han H, Chen S, Gao J, Liu G, et al. Melatonin reprogramming

of gut microbiota improves lipid dysmetabolism in high-fat diet-fed mice. J

Pineal Res. (2018) 65:e12524. doi: 10.1111/jpi.12524

10. Duan YH, Zhong YZ, Xiao H, Zheng CB, Song B, Wang WL, et al. Gut

microbiota mediates the protective effects of dietary beta-hydroxy-beta-

methylbutyrate (HMB) against obesity induced by high-fat diets. Faseb J.

(2019) 33:10019–33. doi: 10.1096/fj.201900665RR

11. Han H, Yi B, Zhong R, Wang M, Zhang S, Ma J, et al. From gut microbiota

to host appetite: gut microbiota-derived metabolites as key regulators.

Microbiome. (2021) 9:162. doi: 10.1186/s40168-021-01093-y

12. HanH, Jiang Y,WangM,MelakuM, Liu L, Zhao Y, et al. Intestinal dysbiosis in

nonalcoholic fatty liver disease (NAFLD): focusing on the gut-liver axis. Crit

Rev Food Sci Nutr. (2021) 18:1–18. doi: 10.1080/10408398.2021.1966738

13. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G,

Jia W, et al. Host-gut microbiota metabolic interactions.

Science. (2012) 336:1262–7. doi: 10.1126/science.122

3813

14. Visconti A, Le Roy CI, Rosa F, Rossi N, Martin TC, Mohney

RP, et al. Interplay between the human gut microbiome and host

metabolism. Nat Commun. (2019) 10:4505. doi: 10.1038/s41467-019-12

476-z

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 Yin, Su and Han. 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.

Frontiers in Nutrition | www.frontiersin.org 2 January 2022 | Volume 8 | Article 8175016

https://doi.org/10.3389/fnut.2021.676035
https://doi.org/10.3389/fnut.2021.639467
https://doi.org/10.3389/fnut.2020.612875
https://doi.org/10.3389/fnut.2021.645099
https://doi.org/10.3389/fnut.2021.660598
https://doi.org/10.3389/fnut.2021.667130
https://doi.org/10.3389/fnut.2020.617676
https://doi.org/10.1128/mSystems.00002-20
https://doi.org/10.1016/j.aninu.2020.10.001
https://doi.org/10.1016/j.aninu.2020.08.002
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/j.aninu.2020.08.001
https://doi.org/10.1155/2018/9478630
https://doi.org/10.1039/C9FO01757G
https://doi.org/10.1111/jpi.12524
https://doi.org/10.1096/fj.201900665RR
https://doi.org/10.1186/s40168-021-01093-y
https://doi.org/10.1080/10408398.2021.1966738
https://doi.org/10.1126/science.1223813
https://doi.org/10.1038/s41467-019-12476-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


ORIGINAL RESEARCH
published: 11 December 2020
doi: 10.3389/fnut.2020.617676

Frontiers in Nutrition | www.frontiersin.org 1 December 2020 | Volume 7 | Article 617676

Edited by:

Yong Su,

Nanjing Agricultural University, China

Reviewed by:

Shunfen Zhang,

Chinese Academy of Agricultural

Sciences, China

Bao Yi,

Chinese Academy of Agricultural

Sciences (CAAS), China

*Correspondence:

Rui Li

lirui181000@163.com

Xingguo Huang

huangxi8379@aliyun.com

Specialty section:

This article was submitted to

Nutrition and Microbes,

a section of the journal

Frontiers in Nutrition

Received: 15 October 2020

Accepted: 16 November 2020

Published: 11 December 2020

Citation:

Hou G, Peng W, Wei L, Li R, Yuan Y,

Huang X and Yin Y (2020)

Lactobacillus delbrueckii Interfere With

Bile Acid Enterohepatic Circulation to

Regulate Cholesterol Metabolism of

Growing–Finishing Pigs via Its Bile Salt

Hydrolase Activity.

Front. Nutr. 7:617676.

doi: 10.3389/fnut.2020.617676

Lactobacillus delbrueckii Interfere
With Bile Acid Enterohepatic
Circulation to Regulate Cholesterol
Metabolism of Growing–Finishing
Pigs via Its Bile Salt Hydrolase
Activity
Gaifeng Hou 1,2, Wei Peng 1,2, Liangkai Wei 1,2, Rui Li 1,2,3*, Yong Yuan 1,2, Xingguo Huang 1,2*

and Yulong Yin 1,2,3

1College of Animal Science and Technology, Hunan Agricultural University, Changsha, China, 2Hunan Co-Innovation Center

of Animal Production Safety, Changsha, China, 3 Key Laboratory of Agro-ecological Processes in Subtropical Region,

Scientific Observing and Experimental Station of Animal Nutrition and Feed Science in South-Central, Ministry of Agriculture,

Hunan Provincial Engineering Research Center for Healthy Livestock and Poultry Production, Institute of Subtropical

Agriculture, Chinese Academy of Sciences, Changsha, China

Microbiota-targeted therapies for hypercholesterolemia get more and more attention and

are recognized as an effective strategy for preventing and treating cardiovascular disease.

The experiment was conducted to investigate the cholesterol-lowering mechanism of

Lactobacillus delbrueckii in a pig model. Twelve barrows (38.70± 5.33 kg) were randomly

allocated to two groups and fed corn–soybean meal diets with either 0% (Con) or 0.1%

Lactobacillus delbrueckii (Con+ LD) for 28 days. L. delbrueckii–fed pigs had lower serum

contents of total cholesterol (TC), total bile acids (TBAs), and triglyceride, but higher fecal

TC and TBA excretion. L. delbrueckii treatment increased ileal Lactobacillus abundance

and bile acid (BA) deconjugation and affected serum and hepatic BA composition. Dietary

L. delbrueckii downregulated the gene expression of ileal apical sodium-dependent bile

acid transporter (ASBT ) and ileal bile acid binding protein (IBABP), and hepatic farnesoid

X receptor (FXR), fibroblast growth factor (FGF19), and small heterodimer partner

(SHP), but upregulated hepatic high-density lipoprotein receptor (HDLR), low-density

lipoprotein receptor (LDLR), sterol regulatory element binding protein-2 (SREBP-2), and

cholesterol-7α hydroxylase (CYP7A1) expression. Our results provided in vivo evidence

that L. delbrueckii promote ileal BA deconjugation with subsequent fecal TC and TBA

extraction by modifying ileal microbiota composition and induce hepatic BA neosynthesis

via regulating gut–liver FXR–FGF19 axis.
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INTRODUCTION

Cholesterol is an indispensable fundamental building block for
all cell membranes, but long-term high level of blood cholesterol
may induce hypercholesterolemia-associated cardiovascular
diseases (CVDs), a major contributing factor of adult deaths
worldwide (1, 2). It is reported that a 1% reduction in blood
cholesterol translates to a 2% decrease in heart disease risk
(3, 4). Blood cholesterol level is determined by dietary fat and
cholesterol intake and the body’s cholesterol biosynthesis and
excretion (5). Endogenous synthetic cholesterol accounts for
nearly 70%, whereas the remaining 30% amount is mainly
derived from animal products (6). Pork products are rich in
cholesterol ranging from 57 mg/100 g in loin to 116 mg/100 g in
dewlap (7). In China, pork is the most popular animal meat, and
its production and consumption contribute about 50% of global
pork output ranking first in the world (8). Therefore, clarification
of underlying mechanisms of cholesterol metabolism in pigs and
development of low cholesterol pork products has a promising
potential of scientific researches and consumer markets.

Cholesterol is a precursor to bile acid (BA) biosynthesis.
Approximately 30% to 40% of cholesterol is converted into
primary BAs in liver via two pathways, with CYP7A1 as the
rate-limiting enzyme in the classic pathway and CYP7B1 as an
important enzyme in the alternative pathway (9, 10). Synthesized
primary BAs are conjugated either with taurine or glycine and
temporarily stored in the gallbladder. Upon cholecystokinin
stimulation, often as a result of a meal, BAs are released into the
duodenum via the bile duct. About 95% of BAs are reabsorbed
all along the intestine, especially in the distal ileum, via passive
diffusion and carrier-mediated transports entering enterohepatic
cycle to maintain the BA pool homeostasis (11, 12). In each cycle,
nearly 4% BAs are excreted along with feces, which is offset by the
hepatic de novo synthesis of BAs from cholesterol (12). Obviously,
the conversion of cholesterol to the BAs is the major route for
cholesterol excretion, and the increased fecal BA excretion favors
the conversion from cholesterol to BAs and reduces its release
into the systemic circulation (13).

The hypocholesterolemic effect of Lactobacillus or its related
products are reported extensively in animals and clinical
researches (4, 12, 14, 15). Several proposed potential cholesterol-
lowering mechanisms of Lactobacillus products chiefly cover
cholesterol assimilation, cholesterol conversion to coprostanol,
BSH activity, production of short fatty acids, and regulation
of key enzyme in cholesterol metabolism (3, 12). However, the
majority of explanations were based on in vitro test or high-fat or
cholesterol animal models, and there was no adequate supporting
evidence from normal subjects to validate these assumptions.
Interestingly, our prior work confirmed that dietary Lactobacillus
delbrueckii [1.01 × 109 colony-forming units (CFU)/g] lowered
serum TC and triglyceride (TG) and increased the fecal TC and
total BA (TBA) excretion of fatten pigs in commercial condition;

unfortunately, we did not explore the further mechanism (16).
Given that the close relationship between cholesterol and BA

metabolism, we supposed that L. delbrueckii with BSH activity
affected the enterohepatic circulation of BA, which contributed to
the reduced serum TC in a pig model. Therefore, we investigated

the BSH activity of L. delbrueckii through plate assay and gene
identification and also evaluated the effects of L. delbrueckii on
intestinal microbiota, BA and cholesterol metabolism, and tissue
lipids of growing–finishing pigs.

MATERIALS AND METHODS

All protocols and procedures involved in the experiment
were approved by the Animal Ethics Committee of Hunan
Agricultural University (Changsha, China). L. delbrueckii was
provided by the microbiology functional laboratory of the
College of Animal Science and Technology in the Hunan
Agricultural University (Changsha, China). The strain was
activated and sent to the PERFLY-BIO (Changsha, China) for
large-scale production, and the viable count of final products
reached 5× 1011 CFU/g.

Animals and Experimental Design
Twelve Landrace× Yorkshire crossbred barrows with an average
initial body weight of 38.70 ± 5.33 kg were randomly allocated
to two groups, and each group had six pigs individually housed
in the metabolism cage. Pigs were fed with corn–soybean
meal diets (basal diets, Con) or basal diets containing 0.1% L.
delbrueckii preparation (5 × 1010 CFU/g, Con + LD) for 28
days. The basal diets (Table 1) were formulated to meet the
nutritional requirement of 50- to 75-kg pigs recommended by
the NRC 2012 (17). All pigs were fed twice each day (8:00
A.M. and 3:00 P.M.) and had free access to water. The body
weight of each pig was weighed at the beginning and end of
the experiment, and the daily feed consumption per pig was
recorded during the experimental period. Fecal samples were
collected, freeze-dried, and stored at −20◦C for total cholesterol
(TC) and TBA detection. On day 29, the jugular vein blood
samples were collected from the fasting pigs before slaughter
using electrical stunning. Serum was obtained, aliquoted, and
stored at−20◦C for lipid analysis and BA profiles quantification.
Digesta (in ileum) and tissues (in ileum, liver, longissimus dorsi,
subcutaneous fat, and leaf lard) were quickly removed, snap-
frozen in the liquid nitrogen, and stored at−80◦C for microbiota
composition, BA quantification, gene mRNA expression, lipid
profile, and enzyme activity measurements.

Qualitative Determination of BSH Activity
Qualitative BSH activity of L. delbrueckiiwasmeasured according
to the method introduced by Jayashree et al. (18) and Guo et al.
(19) with a minor modification. Briefly, five sterile paper discs
(8-mm diameter) were placed on an MRS agar plate containing
2 g/L taurodeoxycholate and glycodeoxycholate, 2 g/L sodium
thioglycolate and 0.37 g/L CaCl2, and 100 µL L. delbrueckii
solution (1 g bacterial power was diluted with 9mL of sterile
water to get final concentrations of 1.5 × 1010 CFU/mL) were
added to the paper discs immediately. The plates were incubated
at 37◦C for 72 h. The BA precipitates (i.e., opaque granular white
colonies with silvery shine) around the discs were considered as
BSH activity.

Genomic DNA of the L. delbrueckii was extracted using the
TIANamp Stool DNA kit [Tiangen Biotech (Beijing) Co., Ltd,
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TABLE 1 | Diet composition and nutritional levels of basal diets (air-dry basis, %).

Ingredients Contents

Corn 66.76

Wheat middling 4.00

Wheat bran 6.00

Soybean meal (43% crude protein) 18.00

Soybean oil 1.00

L-Lysine 0.24

Premixa 4.00

Total 100.00

Calculated nutritional levels

Digestible energy (DE, kcal/kg) 3,413.79

Crude protein 14.82

Standardized ileal digestible lysine (SID Lys) 0.85

Calcium 0.60

Total phosphorus 0.55

aThe premix provided the following per kg of diet:VA2 512 IU, VD3 1 200 IU, VE 34 IU,

VK3 1.5mg, VB12 17.6 µg, lactoflavin 2.0.5mg, pantothenic acid 6.8mg, niacin 20.3mg,

choline chloride 351, Mn 10mg, Fe 50mg, Zn 50mg, Cu 20mg, I 0.3mg, Se 0.3 mg.

China]. According to the report by Jayashree et al. (18), two
primers (Table 2) for BSH1 and BSH2 were used to amplify the
corresponding target gene, and the polymerase chain reaction
(PCR) product sizes were 927 and 978 bp, respectively. The PCR
reactions were carried out in 25-µL reaction system in a TaKaRa
PCR Thermal Cycler. The PCR conditions were 5min at 94◦C
for the initial denaturation followed by 35 cycles of denaturation
at 94◦C for 30 s, 1min at 52◦C for annealing, 1min at 72◦C for
extension, and 5min at 72◦C for the final extension.

Determination of Serum and Tissue Lipids
Fasting blood of pigs were collected and placed at room
temperature for 30min, and the serum were separated by
centrifugation (3,000 revolutions/min for 10min at 4◦C). Serum
concentrations of TG, glucose (GLU), TBA, TC, high-density
lipoprotein cholesterol (HDL-C), and high-density lipoprotein
cholesterol (LDL-C) were measured by the BS 200 automatic
blood biochemical analyzer (Mindray) with corresponding kits.

The total protein contents (g protein/L) in tissues were
quantified using a BCA protein assay reagent kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). About
100mg of liver, longissimus dorsi, subcutaneous fat, or leaf lard
was homogenized with 1mL of chloroform/methannol solution
(2:1, vol/vol), respectively. The homogenate were centrifuged
at 3,000 revolutions/min for 10min at 4◦C to extract tissue
lipids. The contents of TC (mmol/g · protein), TG (mmol/g ·

protein), and TBA (µmol/g · protein) in the selected tissue were
measured by corresponding commercial kits (Nanjing Jianchen
Bioengineering Institute, Jiangsu, China).

Measurement of Hepatic Enzyme Activity
Using ELISA Kits
Hepatic total protein contents (g protein/L) were measured
as described above, and the concentrations of hepatic 3-
hydroxy-3-methyl glutaryl coenzyme A reductase (HMGR, U/g ·

TABLE 2 | Primers used in the study.

Items Gene Sequence (5′-3′)

BSH gene BSH1 F: GCCACCATGGTAATGTGCACGGCCGTTTCC

R: CGATGGATCCTTAGGGTACTTGCGATAGG

BSH2 F:ACCCATGGGTATGTGCACGAGCATCAACGTCA

R: AAGGATCCGTTCAATTTCACCGGCGCCCAA

BA receptor and

signaling

FXR F: GGTCCTCGTAGAATTCACAA

R: TGAACGGAGAAACATAGCTT

FGF19 AGTACTCGGATGAGGACTGTGCTT

AGAGACGGGCAGATGGTGTTTCTT

SHP F: GCCTACCTGAAAGGGACCAT

R: CAACGGGTGTCAAGCCTTTA

BA transport ASBT F: TACGCGGTATACAGGAAATGGTA

R: TTTGCCTTTTGGAATGATGACT

IBABP F: GTGAACAGCCCCAACTACCACCA

R: TCGTAGCTCACGCCTCCGAC

BA biosynthesis CYP7A1 F: GAAAGAGAGACCACATCTCGG

R: GAATGGTGTTGGCTTGCGAT

CYP27A1 F: ACTGAAGACCGCGATGAAAC

R: CAAAGGCGAATCAGGAAGGG

Cholesterol

biosynthesis and

transport

SREBP-

2

F: GATGGGCAGCAGAGTTCC

R: ACAGCAGCAGGTCACAGGT

HMGR F: ATGGCATGACTCCAGTGGTACGTT

R: GCAAATCTGCTGGTGCTGTCGAAT

HDLR F: CACTATGCCCAGTACGTGCTC

R: CCTGAATGGCCTCCTTATCCTT

LDLR F: TTCTTCACCAACCGCCACGAG

R: CTCAGTGTCCAGAGCGACC

Housekeeping

gene

GAPDH F: ATGGTGAAGGTCGGAGTGAAC

R: CTCGCTCCTGGAAGATGGT

BSH, bile salt hydrolase; FXR, farnesoid X receptor; FGF19, fibroblast growth factor;

SHP, small heterodimer partner; ASBT, apical sodium-dependent bile acid transporter;

IBABP, ileal bile acid binding protein; CYP7A1, Cholesterol-7α hydroxylase; CYP27A1,

cholesterol-27α hydroxylase; SREBP-2, sterol regulatory element binding protein-

2; HMGR, 3-hydroxy-3-methyl glutaryl coenzyme A reductase; HDLR, high-density

lipoprotein receptor; LDLR, low-density lipoprotein receptor.

protein) and cholesterol-7α hydroxylase (CYP7A1, U/g · protein)
were measured following the instruction of corresponding
commercial ELISA Kits (Jiangsu Yutong Biological Technology
Co., Ltd., Jiangsu).

Fecal TC and TBA Excretion
Fecal lipids were extracted as described above for TC analysis.
Fecal TBA was extracted according to the method by De Smet
et al. (5). Briefly, 1 g frozen fecal sample was dissolved in 40mL
methanol. After 4-min sonication and 1-h shock, the mixture was
centrifuged at 10,000 g for 10min to collect the supernatants.
Total TC (mmol/L) and TBA (µmol/L) concentrations in
the supernatants were determined using a commercial kit
purchased from the Nanjing Jianchen Bioengineering Institute.
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At last, fecal TC and TBA contents (mg/g) were obtained by
formula conversion.

BA Profile Analysis
Metabolite Extraction
About 30mg of solid samples (ileal digesta or hepatic tissue) were
homogenized in 100 µL of precooled ultrapure water, vortexed
with 5,000 µL of iced methanol and 10 µL of internal standard
solution (for liquid sample, 100 µL serum was directly vortexed
with 500 µL of iced methanol and 10 µL of internal standard
solution), incubated at −20◦C for 20min for depositing protein,
and centrifuged at 14,000 relative centrifugal force (rcf)/min
for 15min at 4◦C. The supernatants were vacuum dried for
subsequent analysis.

Ultraperformance Liquid Chromatography–Mass

Spectrometry (UPLC-MS) Analysis
BA profiles were analyzed with a Waters ACQUITY UPLC I-
Class coupled with a 5500 QTRAP mass spectrometer with an
ESI source (Waters, Milford, MA). Briefly, the samples above
were resolved in 1:1 (vol/vol) methanol solution and centrifuged
at 14,000 rcf/min for 15min at 4◦C to obtain supernatants.
The supernatants were separated using an ACQUITY UPLC
BEH C18 chromatographic column (1.7µm, 100 × 2.1mm)
(Waters, Milford, MA), and column temperature reached 50◦C.
The injection volume was 2 µL. A mobile phase system included
Solvent A (0.1% FA solution) and Solvent B (methanol), in a
gradient system at a flow rate of 0.3 mL/min. The mobile phase B
was linearly changed as follows: from 60 to 65% (0–6min), 65 to
80% (6–13min), 65 to 80% (6–13min), 80 to 90% (13–13.5min),
and stabilization at 90% (13.5–15min). The mass spectrometer
was used in Multiple Reaction Monitoring function in the ESI-
negative mode to achieve information of tested ion pairs. The
operating parameters were as follows: source temperature 550◦C;
ion source gas1 55 psi; ion source gas1 55 psi; curtain gas 40
psi; and IonSapary voltage floating −4,500V. UPLC-MS raw
data were analyzed using MultiquantTM software (v. 2.1) to
obtain calibration equations and the quantitative concentrations
of each BA.

Ileal Microbiota Analysis
Microbiota composition was analyzed according to our
previous study (20, 21). Briefly, the ileal digesta were collected,
frozen in liquid nitrogen, and stored at −80◦C for further
analysis. Total DNA was extracted and purified from digesta
samples (n = 5 pigs/group) using TIANamp Stool DNA
kit [Tiangen Biotech (Beijing) Co., Ltd, China]. DNA
quality and quantity were evaluated by gel electrophoresis
and a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, USA), respectively. Ten acceptable DNA
samples were delivered to Novogene (Beijing) for 16S
rDNA sequencing.

The V3–V4 hypervariable region of the bacterial 16S rDNA
gene was amplified with the barcoded universal primers (341F-
806R). Purified amplicons were sequenced on the Illumina HiSeq
platform (Illumina, USA) according to the standard procedures
in Novogene (Beijing). Sequences with 97% similarity were

assigned to the same operational taxonomic units (OTUs). An
OTU table was further generated to record the abundance of
each OTU in each sample, and a profiling histogram was made
using R software (v. 3.1.1) to represent the relative abundance of
taxonomic groups from phylum to species. A Venn diagram was
generated to visualize the occurrence of shared and unique OTUs
among groups.

Real-Time PCR
Total RNA of ileal or hepatic tissue was isolated and reversed
transcribed to cDNA as previously described (20, 21). The
two-step qRT-PCR reactions were performed in triplicate on
96-well plates using a 7500 Real-time PCR system (Applied
Biosystems, Foster, CA) with the SYBR Premix Ex TaqTM

(TaKaRa Biotechnology (Dalian), China). The primer sequences
(Table 2) of farnesoid X receptor (FXR), fibroblast growth
factor (FGF19), SHP, ASBT, IBABP, CYP7A1, cholesterol-
27α hydroxylase (CYP27A1), sterol regulatory element binding
protein-2 (SREBP-2), HMGR, high-density lipoprotein receptor
(HDLR), low-density lipoprotein receptor (LDLR) and GAPDH
were synthesized by the Sangon Biotech (Shanghai, China).
Target gene expression was calculated by the 2−11t method
relative to GAPDH gene amplification.

Statistical Analysis
All results were expressed as mean ± SD. Statistical analyses,
except for microbiota data, were conducted by the two-tailed
unpaired Student t-test of SPSS 17.0 (SPSS Inc., Chicago, IL,
USA), with individual pig as an experimental unit. The Kruskal
test was used for post hoc comparison of taxonomy. For all tests,
P < 0.05 was considered as significant difference, while 0.05 < P
< 0.10 as a tendency.

RESULTS

Qualitative Identification of BSH Activity
After incubation for 12 h, non-obvious BA precipitates appeared
around the discs in the plate (Figure 1A); however, the opaque
granular white colonies with silvery shine were observed after 72-
h incubation (Figure 1B). PCR amplification of two designated
genes showed that the BSH2 gene was identified, not BSH1, on
the genome sequence of L. delbrueckii (Figure 1C).

Serum Lipid Profiles
Serum TC, TBA, and TG contents in L. delbrueckii–fed pigs
were found to be lower than the pigs in the Con group
(P < 0.05; Figures 2A,C,D). L. delbrueckii treatment tended
to reduce the concentration of serum LDL-C (P = 0.075)
and elevate serum HDL-C (P = 0.093) level (Figure 2A).
No significant changes in serum GLU and HDL-C/LDL-
C contents were observed between two groups (P > 0.05,
Figures 2B,E).

Alterations in BA Profiles of Serum, Ileal
Digesta, and Liver
Compared with the Con group, lower serum levels of CDCA,
HCA, GCA, GCDCA, GHDCA, TUDCA, THDCA, primary
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FIGURE 1 | Identification of bile salt hydrolase (BSH) activity in Lactobacillus delbrueckii. Incubation on MRS plate containing bile salts for 12 h (A) and 72 h (B),

respectively. Amplification of BSH genes in L. delbrueckii (C) and target band sites for BSH1 and BSH2 gene were marked with blue and yellow box, respectively.

BA, secondary BA, unconjugated BA, and total BA were
found in the Con-LD group (P < 0.05, Figure 3A). Dietary
addition of L. delbrueckii increased the ileal concentrations of
CA and unconjugated BA (P = 0.085), but reduced GCDCA
and GLCA (P < 0.05, Figure 3B). Hepatic concentrations of
DCA (P = 0.052), HDCA, TCDCA, TUDCA, THDCA, and
secondary BA (P = 0.094) in L. delbrueckii–fed pigs were
decreased compared to the pigs in the Con group (P < 0.05,
Figure 3C).

Ileal Bacteria Composition
The Venn picture presented 546 shared OTUs between two
groups, and there were 219 and 153 unique OTUs in the Con
and Con + LD group, respectively (Figure 4A). The bacterial
population was dominated by Firmicutes and Proteobacteria,
with minor populations such as Actinobacteria and Bacteroidetes
(Figure 4B). Administration of L. delbrueckii increased the
abundance of Actinobacteria (P = 0.071), Spirochaetes (P =

0.070), and Kiritimatiellaeota (P = 0.029) and reduced the
abundance of Melainabacteria (P = 0.091) and Elusimicrobia
(P = 0.029). Down to the genus level, the higher abundance of
Lactobacillus (P = 0.002) and lower abundance of Clostridiales
(P = 0.031), Ruminococcaceae (P = 0.061), Enterococcus (P =

0.035), Streptococcus (P = 0.052), and Rothia (P = 0.049) were
found (Figure 4C and Supplementary Table 1).

BA and Cholesterol Transport,
Biosynthesis, and Excretion
Administration of L. delbrueckii downregulated the gene
expression of ileal FGF19 (P = 0.089), ASBT, and IBABP and
enhanced fecal TC and TBA excretion (P < 0.05, Figures 5A,B).
Hepatic gene expressions of FXR, FGF19, and SHP were reduced,
but HDLR, LDLR, SREBP-2, and CYP7A1 were increased in the
Con+ LD group (P< 0.05, Figure 5C). Hepatic CYP7A1 activity
tended to be greater in the L. delbrueckii–fed pigs than those in
the Con group (P= 0.062, Figure 5D). No changes were found in
hepatic concentrations of TC, TG, and TBA between two groups
(P > 0.05, Figures 5E,F).

Tissue TG and TC Deposition
The concentrations of TG and TC in the longissimus dorsi,
subcutaneous fat, and leaf lard had no differences between two
groups (P > 0.05, Figure 6).

DISCUSSION

Fluctuation of blood lipids parameters can reflect the body’s
lipid metabolism and health status; chronically high serum TC
and LDL-C levels are strongly associated with the increased
risks of CVD (22, 23). TC and TG are the main components
of blood lipids; lowering their concentrations can prevent
hyperlipemia. Considerable researches have confirmed that
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FIGURE 2 | Effects of Lactobacillus delbrueckii on serum levels of TC, HDL-C, and LDL-C (A); ratio of HDL-C/LDL-C (B); TBA (C); TG (D); and GLU (E) in

growing–finishing pig (*P < 0.05; **P < 0.01).
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FIGURE 3 | Bile acids profile in the serum (A), ileal digesta (B), and liver (C) of growing–finishing pigs (*P < 0.05; **P < 0.01).
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FIGURE 4 | Ileal bacterial composition of growing–finishing pigs. Venn picture showed shared or unique OTUs between two groups (A). Relative abundance of ileal

microbiota at the phylum (B) or genus (C) level.

consumption of Lactobacillus products reduced concentrations
of serum cholesterol and improved lipid profiles (24–26). In the
current study, dietary addition of L. delbrueckii decreased serum
levels of TC, LDL-C, and TG of pigs. Our findings were again
the proof of our previous reports (16) and also offered another
evidence for cholesterol-lowering role of lactic acid bacteria in
normal subject. The hypocholesterolemic effect of L. delbrueckii
might provide a potential dietary manipulation way to prevent
and improve hyperlipidemia.

Probiotics with BSH activity is hypothesized to be an
important character in lowering serum cholesterol, which might
be tightly related to the BSH genes on their genome (1, 4, 12,
22, 27). BSH activity has been characterized in Lactobacillus,
Bifidobacterium, Clostridium, Enterococcus, and Bacteroides (12).
L. delbrueckii tested in this study possessed the BSH2 gene
identified by PCR amplification and exhibited a good BSH
activity on the modified agar plate, demonstrating the strain
was capable of bile salts deconjugation. BSH enzyme or activity
is specific to the microbiota and is not present in eukaryotic
cells, which is regarded as a crucial probiotic marker that help
organisms resist toxic bile salt environment in the digestive
tract and also an important colonization factor for gut bacteria
(12, 28). Lactobacillus with BSH activity contribute to their
survival and colonization in the gastrointestinal tract and exert
a beneficial effect on host by regulating cholesterol and BA

enterohepatic circulation (1, 4, 15, 29). Our results suggest that
L. delbrueckii might own a good ability of intestinal survival and
colonization and play a key role in regulating cholesterol and
BA metabolism.

Intestinal microbiota and BAmetabolism are mutually linked,
enteric bacterial enzymes shape BA pool size and composition
by mediating deconjugation and 7α-dehydroxylation of primary
BAs (27). Liver cells synthesize primary BAs from cholesterol,
mainly consisting of CA and CDCA in human, CA, α-/β-MCA
in rodent and CA, HCA, and CDCA in pigs, and these BAs
were conjugated with either glycine (G-BAs) or taurine (T-BAs)
via their N-acyl amidate to increased solubility before secretion
into intestine (30). Bile salt deconjugation is carried out by
BSH, expressed in Lactobacillus, Bifidobacterium, Clostridium,
and Bacteroides (9, 31). The genus Lactobacillus and its BSH
activity could result in deconjugation of conjugated BAs (32).
The conjugated BAs are very soluble, and most of them are
reabsorbed in the ileum into enterohepatic circulation. In our
study, L. delbrueckii administration obviously increased the
ileal Lactobacillus abundance, indicating that ileal bacterial BA
deconjugation might enhance. Interestingly, we found ileal
concentrations of GCDCA, GLCA, and unconjugated BAs were
decreased in the Con + LD group. Bacterial deconjugation of T-
BA or G-BA can reduce serum cholesterol levels via amplifying
the formation of new bile salts needed to replace those that
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FIGURE 5 | Bile acid and cholesterol transport, biosynthesis, and excretion of growing–finishing pigs. Bile acid receptors and transporters along the ileum (A). Fecal

TC and TBA excretion (B). Bile acid metabolism-related genes in the liver (C). Hepatic enzyme activity related to cholesterol and bile acid synthesis (D). Hepatic TC

and TG (E) and TBA (F) concentrations (*P < 0.05; **P < 0.01).
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FIGURE 6 | Concentrations of TG and TC in the selected tissues of growing–finishing pigs.

have escaped enterohepatic cycle (26). Therefore, the potential
mechanism of cholesterol reduction in L. delbrueckii might
be the conversion of bile salt to free BA by improving ileal
Lactobacillus abundance with BSH activity and interfered with
BAs enterohepatic circulation.

In the intestine, bile salts play an important role in emulsifying
lipids. Ileum is confirmed as the major site for BA reabsorption,
and the highest expression of BA transporters and FGF19
was observed along the intestinal segment (10). Intestinal BA
transporters play a vital role on the BA reabsorption process.
ASBT and IBABP are important BA transporters engaging in BA
active or passive transport. ASBT imports luminal BAs to the
enterocytes where the BAs bind to IBABP and are transferred to
the basement surface and then enter into portal vein with the
help of MRP3 and OSTα/OSTβ transporters in the basolateral
membrane (10). In the present study, ileal expression of ASBT
and IBABP in L. delbrueckii–treated pigs was markedly down-
regulated, indicating that less ileal BAs were reabsorbed after L.
delbrueckii consumption.

The liver is the center of the synthesis and metabolism of
cholesterol and BAs. Cholesterol de novo synthesis begins with
acetyl-CoA, and HMGR is the rate-limiting enzyme responsible
for catalyzing the conversion of HMG-CoA into mevalonic acid.
Our results showed that administration of L. delbrueckii did not
affect HMGR activity and mRNA expression, but upregulated
hepatic SREBP2, LDLR, and HDLR expression. SREBP2 is a key
nuclear transcription factor for regulating LDLR and HMGR
target genes in charge of extrahepatic cholesterol uptake and
endogenous cholesterol biosynthesis (33). Hepatic HDLR and

LDLR are responsible for combining bloodHDL-C and LDL-C to
remove cholesterol, respectively. HDL-C carries cholesterol from
peripheral tissues to liver; conversely, LDL-C transports hepatic
cholesterol to peripheral tissues. Our observations implied L.
delbrueckii treatment had no influence on hepatic cholesterol
synthesis, but it might change its metabolism via hepatic
clearance. The conversion of cholesterol to BAs is the main
way to eliminate hepatic cholesterol, and CYP7A1 is the rate-
limiting enzymes in the pathway (4). In the present study,
hepatic CYP7A1 expression was increased, and CYP7A1 activity
also tended to rise in the Con + LD group, indicating that
dietary L. delbrueckii might lower cholesterol via enhancing
BAs biosynthesis.

Hepatic BA synthesis is negatively regulated by FXR signaling
and FGF19 signaling (34). Ileal FXR activation contributes to
FGF19 production, and then FGF19 translocates to the liver
via hepatic portal vein where it binds to the FGFR4/β-Klotho
complex and inhibits CYP7A1 expression (9, 15). CYP7A1 is
the rate-limiting enzyme in classic pathway for hepatic BA
synthesis. Our results showed that ileal FGF19 expression and
hepatic FXR and FGF19 expression were downregulated, but
CYP7A1 expression and CYP7A1 activity were increased by L.
delbrueckii treatment, suggesting that this strain increased the
conversion of cholesterol to BAs in the liver via suppressing FXR–
FGF19 signaling and improving CYP7A1 activity. Additionally,
reduction of hepatic FXR and SHP expression could also explain
the increased CYP7A1 activity, because hepatic FXR stimulation
resulted in SHP expression upregulation to inhabit CYP7A1 and
CYP8B1 activity (3).
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FIGURE 7 | Potential cholesterol-lowering mechanisms of Lactobacillus delbrueckii–fed pigs. Ileal microbiota modification (mainly increased ileal Lactobacillus

abundance) with L. delbrueckii administration led to bile salts deconjugation by BSH activity and facilitated fecal TBA and TC excretion. Meanwhile, less deconjugated

BAs are reabsorbed into enterohepatic circulation and downregulate BA transporter expression (ASBT and IBABP) and promote BA synthesis via increasing the

conversion of cholesterol to BA with the help of CYP7A1, a rate-limiting enzyme, in the liver. Additionally, ileal BA deconjugation by microbiota alteration affects BA

signaling (FXR–FGF19 axis) to regulated BA synthesis. Enhancement of BA synthesis using circulating cholesterol (blood transport) to restore the bile acid pool.

The homeostasis of BAs pool is maintained by enterohepatic
cycle. Quantitative determination of BAs profiles via UPLC-MS
analysis could reflect the enterohepatic circulation of BAs (35,
36). In our study, we observed great changes in BA composition
of serum, ileal digesta, and liver, which might ascribe ileal
microbiota modification with L. delbrueckii. Deconjugation of
ileal bile salts causes less BAs to enter portal vein and return to
liver, and unabsorbed BAs flow into hindgut and are excreted
along with feces. Fecal BA excretion is almost equal to the hepatic
synthesized BAs under the normal physiological condition (4,
37). Enhancement of BA synthesis using circulating cholesterol
to restore the BA pool is an important manner for reduction of
serum cholesterol (38, 39). In our study, dietary L. delbrueckii
accelerated fecal TC and TBA output of pigs, which was closely
associated to the decrease in serum TC and LDL-C. Reduction of
serum cholesterol might lower cholesterol deposition in tissues;
however, we found no alterations in TG and TC contents in
longissimus dorsi, subcutaneous fat, and leaf lard, which implied

that short-term L. delbrueckii treatment could not change tissue
cholesterol deposition of growing–finishing pigs.

CONCLUSIONS

Ileal microbiota modification induced by L. delbrueckii enhances
BA deconjugation and fecal excretion in growing–finishing
pigs. These events involved changes in ileal BA reabsorption,
repression of the enterohepatic FXR–FGF19 axis, and increased
hepatic BA neosynthesis (Figure 7).
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Recent evidences suggest that gut microbiota plays an important role in regulating

physiological and metabolic activities of pregnant sows, and β-carotene has a potentially

positive effect on reproduction, but the impact of β-carotene on gut microbiota

in pregnant sows remains unknown. This study aimed to explore the effect and

mechanisms of β-carotene on the reproductive performance of sows from the aspect

of gut microbiota. A total of 48 hybrid pregnant sows (Landrace × Yorkshire) with similar

parity were randomly allocated into three groups (n = 16) and fed with a basal diet or a

diet containing 30 or 90 mg/kg of β-carotene from day 90 of gestation until parturition.

Dietary supplementation of 30 or 90 mg/kg β-carotene increased the number of live birth

to 11.82 ± 1.54 and 12.29 ± 2.09, respectively, while the control group was 11.00 ±

1.41 (P = 0.201). Moreover, β-carotene increased significantly the serum nitric oxide

(NO) level and glutathione peroxidase (GSH-Px) activity (P < 0.05). Characterization

of fecal microbiota revealed that 90 mg/kg β-carotene increased the diversity of the

gut flora (P < 0.05). In particular, β-carotene decreased the relative abundance of

Firmicutes including Lachnospiraceae AC2044 group, Lachnospiraceae NK4B4 group

and Ruminococcaceae UCG-008, but enriched Proteobacteria including Bilophila and

Sutterella, and Actinobacteria including Corynebacterium and Corynebacterium 1 which

are related to NO synthesis. These data demonstrated that dietary supplementation of

β-carotene may increase antioxidant enzyme activity and NO, an important vasodilator

to promote the neonatal blood circulation, through regulating gut microbiota in sows.

Keywords: β-carotene, nitric oxide, antioxidant, gut microbiota, pregnant sows

INTRODUCTION

Beta-(β-)carotene is a widely distributed phytochromes (1), and is generally considered as a
precursor of vitamin A (2, 3). It belongs to the fat-soluble substance which is incorporated into
chylomicrons and absorbed in the intestine through passive diffusion (4). When ingested into the
intestine, β-carotene is partially transformed into vitaminA, and the remaining β-carotene is passed
by blood circulation to target organs such as the liver, ovary, adipose tissue and adrenal gland (5).
Around 17–45% of β-carotene can be absorbed into the circulatory system (1). The importance
of vitamin A in female reproductive health has been well-documented (6). Previous studies have
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found a high concentration of β-carotene in the luteum, and
the lack of β-carotene results in delayed ovulation, luteal phase
defect, and increased risk of ovarian cyst (1, 7). Moreover, the
secretion of pregnancy hormones is linked to serum β-carotene
concentrations, indicating that β-carotene can play an important
role in reproduction (8, 9).

Multiple studies have shown that low-level inflammation,
progressive oxidative stress, and metabolic disorders occur
during the perinatal period. During pregnancy, the rapid
cell proliferation of the uterus and the placenta, growth
of the fetus, and childbirth will progressively increase the
reactive oxygen species (ROS) and decrease the antioxidant
capacity of the body (10). The pro-inflammatory interleukins
(ILs) such as IL-6 can be substantially increased in maternal
serum as pregnancy progresses (11). Furthermore, insulin
resistance during pregnancy will decrease glucose utilization,
while excessive energy intake and obesity during pregnancy
will exacerbate maternal inflammation and oxidants stress,
thereby triggering insulin resistance and having adverse effects
on pregnancy (12). Recent studies have shown that significant
change in the gut microbiota during different periods of
pregnancy can affect the physiological state and metabolic
process of host, indicating that gut microbiota plays a vital role
during pregnancy (13, 14). In modern pig farming industry,
constipation occurs frequently in pregnant sows due to intestinal
disorder, which is largely determined by the dysfunction of gut
microbiota. β-carotene has been considered as a potent inhibitor
of oxidative stress and inflammation both in vitro and in vivo
(15, 16), and it can suppress the expression of proinflammatory
cytokines such as IL-1β and IL-6 to alleviate inflammation and
oxidative stress induced by ischemia injury (17). However, it
is not clear whether β-carotene exerts biological functions by
modulating the gut microbiota.

Therefore, this study aimed to investigate the effect of
β-carotene on the reproductive performance of sows, and
challenged to clarify the potential mechanisms from the aspect
of gut microbiota.

MATERIALS AND METHODS

Experimental Design and Diets
The animal model and experimental procedures used in this
experiment were approved by the Hunan Agricultural University
Institutional Animal Care and Use Committee (No. 201903).
A total of 48 hybrid pregnant sows (Landrace × Yorkshire),
with similar parity (3–7 fetuses) were used in this study. The
experimental animals which kept in gestation stalls with fully
slatted floors measuring under environment temperature and
had free access to water, were randomly allocated into three
treatments (n = 16). Based on previous studies, sows in the
treatments were fed with a basal diet (control group, CTL), a diet
containing 30 mg/kg of β-carotene (β-carotene low dose group,
CAR-L), or a diet containing 90 mg/kg of β-carotene (β-carotene
high dose group, CAR-H), respectively, based on previous studies
(8, 18). The sows were fed at 6:00 a.m., 12:00 p.m., and 6:00 p.m.
with ∼3.2 kg of feed/sow/day. The experiment started on day 90
of gestation and continued until delivery. The composition of

the basal diet, which meets the nutritional requirements of pigs
according to NRC (2012), was shown in Supplementary Table 1.

Reproductive Performance Markers
The number of live birth, litter weight at parturition and
average weight of piglets born alive were measured within 24 h
after farrowing.

Sample Collections
At the day of parturition, blood samples (5mL) were collected
from the marginal auricular vein into anticoagulant-free vacuum
tubes and centrifuged on 1,500 × g for 10min after standing at
room temperature for 30min to get the serum. Fecal samples
(around 2 g from each sow) were collected from the innermost of
feces into sterile tubes after defecation in the morning, and snap-
frozen in liquid nitrogen before storage at −80◦C for further
DNA extraction.

Measurement of Serum Biochemical
Indices
Total antioxidant capacity (T-AOC), total superoxide dismutase
(T-SOD) activity, glutathione peroxidase (GSH-Px) activity, the
level of thiobarbituric acid reactive substances (TBARS), and
the nitric oxide (NO) level were determined in serum by
using respective assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s
instructions as described previously (19). The levels of glucose
(GLU, 0.06–27.8 mmol/L), total protein (TP, 1.74–100 g/L),
total cholesterol (TC, 0.09–25.85 mmol/L), triglycerides (TG,
0.05–11.3 mmol/L), high-density lipoproteins (HDL-c, 0.065–
3.8 mmol/L), low-density lipoprotein cholesterol (LDL-c, 0.2–
12 mmol/L), immunoglobulin G (IgG, 0.25–35 g/L) and
immunoglobulin M (IgM, 0.25–5.00 g/L) were measured
with respective kits from Mindray Medical International Ltd.,
China by using an automated biochemical analyser BS-200
(Mindray, China).

Characterization of Gut Microbiota
Fecal microbiota was characterized by 16S rRNA gene
sequencing. Briefly, total DNA was extracted from fecal
samples (six random samples from each group) by using a
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA)
following the manufacturer’s manual. Purity and quality of
the genomic DNA were checked on 0.8% agarose gels. The
V3–4 hypervariable region of the bacterial 16S rRNA gene was
amplified with the primers 338F (5′-ACTCCTACGGGAGGC
AGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
For each sample, 10-digit barcode sequence was added to the 5′

end of the forward and reverse primers (provided by Allwegene
Technology Inc., Beijing, China). The PCR was carried out on
a Mastercycler Gradient (Eppendorf, Germany) using 25 µL
reaction volumes, containing 12.5 µL KAPA 2G Robust Hot
Start Ready Mix, 1 µL Forward Primer (5 µmol/L), 1 µL Reverse
Primer (5 µmol/L), 5 µL DNA (total template quantity is 30
ng), and 5.5 µL H2O. Cycling parameters were 95◦C for 5min,
followed by 28 cycles of 95◦C for 45 s, 55◦C for 50 s, and 72◦C
for 45 s with a final extension at 72◦C for 10min. Three PCR
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TABLE 1 | The effect of β-carotene on the reproductive performance of sows.

Item CTL CAR-L CAR-H P-value

Total born number 11.82 ± 1.72 12.55 ± 1.37 13.17 ± 2.29 0.233

The number of live

birth

11.00 ± 1.41 11.82 ± 1.54 12.29 ± 2.09 0.201

Litter weight at

parturition, kg

16.16 ± 3.72 17.26 ± 4.07 17.13 ± 2.97 0.729

Average weight of

piglets born alive,

kg

1.42 ± 0.19 1.46 ± 0.27 1.41 ± 0.21 0.844

Stillborn piglets

number

9 8 9 -

CTL, a basal diet; CAR-L, a basal diet containing 30 mg/kg β-carotene; CAR-H, a basal

diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 16).

products per sample were pooled to mitigate reaction-level PCR
biases. The PCR products were purified using a QIAquick Gel
Extraction Kit (QIAGEN, Germany), and quantified using Real
Time PCR, and sequenced on Miseq platform at Allwegene
Technology Inc., Beijing, China. After the run, image analysis,
base calling and error estimation were performed using Illumina
Analysis Pipeline Version 2.6. The raw data were first screened
and sequences were removed from consideration if they were
shorter than 200 bp, had a low quality score (≤20), contained
ambiguous bases or did not exactly match to primer sequences
and barcode tags. Qualified reads were separated using the
sample-specific barcode sequences and trimmed with Illumina
Analysis Pipeline Version 2.6. And then the dataset was analyzed
using QIIME (Version 1.8.0). The sequences were clustered
into operational taxonomic units (OTUs) at a similarity level of
97%, to generate rarefaction curves and to calculate the richness
and diversity index. The Ribosomal Database Project (RDP)
Classifier tool was used to classify all sequences into different
taxonomic groups.

Statistical Analysis
Results were expressed as means ± SD. The significant
differences between groups were analyzed by one-way analysis
of variance tests, followed by Fisher’s least significant difference
(LSD) and Duncan’s multiple range tests with the SPSS statistical
program (SPSS19, IBM Corp., Armonk, NY, USA). A probability
of P < 0.05 was considered significant.

RESULTS

The Influence of β-Carotene on the
Reproductive Performance of Sows
As shown in Table 1, the number of live birth was increased to
11.82 ± 1.54 and 12.29 ± 2.09 in CAR-L (30 mg/kg β-carotene)
group and CAR-H (90 mg/kg β-carotene) group respectively,
while the CTL group was 11.00 ± 1.41, although there had no
statistical significance (P= 0.201). The litter weight at parturition
showed a similar trend with the number of live birth, and the
average weight of piglets born alive kept no change.

The Effect of β-Carotene on Serum
Biochemical Markers in Sows
As progressive oxidative stress plays a negative role during the
perinatal period, the oxidative stress markers including T-AOC,
TBARS, GSH-Px, and T-SOD were measured in the serum of
sows. As shown in Figure 1, the activity of GSH-Px (C) was
increased significantly (P < 0.05) in both CAR-L (85.99 ± 4.75
U/mL) and CAR-H (86.8 ± 1.67 U/mL) group, as compared
with CTL group (77.94 ± 4.54 U/mL). However, no significant
differences were observed in the levels of T-AOC (A), MDA (B),
and T-SOD (D) among the three groups (P > 0.05).

Nitric oxide (NO) is a signalingmolecule involved in oxidative
stress and inflammation, and also considered as an important
vasodilator to promote the neonatal blood circulation (14). Thus,
NO was further measured in serum, and the results showed that
the level of NO was increased to 188.33± 37.13 µmol and 186.95
± 30.06 µmol in CAR-L and CAR-H group respectively, which
were significantly (P < 0.05) higher than that in CTL group
(149.54± 17.12 µmol) (Figure 1E).

In addition, indicators of immune response and glucolipid
metabolism were also measured in serum due to their important
roles in pregnancy. However, β-carotene had no significant
effects on serum levels of immunoglobulins (IgM & IgG), lipids
(Tc, Tg, HDL-c & LDL-c), Glu, and Tp (Supplementary Table 2).

Modulation of Gut Microbiota by
β-Carotene
To gain an insight into the effect of β-carotene on gut
microbiota, the composition and relative abundance of fecal
microbiota was characterized by using high throughput 16S
rRNA gene sequencing. As shown in Figure 2, supplementation
of β-carotene dose-dependently increased the Shannon index
(A) of the microbiota, and a significant difference was
observed between CTL and CAR-H group (P < 0.05). Further
analysis on the relative abundance of bacterial phyla showed
that the microbial community was dominated by Firmicutes,
Bacteroidetes, Proteobacteria, Spirochaetae, and Euryarchaeota,
which account for 97% of total microbes, and supplementation
of β-carotene increased the relative abundance of Proteobacteria.

At the genus level, a total number of 299 microbial genera
were analyzed, and nine genera were found to be significantly
different among the three groups. As shown in Figure 3, β-
carotene decreased the relative abundances of Lachnospiraceae
AC2044 group (A), Lachnospiraceae NK4B4 group (B), and
Ruminococcaceae UCG-008 (C), which belong to the phylum
of Firmicutes. Meanwhile, β-carotene reduced the relative
abundance of Prevotellaceae UCG-001 (D), a genera belong to the
phylum of Bacteroidete. On the other hand, β-carotene increased
the relative abundance of Sedimentibacter (E) belonging to the
phylum of Firmicutes, Bilophila (F) and Sutterella (G) belonging
to the phylum of Proteobacteria, as well as Corynebacterium
1 (H) and Corynebacterium (I) belonging to the phylum of
Actinobacteria. Based on the results of gut microbiota and
serum biochemical markers, the correlation between GSH-Px,
NO and the changed microbial genera were further analyzed.
The results showed that Corynebacterium 1 and Corynebacterium
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FIGURE 1 | The effect of β-carotene on serum levels of antioxidant indicators and NO. Serum levels of T-AOC (A), TBARS (B), GSH-Px (C), T-SOD (D), and NO (E)

were determined by using respective kits. CTL, a basal diet; CAR-L, a basal diet containing 30 mg/kg β-carotene; CAR-H, a basal diet containing 90 mg/kg

β-carotene. Data were shown as means ± SD (n = 16), *P < 0.05.

were positively correlated (P < 0.01) with the NO level, while
Prevotellaceae UCG-001 and Lachnospiraceae AC2044 groupwere
negatively correlated (P < 0.01) with the GSH-Px level (J).

DISCUSSION

It has been reported that injection or dietary supplementation of
β-carotene during early gestation can enhance embryo survival,

litter size and litter weight of piglets (9, 20, 21), but less
information on its impact in late pregnancy has been obtained.
However, in this study, dietary supplementation of β-carotene at
late stage of pregnancy showed limited effect on the number of
live birth and litter weight at parturition. During late pregnancy,
maternal metabolism will be increased to adapt the nutritional
requirements of fetal growth and placenta metabolism, which
usually manifested by the increase in TG, TC, HDL-c and LDL-c
levels (22–24). However, supplementation of β-carotene had no
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FIGURE 2 | The effect of β-carotene on fecal microbial community. The effect of β-carotene on the Shannon index (A) and the relative abundances of microbial phyla

(B) were analyzed by 16S rRNA gene sequencing. CTL, a basal diet; CAR-L, a basal diet containing 30 mg/kg β-carotene; CAR-H, a basal diet containing 90 mg/kg

β-carotene. Data were shown as means ± SD (n = 6), *P < 0.05.

significant effect on the serum levels of lipids (TC, TG, HDL-c,
and LDL-c) and immunoglobulins (IgM & IgG) in sows, which
suggesting that β-carotene has limited effects on lipidmetabolism
and immunoglobulin production. Oxidative stress has a negative
effect on oocyte maturation, ovulation, implantation and
blastocyst formation (25). In the perinatal period of mammals,
fetal growth, lactation and increased metabolism can induce
the production of progressive ROS, and negatively impact sow
reproductive performance including reduces litter size, survival
ratio of piglets and the ability for lactation (10, 22). Our results
revealed that β-carotene significantly increased the activity of
GSH-Px, an antioxidant enzyme against ROS. The findings were
consistent with a previous cell model analysis in which β-carotene
increased Nrf2 expression (2). Moreover, adequate uterine blood
flow throughout gestation is reported to be essential for placental
and fetal growth, especially in the late phase of pregnancy (26),
as the increased blood flow velocity in placenta can enhance fetus
to uptake nutrients absorption (10, 26). As a signaling molecule
that conveys information between cells, NO is considered to be an
important vasodilator to promote the neonatal blood circulation
(27). Thus, serumNO levels in the sow serumwere further tested,
and the findings showed that β-carotene substantially increased
NO levels, implying that β-carotene has a possible beneficial
effect on uterine and placenta blood circulation.

Gut microbiota plays an essential role in the regulation of
nutrient utilization and metabolism (28), and the microbial
diversity can be used as a biomarker to reflect health and
metabolic capacity of animals (14). A previous study has
also pointed out that gut microbiota is closely related to the
reproductive performance of sows (13). The intestinal microbial
composition changes significantly during pregnancy, and α-
diversity will gradually increase throughout the lactation period
(29). Furthermore, the structure of intestinal flora differ at
different stages of pregnancy, and enrichment of α-diversity can

enhance metabolic capacity and increase the flux of nutrients
to the fetus for growth and development (30). Clarke et
al. (14) revealed that people with rapid metabolism show
a higher α-diversity of gut microbiota. In this study, β-
carotene increased the Shannon index, which suggested that
it may enhance the metabolic capacity and promote fetal
development. Further analysis at the genus level revealed
that β-carotene mainly down-regulated the relative abundance
of genera Lachnospiraceae AC2044 group, Lachnospiraceae
NK4B4 group, and Ruminococcaceae UCG-008 belonging to
the phylum of Firmicutes, as well as Prevotellaceae UCG-
001 belonging to the phylum of Bacteroidete. On the other
hand, β-carotene enriched Sutterella and Bilophila belonging
to the phylum of Proteobacteria, Corynebacterium 1 and
Corynebacterium belonging to the phylum of Actinobacteria, as
well as Sedimentibacter belonging to the phylum of Firmicutes.
Lachnospiraceae and Ruminococcaceae are closely related to
the production of butyrate (31, 32). Prevotellaceae UCG-
001 belongs to the family of Prevotellace showed a positive
correlation with the expression of inflammatory factors in our
recent study (33). Sutterella is positively correlated with neutral
detergent fiber (NDF) digestibility (34), and Bilophila has a
positive correlation with obesity-related markers (18), while
Sedimentibacter can secrete cellulase enzyme to digest cellulose
into glucose (19, 34). Our results revealed that Corynebacterium
1 and Corynebacterium were positively correlated with NO
level, while Prevotellaceae UCG-001 and Lachnospiraceae AC2044
group were negatively correlated with GSH-Px level. Other
studies have also shown that Corynebacterium can induce the
expression of NO synthase in a number of tissues in mice, and
the decrease in blood pressure induced by Corynebacterium is
associated with the induction of NO synthase (35). This can
partially explain the increased NO level induced by β-carotene in
this study. A recent study has also indicated that the abundance
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FIGURE 3 | Modulation of fecal microbiota by β-carotene at the genus level. The relative abundance of microbial genera including Lachnospiraceae AC2044 group

(A), Lachnospiraceae NK4B4 group (B), Ruminococcaceae UCG-008 (C), Prevotellaceae UGC-001 (D), Sedimentibacter (E), Bilophila (F), Sutterella (G),

Corynebacterium 1 (H), and Corynebacterium (I) in each group were characterized by 16S rRNA gene sequencing, and the correlation between NO, GSH-Px and the

changed gut microbiota (J) were analyzed by Spearman’s correlation analysis. The intensity of the colors represent the degree of association (red, negative correlation;

green, positive correlation). Significant correlations were marked by *P < 0.05, **P < 0.01. CTL, a basal diet; CAR-L, a basal diet containing 30 mg/kg β-carotene;

CAR-H, a basal diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 6), *P < 0.05.
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of Corynebacterium is increased with reproductive performance
(36). Therefore, β-carotene potentially enhanced NO production
by up-regulating the relative abundance of Corynebacterium,
although more direct evidences are need.

CONCLUSIONS

In conclusion, dietary supplementation of β-carotene showed
limited effect on the reproductive performance of sows
but increased the activity of GSH-Px and NO production.
Analysis on fecal microbiota revealed that β-carotene may
increase the diversity of the microbial flora with enriched
Bilophila, Sutterella, Sedimentibacter, Corynebacterium 1 and
Corynebacterium which related to the synthesis of NO,
an important vasodilator that can promote the neonatal
blood circulation.
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Vitamin K2 (VK2), found to act to treat hypertension, has been widely used in

the food and pharmaceutical industries nowadays. However, the potential targets

and molecular mechanisms of VK2 for salt-sensitive hypertension have not been

fully investigated. Therefore, the study aimed to investigate the potential molecular

mechanisms of VK2 for salt-sensitive hypertension using network pharmacology and

16S rRNA sequencing strategy. The network pharmacology-based findings from

KEGG enrichment analysis revealed that VK2-treated salt-sensitive hypertension was

mechanically associated with the complement and coagulation cascades, calcium

signaling pathway, renin–angiotensin system, etc. A total of 29 different bacteria

in an animal experiment after VK2 supplementation were screened and functionally

enriched using PICRUSt2. Additionally, 10 signaling pathways were identified in which

the renin–angiotensin system was found to be the potential molecular mechanisms

with the greatest change in multiple and statistical significance. Moreover, the results

of the renin–angiotensin system-related protein expression exhibited VK2-inhibited

renin–angiotensin system in salt-induced hypertensive mice, which significantly verified

the previous biological and functional prediction analysis. Finally, spearman correlation

analysis showed the different bacteria such as Dubosiella, Ileibacterium, etc., had

a positive or negative correlation with renin–angiotensin system-related proteins in

salt-induced mice. In conclusion, the potential molecular mechanisms of VK2 for

salt-sensitive hypertension may be beneficially achieved by the specific inhibition of the

renin–angiotensin system, contributing to the development for a new preventive strategy

of salt-sensitive hypertension.

Keywords: network, gut bacteria, vitamin K2, salt-sensitive hypertension, mice

INTRODUCTION

Salt-sensitive hypertension refers to low renin type hypertension caused by relatively high salt
intake for a long time (1). High salt intake can increase blood pressure and cause damage to
target organs such as the heart, brain, and kidneys, while its pathological mechanism is that high
salt intake leads to genetic sodium transport disorder, leading to abnormal sodium excretion and
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tendencies of kidney sodium retention (2). It is found that high-
salt diet has a great impact on people’s health, and about a
larger number of people die of cardiovascular diseases in the
world every year due to excessive salt intake (1). Even salt-
sensitive hypertension has a high prevalence and serious harm,
which has caused huge economic burden to society, families, and
individuals (1, 2). Therefore, it is of great significance to study the
effective drugs for the treatment of salt-sensitive hypertension.

Recent studies have confirmed that salt intake in human body
is related to gut bacteria, which in turn affects blood pressure
(3, 4). As the most complex micro ecosystem of the human body,
gut bacteria affect human health from many aspects, such as
digestion, nutrition absorption, energy supply, fat metabolism,
immune regulation, drug metabolism, and toxicity (5, 6). It was
found that dietary sodium reduction increases circulating short-
chain fatty acids, which are associated with decreased blood
pressures, supporting that dietary sodium may influence the
gut microbiome (4). In addition to its effect on blood pressure,
salt can even act as an independent risk factor for target organ
damage (3). Studies have shown that after 4 weeks of high-salt
diet, the composition and function of fecal bacteria in mice were
changed, resulting in imbalance in the proportion of regulatory T
cells and pro-inflammatory helper T cells (Treg/Th17) (3).

Vitamin K2 (VK2) is a fat-soluble vitamin, mainly produced
by bacterial synthesis. Studies have shown that VK2 mainly
acts on extrahepatic tissues such as bone, brain, blood vessels,
pancreas, kidneys, and lungs to activate K-dependent proteins
such as osteocalcin and matrix Gla protein. It has become a
focus of research in recent years and has been widely used in
the food and pharmaceutical industries. Bentley et al. (7) briefly
illustrated VK2 biosynthesis pathway related to bacteria in 1971.
Ponziani et al. (8) found that gut bacteria was the main source of
VK2 in humans and small intestinal bacterial overgrowth (SIBO)
was associated with altered VK2 metabolism. Moreover, a higher
intake of vitamin K2 produced by gut bacteria was associated with
lower risk of coronary heart disease (CHD) (9). A meta-analysis
showed that VK2 supplementation might prove to be of benefit
as a long-term strategy to improve vascular health and reduce
cardiovascular risk (9). In addition, Vissers et al. (10) found
that a high intake of VK2 was significantly associated with a
reduced risk of peripheral arterial disease, including hypertensive
participants. It has been shown that the synergistic effect of VK2
and angiotensin-converting enzyme inhibitor (11, 12). All in all,
it has been reported that VK2 is related to cardiovascular diseases,
even hypertension. However, the molecular mechanism of its
pharmacology has not been fully investigated.

Network pharmacology is based on the principle of system
biology to explain the process of disease, and further use the
holistic view of network structure to understand the mechanisms
of drug and disease. In recent years, as a hot method, it has
been widely used in the analysis of drug mechanism (13, 14).
From the perspective of network pharmacology, the potential
targets and mechanisms of VK2 on salt-sensitive hypertension
were studied by using various database resources. Then the

Abbreviations: ANOVA, one-way analysis of variance; CHD, coronary heart

disease; VK2, Vitamin K2; OTUs, operational taxonomic units.

mice were supplemented with VK2 through animal experiment,
the gut bacteria of mice was detected by 16S rRNA and
functionally enriched using PICRUSt2. Finally, the common
signaling pathway-related proteins in mice were detected to
further verify the signaling pathways before the validation of
clinical samples.

METHODS

Screening Targets of Vitamin K2-Treated
Salt-Sensitive Hypertension
The structure file of VK2 was downloaded in the PubChem
database (https://pubchem.ncbi.nlm.nih.gov, searched on June
22, 2020) by searching for the keyword as “vitamin K2.”
The targets of VK2 were obtained by SwissTargetPrediction
(http://www.swisstargetprediction.ch, searched on June 22, 2020)
and DRAR-CPI (https://cpi.bio-x.cn/drar/, searched on June
22, 2020) using the structure file of VK2. Then the target
library of VK2 was constructed using WPS Office software
2019. Salt-sensitive hypertension related therapeutic targets
were obtained using the GeneCards database (https://www.
genecards.org, searched on June 22, 2020) and Omim database
(https://omim.org, searched on June 22, 2020). The “salt-
sensitive hypertension” was used to act as searching keyword.
Then, the names of target proteins were transformed into the
corresponding gene symbols by the UniProt database (https://
www.uniprot.org, searched on June 23, 2020).

Screening of Targets of Vitamin K2-Treated
Salt-Sensitive Hypertension and the
Construction of the Interrelated Network
The common targets library between putative targets of VK2
and the known therapeutic targets on salt-sensitive hypertension
were amalgamated. Then the PPI network was integrated
and conducted using the String database (https://string-db.org)
according to the common targets.

Analysis of Functional Processes and
Molecular Pathways of Vitamin K2-Treated
Salt-Sensitive Hypertension
The KEGG pathway enrichment analysis of common targets
was carried out using clusterProfiler package which was used
as a software package for pathway enrichment analysis and
visualization in the R language (version 3.6.1). The screening
condition was set as p < 0.001.

Network Construction of Vitamin
K2-Targets-Pathways-Disease Network
The network construction of VK2-targets-pathways-disease
network was conducted using Cytoscape_v3.7.1. The detailed
methods were described in previous reports (13, 14).

Animals and Experimental Protocols
Eighteen 8-week-old male C57BL/6J mice were purchased from
the experimental animal center of Guangzhou University of
traditional Chinese medicine and raised in the animal center
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of Jinan University. All mice were naturally reared in a
barrier environment with 12/12 h light cycle, 20–24◦C and
40–60% humidity. This animal experiment was approved by the
experimental animal ethics committee of Jinan University, which
conforms to the principles of animal protection, animal welfare,
and ethics, and the relevant provisions of national experimental
animal welfare ethics. All mice were randomly divided into three
groups: normal group (ND), high salt model group (HS), high
salt diet plus VK2 supplementation group (HS_VK2), six mice
per group. ND group was fed with a natural diet (containing 0.5%
NaCl); HS group was fed with a high salt diet (containing 8%
NaCl); HS_VK2 group was fed with high salt diet (containing 8%
NaCl and additional 0.025% VK2) for 4 weeks. Finally, the mice
were injected with 3% pentobarbital sodium to avoid suffering
pain. After the necks were removed and sacrificed, the colon
contents of the mice were quickly collected in sterile 1.5-ml EP
tubes and stored at−80◦C for testing.

Monitoring of Blood Pressure
The systolic blood pressure of all mice before and after the
experiment wasmonitored by tail arterymanometry and took the
average value using the blood pressure analysis program (BP2000,
USA) according to the operation instructions. The temperature
of the mouse platform was set to 37◦C in advance and test 15
times in each round.

Transmission Electronic Microscope
Examination
The mouse aortic tissue was fixed in 2.5% glutaraldehyde at 4◦C
for 2–4 h under the condition of minimizing the mechanical
injury such as traction, contusion, and extrusion. Then, the
mouse aortic tissue was fixed and rinsed three times, 15min each
time, using 0.1M phosphate buffer Pb (pH7.4). After dehydration
and infiltration, the aortic tissue of mice was cut into 60–80 nm
ultrathin sections. These sections were stained with uranium
and lead (2% uranium acetate saturated alcohol solution, lead
citrate, each staining for 15min), and further observed under the
TEM (HT7700; Hitachi; Tokyo, Japan), while three images were
collected and analyzed from each group.

Microbial Analysis
DNA Extraction and PCR Amplification
Four mice were randomly selected from each group and DNA
was extracted from fecal samples using the E.Z.N.A. R© soil
DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to
the manufacturer’s protocols. 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 regions of the
bacteria 16S rRNA gene were amplified with primers 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) by thermocycler PCR
system (GeneAmp 9700, ABI, USA). The resulted PCR products
were extracted from a 2% agarose gel and further purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) and quantified using QuantiFluorTM-ST

(Promega, USA) according to the manufacturer’s protocol. The
detailed methods were described in previous reports (14).

Illumina MiSeq Sequencing
Purified amplicons were pooled in equimolar and paired-end
sequenced (2 × 300) on an Illumina MiSeq platform (Illumina,
San Diego, USA) according to the standard protocols by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Processing of Sequencing Data
Operational taxonomic units (OTUs) were clustered with 97%
similarity using UPARSE (version 7.1 http://drive5.com/uparse/)
and each 16S rRNA gene sequence was analyzed using a
confidence threshold of 70% in RDP Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA
database. PICRUSt2 was used to predict microbial functions
according to the normalized OTU tables (15).

Measurements of Renin–Angiotensin
System-Related Protein Expression by
Western Blotting
Three mice were randomly selected from each group and
the proteins in their aortic tissues were detected through
Western blotting. Ren antibody (abcam, ab212197), ACE
(abcam, ab254222), AT1R (abcam, ab124734), and AT2R (abcam,
ab227851) antibodies were used in the current study. According
to the kit instructions, the total proteins were obtained by
conventional tissue. Thus, PAGE separation was conducted after
equivalent sampling. PAGE separins used 10% separating and 5%
stacking gel. All proteins separated by PAGE were transferred
to PVDF membranes with primary and secondary antibodies
added. Moreover, the proteins were exposed, developed, and
fixed. GAPDH was used as an internal control. Quantity One
4.0 software was used to analyze the imaging map and the
ratios of Ren, ACE, AT1R, and AT2R proteins in each group
were calculated.

Statistical Analysis
Statistical analysis on the gut microbiota was performed using
R package (MathSoft, Inc., United States). All other data
are presented as mean ± standard error of mean (SEM).
Statistical analysis was performed using Student t-test or
one-way analysis of variance (ANOVA) through GraphPad
Prism 5 (San Diego, CA, USA). p < 0.05 was considered as
statistically significant.

RESULTS

Screening Target Information and PPI
Network of Vitamin K2 on Salt-Sensitive
Hypertension
The molecular formula of VK2 was C31H40O2, and the molecule
structure was shown as Figure 1A. A total of 195 reported
pharmacological targets related to VK2 were obtained from the
databases (Supplementary Table 1). A total of 493 salt-sensitive
hypertension related targets were obtained from the databases
(Supplementary Table 2). Combining the common targets of
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FIGURE 1 | Network pharmacology revealed the target characteristics of Vitamin K2 (VK2) for salt-sensitive hypertension. (A) Molecule formula of VK2. (B) Venn

diagram of common targets of VK2 for salt-sensitive hypertension. (C) The protein-protein interaction (PPI) network based on targets of VK2 for salt-sensitive

hypertension. Nodes represent different proteins. Edges represent protein-protein associations, the line thickness indicates the strength of data support. (D) The top

10 core genes of VK2 for salt-sensitive hypertension.
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FIGURE 2 | KEGG pathway enrichment of core targets and construction of an integrative network. (A) The bar diagram of KEGG pathway enrichment. (B) The

integrative network of VK2 for salt-sensitive hypertension through the network pharmacology-based findings.
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VK2 and salt-sensitive hypertension, 42 targets were screened
to be the targets of VK2-treated salt-sensitive hypertension
(Figure 1B; Supplementary Table 3). The function-related PPI
network was conducted using the STRING database and shown
in Figure 1C. The network containing 42 nodes and 185
edges, had significantly more interactions (p < 1.0 × e−16).
Additionally, the top 10 core genes were screened as ALB, REN,
IL10, SERPINE1, SRC, EGFR, F2, MAPK8, ESR1, and PLG
(Figure 1D; Supplementary Table 4).

KEGG Pathway Enrichment of Core Targets
and Construction of an Integrative Network
The KEGG pathway enrichment involved in predicted targets
is systematically elucidated based on the KEGG pathway
database. In the current study, KEGG pathway enrichment was
performed according to the common 42 genes, and the top

20 enrichment data were plotted as a bar diagram (Figure 2A;
Supplementary Table 5). The KEGG pathway enrichment
mainly involved in neuroactive ligand-receptor interaction,
complement and coagulation cascades, calcium signaling
pathway, endocrine, and other factor-regulated calcium
reabsorption, and renin–angiotensin system, etc. The integrative
network of VK2 for salt-sensitive hypertension through the
network pharmacology-based findings was conducted and
shown in Figure 2B.

Vitamin K2 Supplementation Protected
Blood Pressure and Aortic Vessels in High
Salt-Induced Mice
Vascular endothelial cells maintain the normal flow of blood
and act as a barrier between blood and tissue fluid, whose
injury is related to the occurrence of hypertension (16, 17).

FIGURE 3 | VK2 supplementation protected blood pressure and aortic vessels in salt-induced mice. (A) Blood pressure (mmHg). (B) The ultrastructural changes of

aortic vessels observed by Transmission Electronic Microscope (TEM). Internal elastic lamina (IEL), nucleus (N), mitochondrion (M), rough endoplasmic reticulum

(RER), tight junction (TJ), autophagy (AP). Data are presented as mean ± standard error of mean (SEM). ***p < 0.001, n = 6; statistical comparisons were performed

using Student t-test or one-way analysis of variance (ANOVA).

Frontiers in Nutrition | www.frontiersin.org 6 February 2021 | Volume 8 | Article 63946733

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Liu et al. Vitamin K2 Related to Renin–Angiotensin System

Therefore, the blood pressure and the ultrastructural changes of
aortic vessels were observed in animal experiment. The results
of animal experiment showed that significantly increased blood
pressure was found in the HS group compared with the control
group, whereas a significantly decreased blood pressure was
found after VK2 supplementation compared with the HS group
(Figure 3A). Moreover, the results of ultrastructural changes
of aortic vessels are shown in Figure 3B. Compared with the
control group, the vascular endothelial cells showed obvious
edema, the intracellular matrix became lighter, the electron
density of large area decreased, the internal elastic membrane
appeared obvious local fracture; the nucleus showed irregular
shape, local depression, heterochromatin edge set; the number of
mitochondria decreased, swelling, mitochondrial cristae became
shorter, and disappeared; and the rough endoplasmic reticulum
showed obvious expansion and degranulation (Figure 3B). After
VK2 supplementation, the results showed that the edema of
vascular endothelial cells was alleviated; the electron density of
intracellular matrix was low and the transparency was reduced;
the internal elastic membrane was not obviously broken; the
damage of cell structure such as nucleus, mitochondria, and
rough endoplasmic reticulum was alleviated (Figure 3B).

General Bacterial Structural
Characteristics After Vitamin K2

Supplementation in High Salt-Induced
Mice
In order to further verify the potential mechanism of VK2
resistance to salt-sensitive hypertension, we supplemented VK2
to intervene in high-salt induced mice, and detected the
characteristics of gut bacteria by 16S rRNA analysis (Figure 4A)
The results showed that there were 690 total OTUs in the control
group, 771 total OTUs in the HS group, 663 total OTUs in
VK2_HS group, and 530 common OTUs in the three groups
(Figure 4B). Among them, there were 585 common OTUs in
the control group and HS group, 59 personalized OTUs in the
control group and 138 personalizedOTUs in theHS group, which
indicated that OTUs of high salt diet were higher than those of
normal diet. There were 667 common OTUs in the HS group and
VK2_ HS group, 39 personalized OTUs in the VK2_HS group,
139 personalized OTUs in the HS group, which indicated that
VK2 supplementation reduced OTUs in the gut bacteria of mice
fed with high salt diet.

Furthermore, phyla level results showed that the proportions
of dominant phyla Firmicutes, Bacteroidetes, and Proteobacteria
in the control group were 41.26, 40.06, and 5.823%, whereas
43.32, 36, and 4.899% were in the HS group, and 49.99, 34.89,
and 4.665% were in the VK2-HS group, respectively, (Figure 4C;
Supplementary Table 6). In addition, 20 dominant genera were
found in bacteria (Figure 4D; Supplementary Table 7). For
instance, the relative abundances of norank_f__Muribaculaceae,
Lactobacillus, Lachnospiraceae_NK4A136_group, Helicobacter in
the control group were 34.49, 11, 10.54%, and 6.87; 29.07, 15.60,
5.83, and 5.24% were in the HS group; and 27.29, 2.17, 12.16,
and 2.33%were in the VK2_HS group. All these findings revealed

that there were differences in bacterial composition and structure
after VK2 supplementation.

Screening of Different Bacteria After
Vitamin K2 Supplementation in High
Salt-Induced Mice
Similarities of the bacterial composition and structure after VK2
supplementation among groups were compared using ANOSIM
and PLS-DA based on Bray–Curtiss (18). The results distance
box plot showed that there were significant differences in the
bacterial composition and structure (Figure 5A; r = 0.2639; p =
0.025) among different groups. Moreover, there was an obvious
tendency for separating the bacterial profiles on genus level
after VK2 supplementation (Figure 5B), and a great difference
in the individual samples was found in the HS group, but little
difference in the individual samples after VK2 supplementation
(Figure 5B), which promulgated a positive action on genera
after VK2 supplementation. Additionally, a total of 29 different
bacteria after VK2 supplementation were screened among the
three groups (Figure 5C; Supplementary Table 8).

Verification of Functional Prediction Based
on the Different Bacteria in High
Salt-Induced Mice
To identify signaling pathways found through the previous
network of VK2-treated salt-sensitive hypertension,
functional analysis was performed using PICRUSt2 after
VK2 supplementation. A total of 10 common signaling pathways
were enriched and identified. As shown in Figure 5A, compared
with the control group, decreased relative abundance was
found in the signaling pathways in epithelial cell signaling
in Helicobacter pylori infection, estrogen signaling pathway,
and prolactin signaling pathway in the HS group; increased
relative abundance was found in the renin–angiotensin
system, cGMP-PKG signaling pathway, dopaminergic synapse,
endocrine, and other factor-regulated calcium reabsorption,
inflammatory mediator regulation of TRP channels, vascular
smooth muscle contraction, and calcium signaling pathway in
the HS group. Increased relative abundance was found in the
signaling pathways in epithelial cell signaling in Helicobacter
pylori infection, estrogen signaling pathway, and prolactin
signaling pathway after VK2 supplementation; decreased
relative abundance was found in the renin–angiotensin
system, cGMP-PKG signaling pathway, dopaminergic synapse,
endocrine, and other factor-regulated calcium reabsorption,
inflammatory mediator regulation of TRP channels, vascular
smooth muscle contraction, and calcium signaling pathway
after VK2 supplementation (Figure 6A). Moreover, there was
a greatest change multiple and statistical significance of the
relative abundance in renin-angiotensin system (p < 0.05).
Also, the mapper of the renin–angiotensin system is shown in
Figure 6B combined with the findings in the previous network of
VK2-treated salt-sensitive hypertension. All these results further
revealed the fact that renin-angiotensin system was the potential
mechanisms of VK2-treated salt-sensitive hypertension.
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FIGURE 4 | General bacterial structural characteristics after VK2 supplementation (n = 4). (A) The process of animal experimental verification. (B) The operational

taxonomic units (OTUs) changes after VK2 supplementation. (C) Community heatmap analysis on phylum level after VK2 supplementation. (D) Community heatmap

analysis on genus level after VK2 supplementation. Color represents relative abundance.
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FIGURE 5 | Screening of different bacteria after VK2 supplementation. (A) Distance calculated on OTU level. (B) PLS-DA. (C) Differential bacteria on genus level.

*p < 0.05 and **p < 0.01, n = 4. Statistical comparisons were performed using one-way analysis of variance (ANOVA).
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FIGURE 6 | Verification of functional prediction based on the different bacteria. (A) Functional enrichment of PICRUSt2 based on the different bacteria. Data are

presented as mean ± standard error of mean (SEM); *p < 0.05, n = 4; statistical comparisons were performed using Student t-test or one-way analysis of variance

(ANOVA). (B) The mapper of Renin-angiotensin system.
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Vitamin K2 Supplementation Inhibited
Renin–Angiotensin System-Related Protein
Expression in High Salt-Induced Mice
To further verify the effect of VK2 on the renin–angiotensin
system, the renin–angiotensin system-related proteins expression
(including REN, ACE, AT1R, and AT2R) in salt-induced mice
were conducted. Significantly increased REN, ACE, AT1R,
and AT2R proteins expression were found in the HS group
compared with the control group. Moreover, significantly
decreased REN, ACE, AT1R, and AT2R proteins expression were
found after VK2 supplementation (Figures 7A–E). Obviously,
the changes in the renin–angiotensin system-related proteins
expression exhibited VK2 inhibited renin-angiotensin system-
related proteins expression in salt-induced hypertensive mice,
which was statistically significantly consistent with the previous
biological and functional prediction analysis.

Microbial Correlation
To reveal the relationship between differential bacteria and
functional proteins in renin-angiotensin system-related proteins,
Spearman correlation analysis of the renin–angiotensin system-
related proteins and gut microbiota were performed. The results
of spearman correlation analysis indicated that the 20 different
bacteria such as Dubosiella, Ileibacterium, etc., had a positive
or negative correlation with REN, ACE, AT1R, and AT2R in
salt-induced mice (Figure 8).

DISCUSSION

Salt-sensitive hypertension is an important type of essential
hypertension, which is a response to high salt intake. Modern
studies have suggested that gut bacteria act as a participant
and a target role for treatment in salt-sensitive hypertension
(3, 4). Human studies have confirmed that VK2 is related
to the prevention and treatment of cardiovascular diseases,
and has revealed its curative effect on hypertension (9, 10,
19). However, these results lack more scientific evidence and
molecular mechanisms. Therefore, this study focused on the
molecular mechanisms of VK2 in the treatment of salt-sensitive
hypertension, combined with network pharmacology and 16S
rRNA sequencing strategy. In the current study, a total of
42 predictive targets of VK2-treated salt-sensitive hypertension
were screened and identified accordingly. Moreover, the top
10 core genes of VK2 treated-salt-sensitive hypertension were
screened as ALB, REN, IL10, SERPINE1, SRC, EGFR, F2,
MAPK8, ESR1, and PLG. The network pharmacology-based
findings from KEGG enrichment analysis revealed that VK2
treated salt-sensitive hypertension were mechanically associated
with the neuroactive ligand-receptor interaction, complement
and coagulation cascades, calcium signaling pathway, endocrine
and other factor-regulated calcium reabsorption and renin-
angiotensin system, etc. Additionally, a total of 29 different
bacteria in animal experiment after VK2 supplementation
were screened and functionally enriched using PICRUSt2.
Ten common signaling pathways were identified in which
the renin-angiotensin system was found to be the potential

molecular mechanisms with the greatest change multiple and
statistical significance. Finally, the renin-angiotensin system-
related proteins expression exhibited that VK2 inhibited
renin-angiotensin system in salt-induced mice, which was
statistically, significantly consistent with the previous biological
and functional prediction analysis.

On the basis of understanding the interaction network
of “drug-target-disease,” the intervention and influence of
drugs on the complex pathological network were observed
through network analysis, and the interaction relationship
between each node of the network was observed intuitively and
clearly by using large-scale data integration, which provided a
new platform for the mechanism target research of complex
diseases (13, 14). The results of network pharmacology research
showed that the core targets of VK2 in the treatment
of salt-sensitive hypertension included as ALB, REN, IL10,
SERPINE1, SRC, EGFR, F2, MAPK8, ESR1, and PLG. The
findings of KEGG function enrichment showed that VK2-treated
salt-sensitive hypertension was mechanically associated with
the neuroactive ligand–receptor interaction, complement and
coagulation cascades, calcium signaling pathway, endocrine, and
other factor-regulated calcium reabsorption, renin–angiotensin
system, etc. Therefore, the network pharmacology-based findings
showed the potential molecular mechanisms of VK2-treated salt-
sensitive hypertension.

Gut bacteria play an important role in the digestion
and absorption of nutrients in food and are considered as
therapeutic targets of many diseases and drugs (30, 31). It has
become a hot research method in modern pharmacology to
study the molecular mechanisms of drug treating diseases by
focusing on gut bacteria (20, 21). In order to further verify the
potential mechanisms of VK2 for salt-sensitive hypertension,
we supplemented VK2 to intervene high-salt induced mice,
and detected the characteristics of gut bacteria by 16S rRNA
analysis. Some studies have shown that high-salt diet (8%
NaCl) for 4 weeks can cause hypertension in mice (22, 23). The
results of animal experiment showed that VK2 supplementation
protected blood pressure and aortic vessels in salt-induced mice.
Meanwhile, the results of the animal experiment showed VK2
supplementation reduced OTUs in gut bacteria of mice fed with a
high-salt diet. The results revealed that there were differences in
bacterial composition and structure after VK2 supplementation.
Moreover, a total of 29 different bacteria were screened after
VK2 supplementation including Ileibacterium, Dubosiella,
Allobaculum, Parasutterella, Ruminococcaceae_UCG-013, etc. To
identify signaling pathways found through the previous network
of VK2-treated salt-sensitive hypertension, functional analysis
was performed using PICRUSt2 after VK2 supplementation.
The results showed that the signaling pathways of epithelial
cell signaling in Helicobacter pylori infection, estrogen signaling
pathway, and prolactin signaling pathway, renin–angiotensin
system, cGMP-PKG signaling pathway, dopaminergic synapse,
endocrine, and other factor-regulated calcium reabsorption,
inflammatory mediator regulation of TRP channels, vascular
smooth muscle contraction, and calcium signaling pathway
were also found in the animal experiment after VK2
supplementation. Meanwhile, the greatest change multiple and
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FIGURE 7 | VK2 inhibited renin-angiotensin system-related proteins expression in high salt-induced mice (A–E). Data are presented as mean ± standard error of

mean (SEM); *p < 0.05 and **p < 0.01, n = 3; statistical comparisons were performed using Student t-test or one-way analysis of variance (ANOVA).
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FIGURE 8 | Microbial correlation with renin-angiotensin system-related proteins. Red represents positive correlation, whereas blue represents negative correlation; the

darker the color, the stronger the correlation. 0.01 < *p ≤ 0.05, 0.001 < **p ≤ 0.01.

statistical significance, which verified that the renin–angiotensin
system was the potential mechanism of VK2 for salt-sensitive
hypertension was found in the relative abundance of the
renin–angiotensin system.

The renin–angiotensin system is considered as a peptidergic
system with endocrine characteristics, with regard to the
regulation of the blood pressure and hydro-electrolytic
balance (24, 25). In the classical renin–angiotensin system,
the renin cleaves its substrate angiotensinogen (Agt) forming
the decapeptide angiotensin I (Ang I) that is in turn cleaved
by the angiotensin-converting enzyme (ACE) to produce
the angiotensin II (Ang II), which can affect the AT1R and
AT2R, key players of this system (24, 25). In fact, it has been
revealed that there are associations between insufficiency of
fat-soluble vitamins and cardiovascular diseases (26). For
example, long-term lack of vitamin D can lead to overactivation
of the renin–angiotensin system, which is one of the mechanisms
of blood pressure regulation (27, 28). In order to reveal the
relationship between differential bacteria and functional proteins
in the renin–angiotensin system-related proteins (including

REN, ACE, AT1R, and AT2R), Spearman correlation analysis
were conducted. The different bacteria, such as Dubosiella,
Ileibacterium, etc., had a positive or negative correlation
with REN, ACE, AT1R, and AT2R in salt-induced mice. It
was showed that Dubosiella may have a role in inhibiting
renin–angiotensin system including proteins (including
REN, ACE, AT1R, and AT2R), whereas Ileibacterium may
have a positive role. Dubosiella newyorkensis (belonging
to genus Dubosiella), is related to many disease such as
obesity, diabetes, abnormal lipid metabolism, etc., which was
even used as a patented probiotic for many diseases (29).
However, there are no other differential bacteria and diseases
reported. The positive or negative correlation between the
differential bacteria and functional proteins in renin–angiotensin
system-related proteins (including REN, ACE, AT1R, and
AT2R) reveal that the gut microbiota play an essential role
in regulating blood pressure and the potential molecular
mechanisms. These evidences show the relationship between
differential bacteria and functional proteins, providing new
research fields.
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FIGURE 9 | Representative cartoon with the possible mechanisms of VK2 for salt-sensitive hypertension.
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The current study showed VK2-treated salt-sensitive
hypertension by the specific inhibiting the renin–angiotensin
system. Additionally, the renin–angiotensin system-related
protein expression (including REN, ACE, AT1R, and AT2R)
exhibited that VK2 inhibited the renin–angiotensin system-
related protein expression in salt-induced hypertensive mice,
which significantly verified the previous biological and functional
prediction analysis. Accordingly, the representative cartoon with
the potential mechanisms of VK2 for salt-sensitive hypertension
is shown in Figure 9. However, such an integrated pharmacology
and gut bacteria-based analysis further explored the potential
mechanismic role of VK2 for salt-sensitive hypertension. More
studies using clinical samples still need to be better investigated
in the future. Obviously, the current study contributes to the
development for a new preventive strategy of salt-sensitive
hypertension as far as it is concerned.

CONCLUSION

In the current bioinformatics and animal experiment verification
used network and 16S rRNA sequencing-combined approach,
the potential molecular mechanisms of VK2 related to salt-
sensitive hypertension may be beneficially achieved by the
specific inhibition of the renin–angiotensin system, contributing
to provide the scientific evidence for the effective treatment of
salt-sensitive hypertension.
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Oxidative stress, one of the most common biological dysfunctions, is usually associated

with pathological conditions and multiple diseases in humans and animals. Chinese olive

fruit (Canarium album L.) extracts (OE) are natural plant extracts rich in polyphenols (such

as hydroxytyrosol, HT) and with antioxidant, anti-hyperlipidemia, and anti-inflammatory

potentials. This study was conducted to investigate the antioxidant capacity of OE

supplementation and its related molecular mechanism in mice. Mice (25.46 ± 1.65 g)

were treated with 100 mg/kg body weight (BW) OE or saline solution for 4 weeks, and

then the antioxidant and anti-inflammatory capacities of mice were examined. The results

showed that OE supplement significantly increased the serum antioxidative enzyme

activities of total antioxidant activity (T-AOC), superoxide dismutase (SOD), glutathione

peroxidase (GSH-Px), and catalase and decreased the serum malondialdehyde (MDA)

level, indicating that OE treatment enhanced the antioxidant capacity in mice. qPCR

results showed that the transcriptional expression of antioxidant SOD1, CAT, Gpx1,

and Gpx2 were significantly down-regulated in the small intestine (jejunum and ileum)

after OE administration. Meanwhile, OE treatment significantly decreased the T-AOC

and increased the MDA level in the small intestine. Furthermore, OE administration

dramatically reduced the mRNA expression of pro-inflammatory cytokines (TNF-α

and IL-1β), which confirmed its antioxidant and anti-inflammatory capacities with OE

administration. Using amplicon sequencing technology, 16S rRNA sequencing results

showed that OE supplement significantly increased the colonic Firmicutes/Bacteroidetes

ratio, which also had a negative correlation with the serum MDA level and positively

correlated with serum GSH-Px activity through Pearson correlation analysis. Besides

that, Alloprevotella was negatively correlated with serum T-AOC. Colidextribacter was

positively correlated with serum MDA and negatively correlated with serum T-AOC, SOD,

and GSH-Px levels. In summary, this study showed that treatment with 100 mg/kg

BW polyphenol-rich OE could alter colonic microbiota community, which was strongly

associated with improved antioxidant capacity in mice.

Keywords: olive extracts, antioxidant capacity, gut microbiota, oxidative stress, anti-inflammatory capacity,

hydroxytyrosol
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INTRODUCTION

Oxidative stress is regarded as a result of the imbalance of
oxidants and antioxidants, which can cause damage to important
cellular macromolecules, such as DNA, lipid, and protein, and,
in turn, lead to toxicity, chronic inflammation, and diseases,
acting as a serious threat to animal and human health (1–3).
In animal husbandry, oxidative stress is commonly considered
to be associated with various pathological conditions and can
severely damage productivity and livestock product quality and
even lead to death (4, 5). Similarly, oxidative stress is also an
important factor for the progression of human diseases and
body disorders, including metabolic diseases and inflammation-
related diseases, such as inflammatory bowel disease and
diabetes (6–8). Moreover, the overproduction of reactive oxygen
species and reactive nitrogen species during oxidative stress can
cause inflammatory responses by activating the related signal
transduction pathways (9, 10).

Polyphenols are natural compounds present in plants with
numerous biological activities, which have been proposed to
be useful as adjuvant therapy for their potential antioxidant
effect, associated with the anti-inflammatory activity (11). Olive
extracts, as one of the important natural plant extracts, have been
extensively explored for their potential antioxidant properties
(12, 13). The main bioactive component of olive extracts are
polyphenols, which are thought to be responsible for their wide
range of biological activities. Increasing evidence has indicated
that olive extracts rich in polyphenolic compounds have powerful
antioxidant and anti-inflammatory effects in mammalian cells,
rats, and humans (14–17). Administration of olive oils high in
phenolic compounds decreased malondialdehyde (MDA) levels
in urine and increased plasma glutathione peroxidase (GSH-Px)
activity in a dose-dependent manner in men (18). Olive leaf
extract could enhance antioxidation capacity in the liver of aged
mice by inducing a decrease in the MDA level and an increase in
glutathione (GSH) level (19). Olive pomace extracts supplement
followed with increased total antioxidant activity (T-AOC) was
shown in the study of A. De Bruno et al. (20). In addition, some
studies have shown that olive extracts have anti-bacterial and
anti-inflammation effects (21–23). It is well-established that these
beneficial health properties of olive extracts are related to one of
the polyphenolic compounds named hydroxytyrosol (HT) (24–
26). Studies in mammalian cells have demonstrated that HT can
exert potential effects against oxidative stress and inflammation
(24, 27). Further mechanism research showed that HT alleviated
oxidative stress by decreasing the production of oxygen species
(24). Thus, olive extracts enriched with various polyphenols
(especially HT) may be an effective prevention against disorders
related to oxidative stress.

Concerning the metabolism of olive extracts, particularly the
olive bioactive component polyphenols, growing evidence has
demonstrated that only small amounts of ingested polyphenols
can be absorbed in the small intestine and enter the systemic
circulation (28, 29). Most remaining polyphenols reach into the
large intestine, where they can be metabolized by gut microbiota
(28, 29). The colonic microbiota, therefore, plays a key role
in the metabolism of polyphenols. A study showed that olive

administration could alleviate hypercholesterolemia by reducing
the relative abundance of Lactobacilli and Ruminococcus
in the human gut microbiota (30). Extra virgin olive oil
supplementation increased the gut microbiota diversity and
decreased the relative abundance of Firmicutes in mice (31).
In addition, another study showed that olive leaf extract can
counteract the ecological disorders associated with obesity
by altering the colonic microbial community in mice (32).
These studies have suggested that olive oil and olive leaf
phenolic compounds can induce changes in gut microbial
composition and alter its metabolism in mice and humans with
metabolic diseases.

However, whether oral administration of Chinese olive
fruit (Canarium album L.) extracts (OE) could improve
colonic microbiota and whether colonic microbiota is a
remarkable mechanism further involved in antioxidant and
anti-inflammatory effects of OE remain to be elucidated.
We here, therefore, investigated the effects of OE on the
levels of antioxidant indicators, the expressions of antioxidant
enzymes and inflammatory cytokines in the intestine, and
the colonic microbiota composition to explore its underlying
molecular mechanism.

MATERIALS AND METHODS

Reagents, Mice, and Ethics
The OE was purchased from Shanghai Huahan Biotechnology
Co., Ltd. (Shanghai, China), and it was composed of 10 wt%
HT as checked by high-performance liquid chromatography.
Specifically, an Acquity UPLC BEH C18 (1.7µm, 2.1 × 50mm)
column was used. The binary mobile phase consists of two
different formic acid solutions running in a linear gradient, and
detection is carried out with UV–vis at 278 nm. Quantification
was performed by the external standard method with tyrosol
and HT reference standards. Then, the concentrations of
these compounds were calculated using the response factor
of HT reference standard. Three-week-old female ICR mice
were purchased from Peking University Health Science Center
(Beijing, China). The mice were maintained in a 12-h light/dark
cycle, with free access to diet and water. All procedures
used in this experiment were approved by the Experimental
Animal Welfare and Ethical Committee of the Institute of
Animal Science, Chinese Academy of Agricultural Sciences
(no. IAS2020-86).

Mice Experiment and Sampling
After 1-week acclimatization, the mice (25.46 ± 1.65 g) were
divided into two groups (n= 12 per group). The OE supplement
(OE) group was treated with 100 mg/kg body weight OE
(prepared fresh in distilled water before gavage), and the control
(Con) mice received the same volume of distilled water every
day via oral gavage. Body weight and feed intake of the mice
were measured weekly. At the end of day 28, blood samples were
collected by orbital blooding, and then the mice were killed by
cervical dislocation. The jejunum and ileum tissues were quickly
removed and frozen in liquid nitrogen for further analysis. For
histopathology examinations, part of the jejunum and ileum

Frontiers in Nutrition | www.frontiersin.org 2 April 2021 | Volume 8 | Article 64509945

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wang et al. OE Improve Antioxidant Capacity

were cut and fixed in 4% paraformaldehyde. Colonic digesta
were collected for 16S rRNA sequencing and short-chain fatty
acid analysis.

Serum Oxidant and Antioxidant Marker
Analyses
Serum was obtained by centrifugation at 1,000 g for 15min
under 4◦C and stored in aliquots at−80◦C. The activities of total
antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px),
catalase (CAT), and superoxide dismutase (SOD) and the level
of malondialdehyde (MDA) and inflammatory cytokines (TNF-
α, IL-1β, IL-6, and IFN-γ) were measured with corresponding
assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) following the manufacturers’ instructions.

Intestinal Morphology Examination
Proximal jejunum and distal ileum sections were used
for histologic examination. They were fixed with 4%
paraformaldehyde–phosphate-buffered saline overnight,
then dehydrated, and embedded in paraffin blocks. After that,
a section of 5µm was cut and mounted on slides. The sections
were further deparaffinized and hydrated and then stained with
hematoxylin-eosin (H&E) for microscopy. Microphotographs
were taken with a DM300 microscope (Leica, Germany). Villus
length and crypt depth were performed using Image J software.
A minimum of 20 well-orientated villi and associated crypts
from at least seven different fields per animal were measured.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction Analysis
Total RNAs from jejunum and ileum samples were isolated
using Trizol (Invitrogen, USA) reagent and then treated with
DNase I (Invitrogen, USA) according to the instruction of
the manufacturer. The concentration of each RNA sample
was quantified using NanoDrop 2000 (Nanodrop Technologies,
USA). Before reverse transcription, possible contaminations
from genomic DNA were eliminated using a PrimeScript
RT reagent kit (Takara, Japan). cDNA was synthesized using
PrimeScript EnzymeMix 1, RT PrimerMix, and 5× PrimerScript
Buffer 2 (Takara, Dalian, China). Reverse transcription was
conducted at 37◦C for 15min and 85◦C for 5 s. Gene-
specific prime sequences (Table 1) were designed using Primer
5.0 software and synthesized by Sangon Biotech Co., Ltd
(Shanghai, China). Real-time PCR was performed according to
the manufacturer’s instructions. Briefly, 1 µl cDNA template
was added to a total volume of 10 µl containing 5 µl KAPA
SYBR FAST qPCR Master Mix Universal, 0.4 µl PCR forward
primer, 0.4 µl PCR reverse primer, 0.2 µl ROX low, and 3 µl
PCR-grade water (Kapa Biosystems, Beijing, China). We used
the following protocol: (i) enzyme activation (3min at 95◦C),
(ii) an amplification and quantification program consisting 40
of repeated cycles (3 s at 95◦C and 34 s at 60◦C), and (iii) a
melting curve program (15 s at 95◦C, 1min at 60◦C, and 15 s
at 95◦C). Relative expression was calculated between the control
group and treatment group by 2−11Ct method, where 1Ct = Ct

(Target)–Ct (β-actin). β-actin was chosen as a housekeeping gene
to normalize target gene transcript level.

TABLE 1 | Primers used for qPCR assay.

Gene Accession no. Sequence (5′-3′)

β-actin NM_007393.5 F: TGTCCACCTTCCAGCAGATGT

R: GCTCAGTAACAGTCCGCCTAGAA

SOD1 NM_011434.2 F: GTGAACCAGTTGTGTTGTC

R: ATCACACGATCTTCAATGGA

CAT NM_009804.2 F: TCAGGTGCGGACATTCTA

R: ATTGCGTTCTTAGGCTTCT

GPx1 NM_001329527.1 F: ATCAGTTCGGACACCAGA

R: TTCACTTCGCACTTCTCAA

GPx2 NM_030677.2 F: GTGGCGTCACTCTGAGGAACA

R: CAGTTCTCCTGATGTCCGAACTG

TNF-α NM_013693.3 F: CATCTTCTCAAAATTCGAGTGACAA

R: TGGGAGTAGACAAGGTACAACCC

IL-1β NM_008361.4 F: TTCAGGCAGGCAGTATCA

R: CCAGCAGGTTATCATCATCA

F, forward; R, reverse.

Bacterial 16S rRNA Gene Sequencing and
Analysis
Total genome DNA from colonic digesta was extracted
using QIAamp DNA Stool Mini Kit (Qiagen, Germany);
then, DNA concentration and purity was monitored on
1% agarose gels. The V3–V4 region of the bacterial 16S
ribosomal RNA gene was amplified using a specific primer
(338F, 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R, 5′-
GGACTACHVGGGTWTCTAAT-3′). Amplicons were detected
using 2% agarose gel electrophoresis and purified using the
AxyPrep DNA gel extraction kit (Axygen Bioscience, CA, USA)
according to the manufacturer’s instructions. After having been
quantified and purified, the amplicons were sequenced using
Illumina MiSeq platform (Illumina, San Diego, CA, USA) at
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China)
according to standard protocols. The raw reads were deposited
into the NCBI Sequence Read Archive database (Accession
Number: PRJNA681369). The sequences were analyzed and
assigned to operational taxonomic units (OTUs; 97% identity).
Alpha diversity was analyzed using QIIME (Version 1.7.0),
which included the calculation of ACE, Chao 1, Shannon, and
Simpson indices. Beta diversity was estimated by computing
the unweighted Unifrac distance and visualized using principal
coordinates analysis (PCoA).

Short-Chain Fatty Acid Analysis
For short-chain fatty acid (SCFA) analysis, frozen colonic digesta
samples (100mg) were weighed into 1.5-ml centrifuge tubes and
mixed with 1ml ddH2O, homogenized, and centrifuged at 10,000
rpm for 10min under 4◦C. Amixture of the supernatant fluid and
25% metaphosphoric acid solution (0.9 and 0.1ml, respectively)
was vortexed for 1min and centrifuged at 1,000 rpm for 10min
under 4◦C after letting it stand in a 1.5-ml centrifuge tube at 4◦C
for over 2 h. The supernatant portion was then filtered through
a 0.45-µm polysulfone filter and analyzed using Agilent 6890 gas
chromatography (Agilent Tecnologies, Inc., Palo Alto, CA, USA).
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FIGURE 1 | Effects of olive fruit (Canarium album L.) extracts on body weight and feed intake. (A) Body weight. (B) Average daily feed intake. Data were expressed as

mean ± SEM.

FIGURE 2 | Effects of olive fruit (Canarium album L.) extracts on the serum antioxidant indicators. (A) T-AOC, (B) SOD, (C) GSH-Px, (D) CAT, (E) MDA. Data were

expressed as mean ± SEM. *P < 0.05.

Statistical Analysis
All statistical analyses were performed by using Student’s t-test
(SPSS 21 software). Pearson correlation analysis between the
Firmicutes/Bacteroidetes ratio and serum antioxidant indicators
(T-AOC, SOD, GSH-Px, CAT, and MDA) was carried out using
GraphPad Prism 7.0. Data are expressed as mean± SEM. P-value
< 0.05 was considered significant.

RESULTS

Effects of OE Supplement on Body Weight
and Feed Intake
Oral administration with OE for 4 weeks had no significant
effects on the body weight (P > 0.05) and average daily feed
intake in mice compared with the mice in the Con group (P >

0.05; Figure 1).

OE Supplement Enhanced the Serum
Antioxidant Capacity in Mice
The activities of oxidant–antioxidant enzyme andMDA levels are
sensitive indicators for oxidative stress. To determine whether
OE affects antioxidant capacity, serum oxidant–antioxidant
enzyme activities of T-AOC, SOD, GSH-Px, CAT, and MDA
levels were analyzed using test kits. Figure 2 shows that
OE treatment significantly increased the T-AOC (P < 0.05),
increased the activities of SOD (P < 0.05), GSH-Px (P < 0.05),
and CAT (P < 0.05), and decreased the level of MDA (P < 0.05).

Effects of OE Supplement on Intestinal
Morphology
Intestinal morphology was examined with H&E staining. The
villus height, crypt depth, and villus height/crypt depth ratio
were measured (Figure 3). In the jejunum, treatment with OE
had no significant effects on the villus height, crypt depth, and
villus height/crypt depth ratio in mice (P > 0.05; Figure 3B). In
the ileum, the villus height and crypt depth had no significant
difference between the two groups (P > 0.05; Figure 3C).
However, the villus height/crypt depth ratio was significantly
higher in the OE group than in the Con group (P < 0.05;
Figure 3C).

OE Altered Small Intestinal Antioxidant
Capacity
Next, we analyzed the mRNA expression of genes associated with
antioxidant capacity in the ileum and jejunum, including SOD1,
Gpx1, Gpx2, and CAT to examine the molecular mechanism
of OE administration in enhancing antioxidant capacity. In
the jejunum, compared with the Con group, OE treatment
significantly down-regulated the mRNA expression of SOD1,
CAT, Gpx1, and Gpx2 (P < 0.05; Figure 4A). Similarly, in the
ileum, the mRNA expression of SOD1, CAT, and Gpx2 was
markedly lower in the OE group than in the Con group (P< 0.05;
Figure 4B). Besides that, the results showed that, in the ileum and
jejunum, theMDA level was significantly higher (P< 0.05), while
the T-AOC was significantly lower in the OE group compared
with that in the Con group (P < 0.05; Figures 4C–F).
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FIGURE 3 | Effects of olive fruit (Canarium album L.) extracts on jejunal and ileal morphology. (A) Representative images of H&E staining in the jejunum and ileum. (B)

Jejunal villus height, crypt depth, villus height/crypt depth. (C) Ileal villus height, crypt depth, villus height/crypt depth. Data were expressed as mean ± SEM.

*P < 0.05.

OE Supplement Altered the Expression and
Levels of Pro-inflammatory Cytokines in
the Small Intestine
Oxidative stress is often involved in inducing inflammatory
responses. Thus, the anti-inflammatory capacity of OE was also
tested by analyzing the mRNA expression of pro-inflammatory
cytokines (TNF-α and IL-1β) in the intestine. The results
showed that, in the jejunum, oral administration of OE markedly
down-regulated the mRNA levels of TNF-α and IL-1β (P <

0.05; Figure 5A). OE administration showed a likely significant
decrease in IL-1β mRNA expression in the ileum compared with

the Con group (P < 0.05; Figure 5B). However, the ELISA results
showed that, in the jejunum and ileum, the pro-inflammatory
cytokine (IL-6, IL-1β, TNF-α, and IFN-γ) levels were significantly
higher in the OE group than in the Con group (P < 0.05;
Figures 5C,D).

OE Supplement Altered the Composition of
Colonic Microbiota Community
To study the effect of OE supplementation on large intestinal
microbiota composition, the colonic chyme microflora was
analyzed by sequencing V3 + V4 regions of 16S rRNA genes.
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FIGURE 4 | Effects of olive fruit (Canarium album L.) extracts on the jejunal and ileal antioxidant capacities. (A) Jejunum mRNA expression levels of antioxidant

enzymes. (B) Ileum mRNA expression levels of antioxidant enzymes. (C) Jejunum MDA levels. (D) Ileum MDA levels. (E) Jejunum T-AOC levels. (F) Ileum T-AOC levels.

Data were expressed as mean ± SEM. *P < 0.05.

After removing the low-quality sequences, a total of 1,184,959
clean tags were clustered into OTUs based on 97% identity. The
dilution curves showed that the end of the curve tends to be
flat, indicating that the amount and depth of high-throughput
sequencing data is reliable (Figure 6A). To identify the microbial
α-diversity, ACE and Chao 1 indexes were examined for the
community richness, and Shannon and Simpson were examined
for the community diversity. As shown in Figure 6B, OE
treatment significantly decreased the Shannon index (P <

0.05), while it had a little effect on the ACE, Chao 1, and
Simpson indexes compared to the Con group. The Venn diagram
shows that there are 464 common OTUs between the Con
and OE groups. Meantime, the Con and OE groups contained
individual 50 and 101 OTUs, respectively (Figure 6C). To further
understand the microbial composition between the Con and
OE groups, we evaluated β-diversity using PCoA based on
unweighted Unifrac. The results showed that the microbial
community structure in the OE group significantly differed from
that in the control group (Figure 6C).

The overall microbial composition in the Con and OE
groups differed at the phylum and genus levels. Linear
discriminant analysis effect size (LEfSe) analysis was performed
to evaluate the differentially expressed bacteria. Of note is

the fact that Staphylococcales and Bacillaceae were shown to
be enriched in the OE treatment group (Figures 7A,B). The
relative abundance results showed that, at the phylum level, OE
supplement notably enhanced the Firmicutes/Bacteroidetes ratio
(P < 0.05), while it did not affect the relative abundance of
Firmicutes and Bacteroidetes, respectively (P > 0.05; Figure 7C).
At the genus level, OE tended to decrease the relative
abundance of Candidatus_Arthromitus, but the difference was
not significant (P > 0.05). However, the relative abundance of
unclassified_f_Lachnospiraceae was significantly lower in the OE
group than that in the control group (P < 0.05; Figure 7D).

The Association Analysis Between OE
Supplement-Induced Alterations in Colonic
Microbiota and Serum Antioxidant
Capacity
To investigate whether the alteration in gut microbiota is
associated with the antioxidant effects of OE, we performed
a correlation analysis using the Firmicutes/Bacteroidetes ratio
and serum antioxidant indicators (T-AOC, SOD, GSH-Px,
CAT, and MDA). As shown in Figure 8, there was a negative
correlation between the Firmicutes/Bacteroidetes ratio and the
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FIGURE 5 | Effects of olive fruit (Canarium album L.) extracts on the jejunal and ileal pro-inflammatory cytokines. (A) Jejunal relative mRNA levels of cytokines. (B) Ileal

relative mRNA levels of cytokines. (C) Jejunal cytokine levels. (D) Ileal cytokine levels. Data were expressed as mean ± SEM. *P < 0.05.

level of serum MDA (P < 0.05; Figure 8E) as well as a
positive correlation between the Firmicutes/Bacteroidetes ratio
and the activity of serum GSH-Px (P < 0.05; Figure 8C).
Moreover, there was a positive correlation trend between the
Firmicutes/Bacteroidetes ratio and the activities of serum T-AOC
(0.05 < P < 0.1), SOD (0.05 < P < 0.1), and CAT (0.05 <

P < 0.1; Figures 8A,B,D). In addition, heat map revealed the
correlation between the gut microbial population at the genus
level and the serum antioxidant indicators (T-AOC, SOD, GSH-
Px, CAT, andMDA). The data showed that the relative abundance
of Colidextribacter was positively correlated with serum MDA
level and negatively correlated with serum T-AOC, SOD, and
GSH-Px levels (P < 0.05; Figure 9). The relative abundance
of Alloprevotella was found to be likely markedly negatively
correlated with the serum T-AOC (P < 0.05; Figure 9).

OE Supplementation Had No Effects on
Colonic SCFAs
Since the supplement of OE altered colonic microbiota
composition and structure and SCFAs as the metabolites of
microbiota, we investigated the SCFA content in the colon. The
results showed that oral administration of OE had no significant
effect on the levels of SCFAs, including acetic acid, propionic acid,
and butyrate, in the colon (P > 0.05; Figure 10).

DISCUSSION

Studies being conducted both in animal models and humans
have revealed the significant role of oxidative stress in the

pathogenesis of various diseases, including neurodegenerative
and metabolic diseases and cancer (3, 33–35). Emerging evidence
has highlighted the beneficial bioactivity of olive fruit, pomace,
leaf extracts, and olive oils because of the many bioactive
polyphenolic compounds, which have various health-promoting
potentials including antioxidant, anti-inflammation, and anti-
bacteria (36–38). In this study, we have demonstrated that oral
administration of OE was able to enhance the antioxidative
capacity as well as the anti-inflammatory activity in mice, which
may be associated with the changes of gut microbiota induced by
OE treatment.

Investigations have shown that olive extracts contain
polyphenols which exhibit powerful antioxidant and anti-
inflammatory effects on humans and animals (39, 40). For
instance, numerous evidence has demonstrated that olive
extracts can ameliorate oxidative stress and inflammation in
different cells, such as colon cancer cells (41), kidney cells
(42, 43), and renal cells (44). In addition, oral administration
of olive extracts could alleviate the lipopolysaccharide (LPS)-
induced oxidative stress and inflammatory responses as
shown by attenuating the decreased levels of brain GSH and
increased levels of brain MDA and serum TNF-α in mice (12).
Similarly, in this study, we found that oral administration
of OE increased the serum T-AOC and the activities of
antioxidant enzymes, including SOD, GSH-Px, and CAT, and
decreased the MDA levels in mice. SOD, GSH-Px, and CAT
are generally regarded as the primary antioxidant enzyme
defense system in animals and humans (45). SOD can catalyze
superoxide into oxygen and hydrogen peroxide (45). CAT
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FIGURE 6 | Effects of olive fruit (Canarium album L.) extracts on the colonic microbial diversity. (A) Dilution curve. (B) α-diversity. (C) Venn diagram. Data were

expressed as mean ± SEM.

has the ability to scavenge hydrogen peroxide into oxygen
and water (45). GSH-Px can catalyze hydrogen peroxide into
water (46). MDA is one of the products of lipid peroxidation,
and it is an important indicator of oxidative stress status in
the body (47). These results of serum indicators suggested
that OE supplement could enhance the antioxidant ability
in mice.

The intestine, a vital organ responsible for nutrient digestion
and absorption and a major site of host immunity, is highly
susceptible to oxidative stress, which leads to gut dysfunction
and body disorders (2, 11, 48, 49). It is well-documented that
dietary polyphenols can be absorbed in the small intestine (50)
and exhibit antioxidant effects by scavenging oxidant chemical
species as well as altering the levels and activities of antioxidant
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FIGURE 7 | Effects of olive fruit (Canarium album L.) extracts on the colonic microbial composition. (A,B) LEfSe analysis. (C) Phylum level. (D) Genus level. Data were

expressed as mean ± SEM. *P < 0.05; n.s., not statistically significant.

enzymes (11). On the other hand, polyphenolic compounds are
commonly recognized as xenobiotics by the enterocytes, which
will induce stress (51). Thus, we investigated the effects of OE
on oxidative stress in the small intestine of mice. Based on
the activities of serum antioxidation enzymes, we then detected
the transcript levels of Nrf2-associated antioxidant enzymes in
the intestine, including Sod, Cat, and Gpx (52). In mice with
severe oxidative stress status, previous studies have shown that

extracts from olive oil and olive leaf ameliorated oxidative
stress by up-regulating the Nrf2/ARE antioxidant signaling
pathways (53, 54). Nrf2, a transcription factor, is activated
and translocated to the nucleus during oxidative stress and
enhances the expressions of Nrf2-related antioxidant enzymes
(55). Interestingly, in this study, the qPCR results showed that
OE treatment decreased jejunal and ileal Sod, Cat, Gpx1, and
Gpx2 expressions. Consistently, our study also indicated that OE
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FIGURE 8 | Pearson correlation analyses between the colonic Firmicutes/Bacteroidetes ratio and serum antioxidant indicators and liver and kidney mRNA expression

levels of TNF-α and IL-1β. (A) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum T-AOC. (B) Correlation analyses between the

Firmicutes/Bacteroidetes ratio and serum SOD. (C) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum GSH-Px. (D) Correlation analyses

between the Firmicutes/Bacteroidetes ratio and serum CAT. (E) Correlation analyses between the Firmicutes/Bacteroidetes ratio and serum MDA.

treatment increased the MDA concentration and decreased T-
AOC in the jejunum and ileum. We speculated that this may be
because OE acted as a xenobiotic, which can induce mild stress
in the small intestine of mice (51). However, this slight oxidative
stress had no negative effect on the small intestine, which was
confirmed by the intestinal morphology without change after
OE treatment.

In the meantime, amounts of inflammation-related
transcription factors were activated under oxidative stress
state, which will initiate the inflammatory process and lead to
the increased production of pro-inflammatory cytokines (11).
TNF-α and IL-1β are usually considered to be the two key
regulators of pro-inflammatory response, which are involved
in promoting inflammation and causing tissue damage (56).
A previous study has demonstrated that olive extracts had
anti-IL-1β activity in humans (57). An in vitro study also
found that polyphenol-rich olive extracts decreased the mRNA
expression of pro-inflammatory cytokines (58). Consistently,
in this study, we also found that OE treatment decreased the
mRNA expressions of TNF-α and IL-1β in the jejunum and
ileum. However, interestingly, we found that the levels of
inflammatory cytokines in the small intestine (jejunum and
ileum) were all significantly increased, which may be caused
by the OE-induced mild oxidative stress. Furthermore, we
suggested that the absorption of OE in the small intestine caused
down-regulation in mRNA expression of pro-inflammatory
cytokines (TNF-α and IL-1β) to play anti-inflammatory activity.
Based on the above-mentioned data, we speculated that OE tends
to enhance the anti-inflammatory capacity by down-regulating
the expressions of pro-inflammatory cytokines.

According to emerging evidence, the majority of dietary
polyphenols (including HT) are metabolized by the colonic
microbiota (59–61). Meanwhile, in vivo studies showed that
both olive extracts with complex composition and individual
phenolic compounds purified from olive extracts had the
ability to modulate bacterial growth and reproduction in the
intestine (21, 22). However, little is known about the effects
of OE administration on the gut microbiota and whether
the gut microbiota associates with the antioxidant and anti-
inflammatory effects of OE in mice. Therefore, we analyzed the
diversity of the colonic microbial community in OE-treatedmice.
The results showed that oral administration of OE supplement
decreased the Shannon index, suggesting that OE lowered the
α-diversity of colonic microbiota, which might be due to the
anti-bacterial effects of OE. Additionally, LEfSe results showed
that Staphylococcales are enriched in the OE group, suggesting
that the increased Staphylococcales after OE treatment may
be one of the reasons for the enhanced antioxidant capacity.
Consistently, another study reported that Staphylococcales
can reduce endogenous and exogenous oxidative stress (62).
Besides that, at the phylum level, OE treatment increased
the Firmicutes/Bacteroidetes ratio. As the main metabolites of
colonic microbiota, the increased Firmicutes/Bacteroidetes ratio
did not change the composition of SCFAs significantly in this
study, which is in agreement with the previous study (63).
To further examine whether OE-induced microbial alteration
associates with its antioxidant effects, we conduct correlation
analyses between the Firmicutes/Bacteroidetes ratio and serum
antioxidant enzyme activities and MDA level by Pearson
correlation analysis. Surprisingly, the results showed that the
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FIGURE 9 | The correlation between the gut microbial population at the genus level and the serum antioxidant indicators. *P < 0.05.

FIGURE 10 | Effects of olive fruit (Canarium album L.) extracts on the colonic short-chain fatty acid concentration. (A) Acetic acid. (B) Propionic acid. (C) Butyrate.

Data were expressed as mean ± SEM.

Firmicutes/Bacteroidetes ratio was negatively correlated with the
serum MDA content and positively correlated with the serum
GSH-Px activity. In piglets and sows, studies have indicated
that oxidative stress has a direct correlation with gut microbiota
(64–67). This information in our study contributed to the
new understanding of the OE-enhanced antioxidant capacity,

at least in part, due to alterations in the gut microbiota in
mice. In addition, Firmicutes are considered to be involved in
maintaining intestinal barrier integrity, which plays a key role
in modulating host inflammation (68). Meanwhile, bacteria in
phylum Bacteroidetes have the ability to release LPS, which then
leads to higher inflammatory responses (69). So, a decreased
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FIGURE 11 | Antioxidant and anti-inflammatory effects of olive fruit (Canarium album L.) extracts administration in mice: a possible mechanism.

proportion of Bacteroidetesmay be related to lower inflammatory
factors, which is consistent with our results. In humans,
healthy adults who are more resistant to pathogens have a
higher Firmicutes/Bacteroidetes ratio than infants and the elderly
(70). Similarly, in piglets, a higher Firmicutes/Bacteroidetes
ratio is associated with enhanced oxidative response and
lower inflammation and infection risk (71–73). Therefore, it
appears reasonable to speculate that OE administration exhibits
antioxidant and anti-inflammatory effects closely associated with
the increased Firmicutes/Bacteroidetes ratio in the colon of mice.
At the genus level, Alloprevotella was highly negatively correlated
with serum T-AOC. Similarly, Zhang et al. showed that OE can
ameliorate oxidative stress and reduce the relative abundance
of fecal Alloprevotella in LPS-challenged piglets (74), suggesting
that Alloprevotella may play a role in enhancing antioxidant
capacity. In addition, we also found thatColidextribacter is highly
correlated with the levels of MDA, T-AOC, SOD, and GSH-Px in
serum, which however needs further investigation.

Although OE contains various polyphenols, current evidence
indicates that the beneficial health properties of OE are mainly
related to HT, which needs more and further investigation
(24–26). As summarized in Figure 11, in conclusion, our data
provide a new insight that oral treatment with OE can improve
the antioxidant capacity by enhancing the circulating activities
of antioxidant enzymes, and the most important is that the
improved antioxidant capacity is connected to the increased
colonic Firmicutes/Bacteroidetes ratio as well as the change of
Alloprevotella and Colidextribacter in mice.
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Gut microbiota is recognized as a strong determinant of host physiology including fat

metabolism and can transfer obesity-associated phenotypes from donors to recipients.

However, the relationship between gut microbiota and intramuscular fat (IMF) is still largely

unknown. Obese Jinhua pigs (JP) have better meat quality that is associated with higher

IMF content than lean Landrace pigs (LP). The present study was conducted to test

the contribution of gut microbiota to IMF properties by transplanting fecal microbiota of

adult JP and LP to antibiotics-treated mice. Similar to JP donors, the mice receiving JP’s

microbiota (JM) had elevated lipid and triglyceride levels and the lipoprotein lipase activity,

as well as reduced mRNA level of angiopoietin-like 4 (ANGPTL4) in the gastrocnemius

muscles, compared to those in mice receiving LP’s microbiota (LM). High-throughput

16S rRNA sequencing confirmed that transplantation of JP and LP feces differently

reconstructed the gut microbiota in both jejunum and colon of mouse recipients. In

colonic samples, we observed an elevated ratio of Firmicutes to Bacteroidetes and

increased abundance of genus Romboutsia in JM, which were positively correlated with

obesity. Furthermore, the abundance of Akkermansia decreased in JM, which is positively

correlated with lean. Colonic concentrations of acetate (P = 0.047) and butyrate (P =

0.014) were significantly lower in JM than in LM, and consistently, the terminal genes for

butyrate synthesis, butyryl CoA: acetate CoA transferase were less abundant in colonic

microbiota of JM. Taken together, these gut microbiota of obese JP intrinsically promotes

IMF accumulation and can transfer the properties to mouse recipients. Manipulation of

intestinal microbiota will, therefore, have the potential to improve the meat quality and

flavor of pigs and even to ameliorate the metabolic syndrome in human.

Keywords: gut microbiota, fecal microbiota transplantation, lipid metabolism, intramuscular fat, pig

INTRODUCTION

China has the largest pork industry in the world. Growth rate, meat quality, and meat flavor
are economically important in pig production that influence consumer acceptance (1, 2). In the
past few decades, increasing lean meat content and reducing backfat thickness were the main
targets of pig breeding (3). However, improvement of the sensory properties and nutritional value
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of pork has become a priority in recent years (4, 5), which is
closely related to fatness traits such as intramuscular fat (IMF)
content (6). Many studies have suggested that IMF have positive
correlations with pork tenderness, juiciness, shearing force, and
taste (7–9). Chinese local breeds such as Jinhua pig (JP) have
distinctively higher IMF content and better meat quality than
the introduced pig breeds, such as the Landrace (LP), which is a
lean-type breed characterized by a fast growth rate and high lean
meat content (10, 11). As muscles with sufficient IMF content
are particularly suitable for conversion to dry products, JP is the
excellent raw material of Jinhua-Ham, one of the most famous
brands in China (10).

The genetic basis of IMF contents across multiple pig breeds
has been investigated in several researches (10, 12, 13). However,
the fact that the average heritability of IMF in the literature is
only about 0.5 (ranging from 0.21 to 0.86) (14) suggests that
alternative mechanisms for this trait in pigs may exist. As a
forgotten organ in mammals that contains more genes than
mammalian genome and that add a broad range of biological
functions that the host could not otherwise perform, the gut
microbiota has been proved to be a major contributor of obesity-
associated phenotypes, as the propensity for adipogenesis can be
transferred from donors to recipients through fecal microbiota
transplantation (FMT) (15–19). There are also a few lines of
evidence showing that the depletion of gut microbiota leads to
increased muscle fatty acid catabolism (20) and ingestion of
probiotics/prebiotic influences the skeletal muscle development
and metabolic profile (21, 22). Moreover, the skeletal muscle
properties are transmissible via FMT (23). These findings suggest
a link between the gut microbiota composition and fat deposition
in skeletal muscle.

One postulated mechanism underlying the interactions
between gut microbiota and host fat metabolism relates to the
regulation of lipoprotein lipase (LPL), a key enzyme in lipid
metabolism by modulating intestinal epithelial expression of
angiopoietin-like protein 4 (ANGPTL4/fasting-induced adipose
factor, FIAF), a circulating LPL inhibitor susceptible to
gut microbiota (24–26). Another mechanism involves the
production of short-chain fatty acids (SCFAs), the major
fermentation products of undigestible carbohydrates that are
available to the gut microbiota. They are rapidly absorbed
and utilized by the host and elicit effects on lipid metabolism
and adipose tissue at several levels (27). LPL and SCFAs have
also been associated with the IMF contents (28–31), while
their functions in gut microbiota-mediated intramuscular fat
metabolism remain unclear.

We have recently revealed significantly different gut
microbiota structures between Jinhua pigs (a slow-growing
breed with a high propensity for adipogenesis) and Landrace
pigs (a lean, fast-growing breed with the high carcass yield), and
found that gut microbiota plays an important role in contributing
to adiposity in pigs (11, 19, 32). In the present study, we further
compared the propensity for IMF accumulation between the
two pig breeds and identified the contribution of gut microbiota
by transplanting their respective fecal microbiota to antibiotic-
treated mice, and the gut microbial community structure and
IMF contents were monitored in mouse recipients. Our study

uncovered a critical role of the gut microbiota in regulating
the fat metabolism of skeletal muscle and provided a better
understanding of the molecular mechanism.

METHODS

Animals
Pigs: Ten Jinhua and 10 Landrace pigs, with 5 males and 5
females of similar weights in each breed, were housed in the
same environmentally controlled room in a swine breeding farm
and fed a regular commercial corn-soybean diet. At 240 days
of age, spontaneously excreted feces were collected freshly from
each animal, mixed in equal amounts within the same breed to
generate a “representative” fecal material for each breed.

Mice: A total of 24 28-day-old C57BL/6J mice (12 male and
female each) were maintained in gnotobiotic isolators in SPF
Animal Technology Co. (Beijing, China) under a strict 12-h
light/dark cycle, and fed an autoclaved chow diet ad libitum.

Fecal Microbiota Transplantation
The stool suspension was then prepared as previously described
(19). In brief, the fecal samples were diluted 5-fold (v/w) and
homogenized in sterile pre-reduced phosphate buffer (PBS, 0.1
mol/L, pH7.2). After being thoroughly mixed and standing for
1min, the supernatant was withdrawn and stored at −80◦C in
aliquots until used as the fecal inoculum.

Prior to fecal microbiota transplantation, the intestinal
commensal bacteria was first depleted by the administration
of an antibiotic cocktail (0.5 g/L vancomycin, 1 g/L neomycin
sulfate, 1 g/L metronidazole, 1 g/L ampicillin) in drinking water
ad lib according to our previous procedures (19). After 28 days
of continuous treatment, the mice were randomly divided into
2 groups (12 in each group, half male and half female) and
infused by intragastric gavage with fecal suspension of Jinhua or
Landrace pigs respectively. The dosage was 0.2mL per mouse
once daily for 7 days. The mice were maintained for another
28-day after inoculation.

Sample Collection of Donors and
Recipients
The gastrocnemius muscles (GM) from the pigs (n = 10 per
breed) and mice (n = 12 per group) were sampled at euthanasia
for RNA extraction and biochemical measurements. The jejunum
and colon contents were obtained for 16S rRNA gene sequencing,
qPCR, and SCFA analysis.

Quantitative PCR (qPCR)
Total RNA from the GM was isolated with RNeasy Plus Mini
kit (Qiagen) and reverse-transcribed to synthesize cDNA using
SuperScript II Reverse Transcriptase (Invitrogen) according to
the manufactures’ instructions. The cDNA library of each sample
was then subjected to qPCR reactions in triplicate on an ABI
Prism 7700 Detection system (Applied Biosystems, Foster City,
CA, USA) using an annealing temperature of 63◦C. The primers
for LPL, ANGPTL4 and the internal standard of GAPDH were
listed in Table 1. Data were normalized to GAPDH or 18S rRNA
and calculated by the 2-11CT method (33).
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TABLE 1 | Primers of the target genes for pig and mouse used in RT-qPCR.

Species Gene Genbank Accession Primer sequences(5′ to 3′) Size (bp)

Pig LPL NM_214286.1 CCCTATACAAGAGGGAACCGGAT 138

CCGCCATCCAGTCGATAAACGT

ANGPTL4 NM_001038644.1 CGACCTCCGAGGAGACAAGAA 108

CGAGGGATGGAATGGAAGTACTG

GAPDH AF017079 GGCAAATTCCACGGCACAGTCA 82

CTCGCTCCTGGAAGATGGTGAT

18S NR_046261 GCCCTATCAACTTTCGATGGTAGTC 113

CCTTGGATGTGGTAGCCGTTTCTCA

Mouse LPL NM_008509.2 CCAAGCTGGTGGGAAATGATGTG 95

GCTGTACCCTAAGAGGTGGACGTT

ANGPTL4 NM_020581.2 CCTACAAGGATGGCTTCGGAGAT 86

GCTTCCTCGGTTCCCTGTGAT

GAPDH GU214026.1 CAGTATGACTCCACTCACGGCAA 100

CTCGCTCCTGGAAGATGGTGAT

18S NR_003278 CGGACACGGACAGGATTGACA 94

CCAGACAAATCGCTCCACCAACTA

TABLE 2 | Primers of key bacteria and genes in butyrate production used in

qPCR analysis.

Item Primers (5′
→ 3′)

Clostridial cluster I F:TACCHRAGGAGGAAGCCAC

R:GTTCTTCCTAATCTCTACGCAT

Clostridial cluster IV F:ATGCAAGTCGAGCGA(G/T)G

R:TATGCGGTATTAATCT(C/T)CCTTT

Clostridial cluster XIVa F:CGGTACCTGACTAAGAAG

R:AGTTT(C/T)ATTCTTGCGAAC

Butyryl-CoA acetate-CoA transferase F: AAGGATCTCGGIRTICAYWSIGARATG

R:GAGGTCGTCICKRAAITYIGGRTGNGC

Butyrate kinase F:TGCTGTWGTTGGWAGAGGYGGA

R:GCAACIGCYTTTTGATTTAATGCATGG

Measurement of IMF Content
The IMF contents were measured using the Soxhlet method
according to our previous study (32).

Biochemical and Enzymatic Measurements
GM samples (∼100mg) were homogenized in 1ml of ice-
cold PBS. After centrifugation at 2500 rpm for 10min at
4◦C, the supernatant was decanted for measuring LPL activity
and the triglyceride content with a LPL assay kit and a
triglyceride assay kit (Jiancheng Bioengineering Ltd, Nanjing,
China) according to themanufacturer’s instructions, respectively.
The LPL activity was expressed as U/mg protein of muscle tissue,
and the triglyceride content was expressed as mmol/g protein of
muscle tissue.

DNA Extraction and Microbiota Analysis
The genomic DNA was extracted from the jejunal and colonic
contents of mice using QIAamp DNA Stool Mini Kit (QIAGEN,

Valencia, CA, USA). The 16S rRNA gene sequencing and data
analysis were performed as described previously (34). Briefly, the
V3 and V4 region of bacterial 16S rRNA gene was amplified
from each genomic DNA sample by using the barcode-fusion
primers 341F and 806R. TheDNA libraries were then constructed
using TruSeq DNA PCR-Free Library Preparation Kit (Illumina)
and sequenced on an Illumina MiSeq platform. To obtain clean
sequencing data, the chimeric reads were identified and removed
by using USEARCH. Operational taxonomic units (OTUs) were
assembled at 97% sequence similarity. A representative sequence
was picked for each OTU and annotated with taxonomic
information using the RDP classifier (35). Pie charts showing taxa
distribution at the phylum and genus levels were constructed.
Principal coordinate analysis (PCoA) was conducted to illustrate
the β-diversity based on weighted UniFrac distances.

Analysis of Short-Chain Fatty Acids
The concentrations of SCFAs were measured by gas
chromatography (GC) using the method as described in
our previous report (36). Briefly, 0.1 g of the colonic contents
were vortex-mixed vigorously with 10mL deionized water. After
the mixture were centrifuged (12,000 rpm for 10min), 500 µL
aliquots of the supernatant were added to 100 µL of 25% (w/v)
metaphosphoric acid and crotonic acid (internal standard).
The mixed solution was filtered with a 0.22µm mesh and was
then employed to measure the concentrations of SCFAs by GC
(GC-2010 plus, Shimadzu, Kyoto, Japan).

qPCR Analysis of Key Bacteria and Genes
in Butyrate Production
The abundances of the major butyrate-producing bacteria,
clostridial cluster I, IV, and XIVa and the terminal genes for
butyrate synthesis, butyrate kinase (BK) and butyryl CoA: acetate
CoA transferase (BCoAT) in mice colon contents were assessed
by qPCR on an ABI Prism 7700 detection system (Applied
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FIGURE 1 | Intramuscular fat deposition in Landrace and Jinhua pigs. Intramuscular fat (A), triglyceride (B), relative lipoprotein lipase (LPL) expression (C) and activity

(D), and relative ANGPTL4 expression (E) in gastrocnemius muscle of Landrace and Jinhua pigs. The results were shown as means ± SEM of 10 pigs. *P < 0.05;

**P < 0.01.

Biosystems, Foster City, CA, USA) using the extracted DNA as
templates and SYBR Green PCR Master Mix (Takara, Japan),
as previously described (34, 37). DNA was amplified under the
following conditions: 95◦C for 2min, and 35 cycles of 15 s at
95◦C, 45 s at 58◦C, and 1min at 72◦C. Each sample was analyzed
in triplicate. The primer sets used were listed inTable 2. All qPCR
results were expressed as gene copies per g of colon contents.

Statistical Analysis
Data are expressed as means ± SEM. All statistical analyses
were performed using SPSS (SPSS, Chicago, IL, United States).
Unpaired two-tailed Student’s t-test was used to evaluate the
differences between two groups. A P-value< 0.05 was considered
a significant difference.

RESULTS

Jinhua Pigs Were More Efficient in IMF
Deposition Than Landrace Pigs
To observe the differences in intramuscular fat (IMF)metabolism
between the Jinhua and Landrace pigs, the two breeds were
sacrificed at 240 days of age and the gastrocnemius muscles (GM)
were sampled. As shown in Figures 1A,B, the Jinhua pigs had
significantly higher level of intramuscular fat (P = 0.0373) and

triglycerides (P = 0.025) than the Landrace pigs. Consistently,
both the expression level (P = 0.0075) and activity (P = 0.0059)
of lipoprotein lipase (LPL, Figures 1C,D) were elevated in GM
samples of Jinhua pigs (Figure 1E). These findings were in
accordance with the fact that Jinhua pigs are more efficient in
IMF deposition than Landrace pigs.

Mouse Recipients Resembled Their
Respective Pig Donors in IMF Deposition
To elucidate whether the IMF metabolic profiles were also
affected by gut microbiota, FMT was carried out and triglyceride
content, LPL expression and activity, as well as ANGPTL4mRNA
level in GM of mouse recipients were examined. Remarkably
higher intramuscular levels of triglyceride content and LPL
expression and activity in mouse recipients of Jinhua’s feces
(JM) than those in mouse recipients of Landrce pigs’ feces (LM)
were observed (Figures 2A–C). Furthermore, the ANGPTL4
mRNA expression level in JM was shown to be correspondingly
was decreased compared to LM (Figure 2D). Collectively,
the mouse recipients exhibited similar characteristics in IMF
metabolism as their respective pig donors, suggesting that gut
microbiota is capable of influencing and transferring the IMF
trait across species.
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FIGURE 2 | Intramuscular fat deposition in mice receiving fecal microbiota of

Landrace and Jinhua pigs. Intramuscular triglyceride (A), relative lipoprotein

lipase (LPL) expression (B) and activity (C), and relative ANGPTL4 expression

(D) in gastrocnemius muscle of mouse recipients. JM, mice receiving fecal

microbiota from Jinhua pigs; LM, mice receiving fecal microbiota from

Landrace pigs. *P < 0.05; **P < 0.01.

Gut Microbiota of Mouse Recipients Were
Differently Reconstructed by FMT From
Jinhua and Landrace Pigs
To identify the gut microbiota throughout the small and large
intestine in the two groups of mouse recipients, the jejunal
and colonic contents were obtained from individual mice and
subjected to 16S rRNA gene sequencing. A total of 2,243,174
clean reads with an average length of 418 bps were generated
from all samples, which were further grouped into 682 OTUs at
the 97% identity level, with an average OTU number of 173 per
sample (range = 103 ∼ 355, SEM = 60.70). Taxonomic analysis
showed that Firmicutes, Bacterioidetes, Verrucomicrobia, and
Proteobacteria were the most abundant phyla in both jejunum
and colon, accounting for more than 90% of the total sequences
in most samples (Figures 3, 4). The ratio of Firmicutes to
Bacteroidetes that was associated with the obesity phenotype
was remarkably lower in jejunal samples of JM group than
in those of LM group (Figure 3A), while it was elevated in
colonic samples of JM group as compared to those of LM group
(Figure 4A). Verrucomicrobia was greatly less abundant in both
jejunum and colon of JM group as compared to LM group, while
Proteobacteria was more prevalent in the jejunum of JM group
than in LM group.

At the genus level, Lactobacillus, Akkermansia, Streptophyta,
Bacteroides, and Clostridium XIVa were among the most
abundant genera in the jejunum (Figure 3). Lactobacillus and
Akkermansia made up larger proportions in the jejunum of LM
group than in JM group, while Streptophyta and Bacteroides
were more enriched in JM group. Notably, Clostridium XIVa,
a main genus of butyrate-producing bacteria was remarkably
reduced in the jejunum of JM (Figures 3A,B). In colon samples,
Bacteroides, Lactobacillus, Akkermansia, Parabacterioides, and
Rombontsia constituted the top five genera in both groups of
mice. Among them, Bacteroides and Akkermansia decreased
while Lactobacillus, and Rombontsia increased in the colon of JM
group compared to LM (Figure 4B).

To evaluate the degree of discrepancy between the bacterial
community structures of mouse recipients, a principal coordinate
analysis (PCoA) was performed. As delineated in Figure 5, the
microbiota in the jejunum and colon were significantly different
by both PCoA1 and PCoA2. They were further separated
according to their respective donors by PCoA1 (for jejunal
samples) or both coordinates (for colonic samples), suggesting
that transplantation of Landrace and Jinhua feces differently
reconstructed the gut microbiota in both small and large
intestines of mouse recipients.

Colonic Concentrations of Acetate and
Butyrate Were Lower in JM
To investigate the difference of SCFA in the mouse recipients,
the colonic concentrations of acetate, propionate, butyrate,
iso-butyrate, valerate, and iso-valerate were assessed. The
concentrations of acetate (P = 0.047) and butyrate (P = 0.014),
as well as total SCFA (P = 0.042) were significantly lower in
the colon of JM than in LM, while no differences were observed
in propionate, butyrate, iso-butyrate, valerate, and iso-valerate
between the two groups (Table 3).

Key Genes in Butyrate Biosynthesis Were
Less Abundant in Colonic Microbiome of
JM
Based on the observation that butyrate was remarkably decreased
in the colon of LM, we further examined the abundances of
the major butyrate-producing bacteria, clostridial cluster I, IV,
and XIVa and the terminal genes for butyrate synthesis, butyrate
kinase (BK) and butyryl CoA: acetate CoA transferase (BCoAT)
in colonic contents of the two groups of mouse recipients by
qPCR. As shown inTable 4, although the abundance of clostridial
clusters of butyrate-producing bacteria was comparable in
between JM and LM, the copies of BK and BCoAT genes were
significantly fewer in the colonic samples of JM, consistent with
the diminished production of butyrate in JM.

DISCUSSION

Over the last decade, extensive research has revealed a critical
role of gut microbiota in the physiology of both fat deposition
and obesity by affecting host energy harvest and fat metabolism
(16–19, 38). There is substantial evidence indicating that skeletal

Frontiers in Nutrition | www.frontiersin.org 5 April 2021 | Volume 8 | Article 67544562

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wu et al. Gut Microbiota Influence Lipid Metabolism

FIGURE 3 | Pie charts showing taxa distribution of bacterial community in jejunum of mouse recipients at the phylum (A) and genus (B) levels. Top 6 phyla and top 10

genera are shown.

muscle properties including lipid metabolic profile and fiber
characteristics are closely linked to the presence of obesity
(23, 39). Some researchers suggest that a gut microbiota-muscle
axis might exist in the body (40). However, less attention has
been paid to the association between the gut microbiota and
IMF accumulation.

Jinhua and Landrace pigs display notable differences in the
body fat content and propensity for adipogenesis, which make
them good models to study human overweight and obesity (32,
41, 42). Our previous study has proved that gut microbiota of
obese Jinhua pigs is capable of enhancing adipogenesis and fat
deposition than that of lean Landrace pigs, and that the obesity-
associated phenotypes is transferrable across species (23). Here,
we further demonstrated that Jinhua pig-derived microbiota
also enhances IMF content in their mouse recipients (JM) of
FMT. Both Jinhua pig and JM exhibited higher triglyceride
concentrations and LPL expression and activity in skeletal muscle
as compared to LP and LM, respectively. LPL provides fatty
acid for tissue utilization and storage and can be inhibited by
ANGPTL4 that is susceptible to regulation by gut microbiota

and its metabolites, SCFA (24–26). In line with the increased
expression and activity of LPL, the expression level of ANGPTL4
in GM was found to be correspondingly decreased in both
Jinhua pigs and JM. These findings support an implication of gut
microbiota in intramuscular adipogenesis.

The feces and large intestinal contents are often analyzed to
indicate the alterations in gut microbiota of FMT recipients.
However, the impact of FMT on the microbiota in small
intestine is barely known. To clarify that, jejunum microbiota of
mouse recipients was analyzed in our present study. Significant
differences were found between the two groups of mice. The
phyla of Bacterioidetes and Proteobacteria, and the genera of
Streptophyta and Bacteroides were more enriched in jejunum
samples of JM group, while the phylum of Firmicutes and
Verrucomicrobia and the genera of Lactobacillus, Akkermansia
and Clostridium XIVa were more abundant in jejunum samples
of LM. This data suggested that microbiota in small intestines of
mouse recipients were also reconstructed following FMT.

In colonic samples, we observed an elevated ratio of
Firmicutes to Bacteroidetes in JM, which may led to the
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FIGURE 4 | Pie charts showing taxa distribution of bacterial community in colon of mouse recipients at the phylum (A) and genus (B) levels. Top 6 phyla and top 10

genera are shown.

FIGURE 5 | Principal coordinates analysis (PCoA) of the jejunum and colon bacterial community composition of mouse recipients based on unweighted unifrac

distance.
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TABLE 3 | The concentration of short-chain fatty acids in the colon of mice

receiving fecal microbiota of Jinhua and Landrace pigs.

Items JM LM SEM P-value

Acetate 1.84 2.37 0.21 0.047

Propionate 0.44 0.41 0.11 0.721

Butyrate 0.30 0.52 0.08 0.014

Iso-butyrate 0.22 0.25 0.07 0.589

Valerate 0.18 0.10 0.09 0.314

Iso-valerate 0.16 0.19 0.1 0.263

Total SCFAs 3.14 3.84 0.32 0.042

The concentrations of SCFAs were expressed as mg/g of fresh colonic contents.

TABLE 4 | The abundances of butyrate-producing bacteria and terminal genes for

butyrate synthesis in the colon of mice receiving fecal microbiota of Jinhua and

Landrace pigs.

Item JM LM SEM P-value

Clostridial cluster I 6.56 7.21 0.93 0.109

Clostridial cluster IV 5.85 6.08 0.52 0.210

Clostridial cluster XIVa 8.15 8.43 1.09 0.662

Butyryl-CoA acetate-CoA transferase 6.21 7.19 0.58 0.041

Butyrate kinase 5.97 6.63 0.71 0.076

The abundance of bacterial groups was expressed as log10 16S rRNA gene copies/g of

fresh colonic contents and of genes related to butyrate synthesis was expressed as log10

gene copies of total DNA/g of fresh colonic contents.

development of obesity in human and rodents (24). Genus
Romboutsia that is positively correlated with obesity (43) was
also increased in the colon of JM. On the other hand, a
significant diminishment of genus Bacteroides, an important
SCFA producer, was observed, which was consistent with
the reduced level of colonic SCFAs in JM. SCFAs act as
substrates or signal molecules, which are transported into
blood from the intestinal lumen and subsequently taken up by
body organs in the host (44, 45). The SCFA can induce the
transcription and secretion of ANGPTL4 in intestinal cells and
adipocyte, and the elevations of ANGPTL4 have been reported
to be associated with the inhibition of fat deposition (46).
Taken together, the modulation of colonic microbiota and the
decreased SCFAs generation esp. acetate and butyrate in JM
might positively contribute to the intramuscular adipogenesis in
mouse recipients.

Some researchers have reported that dietary supplementation
of butyrate can prevent diet-induced insulin resistance
and obesity by promoting energy expenditure and induce
mitochondria function (46, 47) and can decrease IMF content
in mice and Broilers (30, 48). Here we found a remarkable
decrease of colonically derived butyrate in JM compared with
that in LM, which might contribute to the higher IMF content in
JM. However, the abundances of the major butyrate-producing
bacteria, clostridial cluster I, IV, and XIVa were comparable in

the colon between JM and LM as determined by qPCR, perhaps
because these clostridial clusters still harbor a diverse collection
of non-butyrate producers. Therefore, assessing terminal genes
of butyrate synthesis pathways, namely, the butyrate kinase (BK)
pathway and the butyryl CoA: acetate CoA transferase (BCoAT)
pathway, could be valuable to indicate the activity of the butyrate
producer (37, 49). Fewer copies of BK and BCoAT genes were
detected in the colon of JM samples by qPCR, suggesting a
decreased abundance or activity of butyrate-producing bacterial
community and explaining the diminished production of
butyrate in JM.

CONCLUSION

Our results demonstrated that Jinhua pig has a higher IMF
content than Landrace pig and the phenotype could be
recapitulated by gut microbiota in respective mouse recipients.
The mechanism might be related to the regulation of ANGPTL4
and consequently LPL expression and activity, as well as to the
modulation of colonically derived SCFAs. This study has opened
possibilities for manipulating the meat quality and the sensory
properties of lean commercial pig breeds throughmodulating the
gut microbiota. Moreover, it might provide a model to investigate
the link of gut microbiota with the distribution of adipose tissue
and deposition of ectopic fat in human.
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Background: Ulcerative colitis is characterized by relapsing and remitting mucosal

inflammation. Bovine lactoferrin (BL) is a multifunctional protein that could regulate the

intestinal flora and has anti-inflammatory effects. The aim of this study was to investigate

the therapeutic effect of BL on colitis.

Methods: Dextran sulfate sodium salt (DSS) was utilized to establish a mouse model of

colitis. BL was administered to treat DSS mice. The weight, the activity, and fecal status

of the mice were recorded every day. Disease activity index was calculated. After the mice

were euthanized, the colon length was measured. Hematoxylin and eosin staining was

used to observe the pathological changes of the colon, and histological activity index was

calculated. The myeloperoxidase (MPO) activity of colon tissue was measured. Western

blot and immunohistochemistry were used to detect the expressions of Claudin-1,

Occludin, and ZO-1. The expressions of IL-1β, IL-6, IL-10, TNF-α, and TGF-β in colon

tissue were detected by ELISA. The protein expressions of MUC2, Reg3γ, β-defensin

(HBD-2), and cAMP were detected by immunofluorescence (IF). 16S rDNA sequencing

determined the type and structure of intestinal flora. Liquid chromatography–tandem

mass spectrometry (LC-MS/MS) measured the metabolites of the intestinal flora.

Results: Compared with the DSS group, the mice’s weight in the BL group was higher

and the length of the colon was longer. At the 14th day, MPO activity was higher in the BL

group. The expressions of Claudin-1, Occludin, and ZO-1 in the colon were up-regulated

in the BL group compared with the DSS group. The expressions of IL-1β, IL-6, and

TNF-α were lower. The expressions of IL-10 and TGF-β were higher. IF showed that the

expressions of MUC2 and β-defensin (HBD-2) were down-regulated, and the expressions

of Reg3γ and cAMP were up-regulated. The 16S rDNA sequencing results showed that

the alpha diversity and beta diversity were notably changed in the DSS mice treated with

BL. Metabolomics results showed that BL changed purine metabolism in the DSS mice.
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Conclusion: BL alleviated colitis in mice by improving the inflammatory response

and the structure of the colon barrier in the colon. BL changed the composition and

metabolites of the intestinal flora. Thus, BL might be an effective nutritional supplement

for colitis treatment.

Keywords: colitis, gut microbiota, intestinal epithelial barrier, gut microbial, bovine lactoferrin

BACKGROUNDS

The multifactorial pathophysiology of UC includes genetic
predisposition, epithelial barrier defects, dysregulated immune
responses, microbial dysbiosis, and environmental factors. Colitis
could cause frequent abdominal pain, diarrhea, and even colon
cancer (1, 2). But most of the drugs used in colitis, such
as 5-aminosalicylic acid (5-ASA) or corticosteroids, would
interfere with the patient’s metabolism and would cause side
effects. Therefore, we need to seek a safer and better drug for
colitis patients.

Colitis is caused by inflammation of the intestinal tissue
and destroys the intestinal barrier. The dextran sulfate sodium
salt (DSS) colitis model is the most widely used inflammatory
enteritis model (3). In DSS colitis models, the intestinal mucosa
and epithelial cells were destroyed and inflammatory cells were
activated (4). In addition, the lack of adaptive immunity in
the intestines made bacteria and monocytes enter the intestinal
mucosa, leading to an intestinal barrier imbalance (5). Therefore,
it is crucial to maintain a stable microenvironment in the
intestines. Many proteins regulate intestinal homeostasis, such
as Claudin-1, Occludin, and ZO-1. Claudin-1 is involved in
the regulation of intestinal epithelial barrier homeostasis by
regulating Notch signal (6). In the area of damaged intestinal,
the expression of Claudin-1 is up-regulated (7). Occludin is
a transmembrane junction protein, and its C-terminus could
directly interact with tight junction protein ZO-1 (8). By
regulating CASP3 transcription and Caspase-3 expression, ZO-1
could regulate epithelial cell apoptosis and survival (9).

Intestinal inflammation is related to the imbalance of
intestinal flora (10). The metabolites of intestinal flora affected
the host’s immune homeostasis, normal metabolism, and the
integrity of the mucosa (11). Most studies have proved that fecal
microbiota transplantation (FMT) could help colitis patients in
recovering better (12). Intestinal microorganisms might produce
abundant metabolites, among which butyrate could provide
energy to colon cells, maintain the integrity of colon mucosa, and
have anti-inflammatory and anticancer effects (13).

Bovine lactoferrin (BL) is a non-heme iron-binding
glycoprotein (14), which promotes the proliferation and
differentiation of intestinal epithelial cells (15). Besides, BL also
has antibacterial and antiviral properties (16, 17). Studies have
shown that in the early stage of antiviral treatment, BL may
prevent the virus from entering colon host cells (18). Thus,
BL is a natural immune molecule. Moreover, BL regulated the
synthesis of ferroportin through down-regulation of IL-6 and
up-regulated anemia in pregnant women (19). These results
indicate that BL could play a therapeutic role by improving

inflammation. However, there are few studies on the treatment
of colitis with BL

Therefore, our study aims to prove the effect of BL on the
inflammation and intestinal barrier of the DSS mice. We also
intend to explore the effect of BL on the structure of intestinal
flora and its metabolites in colitis and provide a new idea for the
treatment of colitis.

METHODS

Dextran Sulfate Sodium Salt Model
Thirty-six mice were purchased from Animal Experiment Center
of Xiangya Medical College, Central South University. All mice
were fed for 7 days to adapt to the environment before the
experiment. Colitis mouse model was induced using DSS. All
mice were randomly divided into three groups, with 12 mice in
each group. The control group drank water normally during the
experiment. In the model group (DSS) group, the mice drank
4% DSS solution (20) freely for 7 days and then were fed with
normal saline for 14 days. In theDSS+BL group, 4%DSS solution
was drunk freely for 7 days, and then BL (100 mg/kg) (21) was
gavaged for 14 days. Seven days after intragastric administration
of DSS, the mice’s weight was recorded every day, and the disease
activity index (DAI) was calculated according to the weight and
defecation of the mice for 14 consecutive days. After 14 days,
the mice were sacrificed, and the length of their colon was
measured. All experimental protocols were approved by Animal
Ethics of the Second Xiangya Hospital, Central South University
(2020844). The care and handling of animals comply with the
guidelines of the National Institutes of Health.

Determination of Disease Activity Index
By measuring the DAI, the health of the rats was evaluated. We
calculate the total weight loss, diarrhea, and blood in the stool
from the first day as the clinical disease score. Grading rules are
as follows: 0 points, mice weight changes within 1%, stool shape
normal, and no rectal bleeding; 1 point, mice lost 1–5% weight,
and stool became softer with weak hemoccult; 2 points, mice lost
5–10% weight, accompanied with moderate diarrhea and blood
in the stool; 3 points, mice lost 10–15%weight, accompanied with
diarrhea and fresh rectal bleeding; and 4 points, mice lost more
than 15% of body weight, accompanied with severe bloody stools.

H&E Staining
Themice were sacrificed 14 days later, and colon tissue was taken.
Leica microtome sliced the embedded tissue at 15µm, following
the steps in the H&E kit (Wellbio, China) instructions for
staining. According to the results of H&E staining, goblet cells,
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inflammatory cells, and crypts in colon tissue were calculated
to determine histological activity index (HAI). The histological
activity scoring rules are as follows: (1) intestinal epithelial
injury [no injury (0 points), massive loss of goblet cells (1
point), small number of crypts + massive loss of goblet cells (3
points), and large numbers of crypts absent (4 points)]; and (2)
inflammatory cell infiltration [no inflammatory cell infiltrated
(0 points), inflammatory cell infiltrated around the crypt (1
point), inflammatory cell infiltrated into the muscularis mucosa
(2 points), inflammatory cell infiltrated to the muscularis mucosa
with edema (3 points), and inflammatory cells infiltrated the
submucosa (4 points)]. The scores of the above two items are
added to get the HAI score (0–8 points).

Immunohistochemistry
The slices were dewaxed in water and then placed in xylene
for 20min, which were performed three times. After that, the
sections were placed in 100, 95, 85, and 75% ethanol for 5min.
Slices were soaked in distilled water for 5min. The slices were
immersed in 0.01M of citrate buffer (pH 6.0) and boiled for
20min. After being cooled to room temperature, the slices were
washed with 0.01M of PBS (pH 7.2∼7.6) for 3min, which were
performed three times. Then 1% periodic acid was added, and the
slices were placed at room temperature for 10min. Slices were
washed with PBS for 3min, which were performed three times.
Diluted primary antibodies Claudin-1 (1:100, rabbit, 13050-1-
AP, PTG), Occludin (1:100, rabbit, 13050-1-AP, PTG), and ZO-1
(1:100, rabbit, 13050-1-AP, PTG) were added to the slices and
put at 4◦C overnight. Pan secondary antibody was added, and
slices were incubated at 37◦C for 30min. DAB (Nakasugi Golden
Bridge) was added to dye slices for 5–10min. Hematoxylin
(Wellbio, China) was used to dye cell nuclei for 5–10min,
and then they were washed with distilled water. They were
dehydrated in all levels of alcohol (60–100%) and transparent in
xylene. The slides were mounted with neutral gum (Sigma) and
then observed.

Immunofluorescence
We deparaffinized the sections to water and placed in xylene
for 20min, which were performed three times. Slices were put
in 100, 95, 85, and 75% ethanol in sequence for 5min at each
level. Slices were washed with distilled water for 5min. The
slices were immersed in citrate buffer (pH 6.0) and boiled in
an electric furnace or microwave oven. After being cooled,
slices were washed with 0.01M of PBS (pH 7.2 ∼ 7.6) for
3min, which were performed three times. Slices were place in
sodium borohydride solution at room temperature for 30min.
The sections were placed in Sudan black dye solution at room
temperature for 5min. Slices were blocked with 10% normal
serum/5% bovine serum albumin (BSA) for 60min. Slices
were placed in appropriate first antibody, cAMP (1:50, rabbit,
ab76238, Abcam, UK), MUC2 (1:50, rabbit, ab76774, Abcam,
UK), Reg3γ (1:50, rabbit, ab233480, Abcam, UK), β-defensin
(HBD-2) (1:50, rabbit, bs-1296r, Bioss, China), Claudin-1 (1:50,
rabbit, 13050-1-AP, PTG), and ZO-1 (1:50, rabbit, 21773-1-AP,

PTG), overnight at 4◦C. Slices were incubated with CoraLite488-
conjugated Affinipure Goat Anti-Rabbit IgG(H+L) (SA00013-
2, Proteintech, USA) and incubated at 37◦C for 90min. Slices
were stained in the nucleus with DAPI (Wellbio, China) working
solution at 37◦C for 10min. Slices were stored in the dark or
observed under a fluorescence microscope.

Western Blot
After the colon tissue was taken out, 200 µl of
radioimmunoprecipitation assay (RIPA), protease inhibitor
mixture was added, and the tissue sample was broken by
ultrasonic for 1.5min and lysis on ice for 10min. The
supernatant was collected after centrifugation at 4◦C and
12,000 rpm for 15min. Bicinchoninic acid (BCA) protein
quantification kit was used to quantitatively analyze the protein.
In the protein supernatant, 5× loading buffer was added, mixed
well, boiled for 7min, and places in an ice box for quick cooling.
Twenty micrograms of protein sample was added into 10%
separating gel and 4.8% concentrated gel, and electrophoresis
was performed. Protein was transferred to polyvinylidene
difluoride (PVDF) membrane. After being blocked with 5% milk
at room temperature for 2 h, the protein band was incubated
with the primary antibody overnight at 4◦C. The primary
antibodies were Claudin-1 (1:2,000, rabbit, ab211737, Abcam,
UK), Occludin (1:2,000, rabbit, ab45171, Abcam, UK), ZO-1
(1:2,000, rabbit, 21773-1-AP, Proteintech, USA), MUC2 (1:500,
rabbit, ab76774, Abcam, UK), Reg3γ (1:500, rabbit, ab233480,
Abcam, UK), HBD-2 (1:500, rabbit, bs-1296r, Bioss, China),
cAMP (1:500, rabbit, ab76238, Abcam, UK), and β-actin (1:5,000,
rabbit, 60008-1-Ig, Proteintech, USA). The antigen species of
the primary antibody was incubated with a suitable secondary
antibody at room temperature for 2 h and then developed
with enhanced chemiluminescence (ECL) solution kit. The
band pictures were analyzed with ImageJ to obtain protein
expression data.

Enzyme-Linked Immunosorbent Assay
The tissues were added with 200 µl of RIPA and protease
inhibitor and sonicated for 1.5min. The supernatant was
obtained from centrifuging the tissue homogenate at 4◦C and
12,000 rpm for 20min. According to the instructions of the
ELISA kit, by measuring the optical density (OD) value with the
microplate reader, the concentration of IL-1β (CSB-E08054m,
Wuhan Huamei Biological Engineering Co., Ltd., China), IL-
6 (CSB-E04639m, Wuhan Huamei Biological Engineering Co.,
Ltd., China), IL-10 (CSB-E04594m, Wuhan Huamei Biological
Engineering Co., Ltd., China), TNF-α (CSB-E04741m, Wuhan
Huamei Biological Engineering Co., Ltd., China), and TGF-
β1 (CSB-E04726m, Wuhan Huamei Biological Engineering Co.,
Ltd., China) factors was calculated.

Myeloperoxidase Activity Measurement
According to the instructions, the peroxidase activity in rat
colon tissue was determined by the guaiacol colorimetric
method. Myeloperoxidase (MPO) activity could be calculated by
comparing tissue OD value with A value. The unit of enzyme
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FIGURE 1 | Effects of bovine lactoferrin (BL) on changes in body weight, colon morphology, and myeloperoxidase (MPO) activity in dextran sulfate sodium salt (DSS)

mice. (A) Changes of body weight of mice in each group within 19 days since start of modeling. (B) Changes of the rate of total weight of mice in each group within

19 days. (C) Changes of disease activity index (DAI) index on the seventh day after modeling. (D) Pictures of colons in each group. (E) Changes of colon length of

mice in each group. (F) Changes of MPO activity in colon of mice in each group. One-way ANOVA was used to compare the three groups. *P < 0.05 vs. control; #P

< 0.05 vs. DSS. n = 6.

activity is the number of micromoles of xylophenol oxidized by
the enzyme contained in a 1-g sample within 1 min.

Intestinal Flora Metabolomics
The intestinal excrement of mice was placed into 1.5-ml
centrifuge tubes. There were eight sample replicates in each
group. Liquid nitrogen was added to the centrifuge tube and
weighed. According to the weight, nine times of the volume of
the internal standard substance containing 13C stable isotope
was added with the pre-cooled extract liquid and mixed. Then,
samples were left on ice for 5–10min. Samples were in high-
speed low-temperature centrifugation for 10min at 4◦C in 16,000
rpm. The supernatant was taken, and liquid chromatography–
tandem mass spectrometry (LC-MS/MS) analysis was utilized.
After obtaining the original data, we analyzed and sorted the data.

16S rDNA Sequencing
DNA was extracted from a single mouse stool sample by
repeated beading and column purification methods. DNA
quality was checked by agarose gel and quantified by Quant-iT
dsDNA analysis kit (Cat.12640ES76, Shanghai Yisheng Biological
Technology Co., Ltd.). The DNA was subjected to MiSeq
sequencing (Illumina) according to the 2× 300 pair termination
protocol. The V4–V5 hypervariable region (primer sets 515F
and 806R) of the 16S rDNA gene was amplified and sequenced
using the method/manual of the manufacturer. After the raw

data were processed, each species’ operational taxonomic units
(OTUs) were obtained, and species annotations were made for
each OTU. According to the obtained species information and
based on the species’ abundance distribution, the final results
were plotted.

Data Analysis
The data were analyzed using GraphPad Prism 7.0 (GraphPad
Software Inc., San Diego, CA). All data were expressed as mean±
standard deviation. We used one-way ANOVA for data analysis
between multiple groups. P < 0.05 was statistically significant.
We utilized Kruskal–Wallis test (between multiple groups) and
Wilcoxon test (between two groups) to analyze the relative
abundance of species. Principal component analysis (PCA) and
principal coordinate analysis (PCoA) were performed using the
Anosim analysis, Adonis analysis, and analysis of differences in
bacterial species abundance based on the Wald test method. The
Spearman analysis was used to analyze the correlation between
different microorganisms and different metabolites.

RESULTS

Bovine Lactoferrin Alleviated Dextran
Sulfate Sodium Salt-Induced Colitis in Mice
In order to explore the therapeutic effect of BL on the DSS
mice, we tested the changes in the overall health of the mice
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FIGURE 2 | Effects of bovine lactoferrin (BL) on colon tissue morphology and expression of colonic barrier-related connexin proteins in dextran sulfate sodium salt

(DSS) mice. (A) H&E staining of colon tissue in mice. (B) Changes of histological activity index of colon tissue in mice. (C) Western blot results and analysis of

Claudin-1, Occludin, and ZO-1. (D,E) Immunohistochemistry results and analysis of Claudin-1. (F,G) Immunohistochemistry results and analysis of Occludin. (H,I)

Immunohistochemistry results and analysis of ZO-1. One-way ANOVA was used to compare the three groups. *P < 0.05 vs. control; #P < 0.05 vs. DSS. n = 6.
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during the administration period after modeling. We found
that on the seventh day after modeling, the weight of the DSS
mice decreased significantly, and the DAI score of two DSS
groups was higher than that of the control group (P < 0.05),
indicating that the colitis models were successfully created. After
the 10th day, compared with that of the DSS group, the weight of
the DSS+BL group increased gradually (Figure 1A). Compared
with the first day, the weight of the control group increased by
8%, the weight of the DSS group decreased by 26% (P < 0.01),
and the weight of the DSS+BL group changed little (Figure 1B).
On the 14th day, we calculated the DAI based on the overall
weight change and defecation of the mice. The DAI scores of
the control group were the lowest. The scores of the DSS group
and DSS+BL group increased, compared with the control group
(Figure 1C). But the DAI between the two DSS groups had
no significant difference. Meanwhile, we found that the length
of the colon in the DSS group had been shortened to 4 cm,
while the colon length of the control group and the DSS+BL
group remained around 6 cm (Figures 1D,E; P < 0.05). The
MPO activity was measured, and we found that the peroxidase
activity in the DSS+BL group was up-regulated, compared
with the DSS group (Figure 1F; P < 0.05). Therefore, these
results suggested that BL reduced the related symptoms of the
DSS mice.

Effects of Bovine Lactoferrin on Intestinal
Epithelial Barrier in Dextran Sulfate
Sodium Salt Mice
In order to explore the effect of BL on the intestinal epithelial
barrier of the DSS mice, we utilized H&E staining to detect the
pathological changes of colon tissue (Figure 2A). In the DSS
groups, lymphocytes infiltration was increased and gathered into
the crypts, epithelial cells were damaged, and goblet cells were
markedly decreased, as compared with those in the DSS+BL
groups (P < 0.01). We counted the goblet cells, inflammatory
cells, and crypts in colon tissue and calculated the HAI. The
HAI results showed that the HAI index of the DSS+BL groups
was significantly lower than that of the DSS groups (Figure 2B;
P < 0.05). Then, we performed Western blot (WB) and
immunohistochemistry (IHC) to detect the level of the colonic
barrier-related connexin proteins Claudin-1, Occludin, and ZO-
1. WB (Figure 2C) and IHC (Figures 2D–I) results showed that
the level of three proteins was the lowest in the DSS group.
In the DSS+BL group, the expression of the three proteins
enhanced than the DSS group and tended to the normal level
(P < 0.05). These results indicated that BL could help damage
colonic epithelial barrier recovery in the DSS mice.

Effects of Bovine Lactoferrin on Intestinal
Inflammation and Colonic Mucosa in
Dextran Sulfate Sodium Salt Mice
In order to test the effect of BL on colon inflammation in the
DSS mice, we used ELISA to examine the expression of related
inflammatory factors or anti-inflammatory factors in the colon.
The ELISA results showed that, compared with those of the
DSS group, the levels of inflammatory factors IL-1β, IL-6, and

TNF-α (Figures 3A,B,D) were down-regulated in the DSS+BL
groups, and the expression levels of anti-inflammatory factor
IL-10 and TGF-β (Figures 3C,E) were up-regulated (P < 0.05).
We used immunofluorescence (IF) to assess the expressions
of colonic mucosa-related defense proteins, MUC2, Reg3γ, β-
defensin (HBD-2), and cAMP. Compared with those in the
DSS group, the expressions of MUC2 (Figure 3F) and cAMP
(Figure 3I) significantly ascended in the DSS+BL groups (P <

0.05), while the expressions of Reg3γ (Figure 3G) and β-defensin
(HBD-2) (Figure 3H) were inhibited. These results shown that
BL might decrease the inflammation and promote the repair of
colonic mucosa in the colon of the DSS mice.

Effects of Bovine Lactoferrin on Gut
Microbial Metabolites in Dextran Sulfate
Sodium Salt Mice
In order to detect the effect of BL on the metabolic function of
the intestinal flora in the DSS mice, we collected the metabolites
of the flora in the feces of mice for metabonomic analysis.
We utilized PCA and partial least squares discriminant analysis
(PLS-DA) to analyze the data of metabolomics, although PCA
results showed that the difference between the control group
and the DSS+BL group was unapparent (Figure 4A). PLS-
DA displayed that the metabolite composition was significantly
different among the three groups (P < 0.05; Figure 4B). We
analyzed the relative abundance of the top 25 metabolites
(Figure 4C). Compared with control groups, in the DSS group,
22 metabolites were significantly increased (P < 0.05). The
relative abundance of PIPECOLATE was the highest in the
control group. In the DSS+BL groups, the relative abundance
of OPHTHALMATE and 1,1-dimethylbiguanide was the highest.
The other 22 metabolites, such as L-malic acid and MALATE,
were highly expressed in the intestines of the DSS mice (P <

0.05). Next, we analyzed the top 10 metabolites of each groups
(Figure 4D). We found that, in the control group and DSS+BL
group, NICOTINAMIDE HYPOXANTHINE DINUCLEOTIDE
had the highest proportion. In the DSS group, deoxyadenosine
monophosphate had the largest proportion. We analyzed
the relative abundance of the top eight metabolites in the
three groups (Figures 4E–L). Except for PIPECOLATE, the
expressions of the rest of the metabolites were up-regulated in
the DSS group and decreased in the DSS+BL group. These
results showed that BL participated in regulating the secretion of
intestinal microbial metabolites flora in the DSS mice.

Effects of Bovine Lactoferrin on Gut
Microbial Structure in Dextran Sulfate
Sodium Salt Mice
In order to detect the influence of BL on the structure and
composition of the intestinal flora in the DSS mice, we collected
the feces of three groups of mice and performed the sequence
analysis of the microbes in the intestines for 16S rDNA
sequencing to obtain the structure of the gut flora. In our results,
three groups shared seven core bacterial groups in the Venn
diagram (Figure 5A). The heat map showed that in the DSS+BL
group, the expressions of Akkermansia were higher than those
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FIGURE 3 | Effects of bovine lactoferrin (BL) on inflammatory factors and expression of colonic mucosa-related defense proteins in dextran sulfate sodium salt (DSS)

mice. (A–E) ELISA of inflammatory factors, IL-1β, IL-6, IL-10, TGF-α, and TNF-β of colon tissue in mice. (F) Immunofluorescence results and analysis of MUC2. (G)

Immunofluorescence results and analysis of Reg3γ. (H) Immunofluorescence results and analysis of HBD-2. (I) Immunofluorescence results and analysis of cAMP.

One-way ANOVA was used to compare the three groups. *P < 0.05 vs. control; #P < 0.05 vs. DSS.

Frontiers in Nutrition | www.frontiersin.org 7 April 2021 | Volume 8 | Article 66059874

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wang et al. Bovine Lactoferrin Could Treated Colitis

FIGURE 4 | Effects of bovine lactoferrin (BL) on gut microbial metabolites in dextran sulfate sodium salt (DSS) mice. (A) Principal component analysis (PCA) of

intestinal flora metabolites. (B) Partial least squares discriminant analysis (PLS-DA) of intestinal flora metabolites. (C) Top 25 common metabolites. (D) Proportion of

top 10 metabolites in each group. (E–L) Relative abundance of top eight metabolites. One-way ANOVA was used to compare the three groups. *P < 0.05 vs. control;
#P < 0.05 vs. DSS.
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FIGURE 5 | Effects of bovine lactoferrin (BL) on gut microbial structure in dextran sulfate sodium salt (DSS) mice. (A) Venn diagram of colony structure. (B) Top 20

intestinal flora in each group. (C) Anosim analysis. (D) Shannon analysis of intestinal flora. (E) Simpson analysis of intestinal flora. (F) Principal coordinate analysis

(PCoA) of intestinal flora. (G) Principal component analysis (PCA) of intestinal flora. (H,J) The expression of phylum relative abundance. (I,K) The expression of family

relative abundance. One-way ANOVA was used to compare the three groups. *P < 0.05 vs. control; #P < 0.05 vs. DSS.

Frontiers in Nutrition | www.frontiersin.org 9 April 2021 | Volume 8 | Article 66059876

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wang et al. Bovine Lactoferrin Could Treated Colitis

FIGURE 6 | Correlation between microbial diversity and metabolites. Differential metabolites are displayed on the y-axis, and differential flora are displayed on the

x-axis. Blue color represents positive correlation, and white color represents negative correlation. Spearman analysis was used to compare all groups. *P < 0.05

differential metabolites vs. differential intestinal flora.

of the other groups (P < 0.05). The uncultured_bacterium and
Lachnospiraceae_NK4A136_group were the lowest in the DSS
groups compared with others (Figure 5B). The Anosim analysis
showed that the difference between the groups of our results
was greater than the difference within group (P = 0.001), and
there was a significant difference (Figure 5C). The Shannon
analysis showed that compared with that in the DSS group, the
α-diversity of the gut flora in the DSS+BL group was significantly
down-regulated (Figure 5D). However, in the Simpson analysis,
there was no significant difference between the DSS group
and DSS+BL group (Figure 5E). PCoA and PCA (β-diversity)
showed that the genus difference between the DSS mice and
normal mice was remarkable (Figures 5F,G). But the distance
between the DSS group and the BL group is small and coincident.
We analyzed the expressions of phylum (Figures 5H,J) and
family (Figures 5I,K) relative abundance. In the phylum level, in
the two colitis groups, Bacteroidetes and Firmicutes decreased,
and Verrucomicrobia increased, compared with those in control
group (P < 0.05). The proportion of Verrucomicrobia in the
DSS+BL groups was higher than that in the DSS groups. In the
family level, in colitis mice, Muribaculaceae and Lachnospiraceae
decreased, and Akkermansiaceae increased, compared with
that in the control group (P < 0.05). The proportion of
Akkermansiaceae in the DSS+BL groups was higher than in the
DSS groups. These results indicated that BL could change the
structure and composition of the gut flora in the DSS mice, but
the potential regulatory mechanism of BL on colitis requires our
further exploration.

Relationship Between Gut Microbial
Diversity and Gut Microbial Metabolites
Furthermore, we investigated the potential association between
intestinal differential metabolites and intestinal microflora. We
selected the top eight different intestinal metabolites and the
top 15 different intestinal microflora at the family level of the
three groups of mice for correlation analysis. The results showed
that Akkermansia was negatively correlated with PIPECOLATE
expression. Lachnospiraceae_NK4A136 was negatively correlated
with GLUTARATE, L-malic acid, and MALATE. However,
Bacteroides was positively correlated with GLUTARATE, L-malic
acid, and MALATE (Figure 6).

DISCUSSION

Colitis is a chronic inflammatory with hard recovery. BL is a kind
of nutritional supplement that could repair the intestinal barrier
function and intestinal microbiota to reduce enterohemorrhagic
intestinal disease (22). Studies have shown that when BL was
performed to treat colitis, the inflammatory response in the
intestines was weakened and the barrier structure of the colon
was protected (23). In our research, BL improved the damaged
intestinal barrier in colitis and reduced inflammation in the
colon. In addition, BL changed the intestinal microbes’ structural
diversity and metabolic function.

In our results, it was noted that BL alleviated the pathological
symptoms of colitis and reduced body weight loss in colitis mice.
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We found that BL regulated the expression of colonic barrier
defense-related proteins and tight junction proteins in colitis.
A previous study found that the defense protein MUC2−/−

mice were suffering from malnutrition at 4 weeks old, and the
abundance of the microbial community was more complicated
than that of normal mice (24). Additionally, chitosan, another
kind of nutritional supplement, attenuated the changes in colon
tissue morphology and excessive inflammation caused by DSS,
which was associated with increased ZO-1 expression (25). In this
study, it was found that BL increased the expression of Claudin-
1, Occludin, and ZO-1 in the intestines of colitis mice. In colitis,
the epithelial barrier in the intestines was destroyed. The host’s
immune cells have increased contact with microorganisms in
the intestinal tract, leading to frequent inflammatory reactions
(26). Our results found that BL down-regulated the expressions
of IL-1β, IL-6, and TNF-α inflammatory factors in the colon
tissue of colitis mice and increased the expression levels of anti-
inflammatory factors IL-10 and TGF-β. Therefore, we inferred
that BL could be used as an auxiliary treatment to repair
the colitis colonic barrier and reduce the inflammation in
the colon.

It is well-known that intestinal microbes play a vital role
in intestinal diseases. Gogokhia et al. showed that increasing
bacteriophage levels could exacerbate colitis through TLR9
and IFN-γ (27). In our results, BL decreased the α-diversity
of the flora, comparing with that in the DSS group. This
means that BL inhibited the growth and reproduction of
some intestinal flora in mice with colitis. The β-diversity
showed that the distance between the DSS group and the
BL group was coincident. This result showed that the
types of flora in the BL group and the DSS group were
similar. In our results, Muribaculaceae/Lachnospiraceae
intestinal type in colitis mice with BL intervention turned
into Akkermansiaceae/Bacteroidaceae intestinal type.
Muribaculaceae acts a pivotal part in regulating the community
composition and metabolites of microbial flora. Studies have
shown that Muribaculaceae is a kind of bacteria beneficial
to longevity in the intestinal flora (28, 29). Muribaculaceae
participates in the degradation of polysaccharides, which
will produce succinate, acetate, and propionate (30). These
metabolites were beneficial to the intestinal barrier. Selective
prebiotic-like effects on Akkermansiaceae also participated in
the composition and metabolism of the flora and made the
damaged intestines develop toward a healthy direction (31).
However, the role of Lachnospiraceae and Bacteroidaceae for
the host was still controversial (32). These results manifested
that BL may change the structure of the excessively diverse
intestinal flora in the DSS mice and made the composition of the
flora move toward the direction of treating colitis. Meanwhile,
BL reduced the expression of most of the metabolites of the
intestinal flora, such as URATE. Excessive URATE could cause
ventilation and kidney stones, which also made excessive
inflammation in the intestines (33). Most of the metabolites
that improved in the BL groups belong to purines. Therefore,
we speculated that DSS colitis may cause a disorder of purine
metabolism in the intestines. BL improved the structure of
the intestinal flora, thereby restoring purine metabolism in

the intestines. Tyson’s research shows that Saccharomyces
cerevisiae could treat colitis by improving purine metabolism
(34). This experimental result shows that the intestinal flora
of Akkermansia could decrease PIPECOLATE metabolite.
Lachnospiraceae_NK4A136 could decrease GLUTARATE,
L-malic acid, and MALATE metabolites, while the effect of
Bacteroides on the above three metabolites was opposite to that
of Lachnospiraceae_NK4A136. In the future, we will do further
experiments to specifically explore the effects of these intestinal
flora and intestinal metabolites.

In the current study, we only found out that BL could regulate
the gut flora in colitis mice, but the specific regulationmechanism
of BL on intestinal flora and metabolism of mice with colitis still
needs further research. In our next work, we will further explore
this issue in order to clarify the mechanism of BL regulation
of colitis.

CONCLUSION

In conclusion, BL could relieve colitis mice through reducing the
inflammatory reaction in colitis, protecting the intestinal barrier,
and regulating the structural composition andmetabolic function
of intestinal microorganism. Hence, as an adjuvant therapy, BL
may be clinically valuable.
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Lactobacillus acidophilus ATCC 4356
Alleviates Renal
Ischemia–Reperfusion Injury Through
Antioxidant Stress and
Anti-inflammatory Responses and
Improves Intestinal Microbial
Distribution
Peng Zhang †‡, Xiuwu Han*†‡, Xin Zhang ‡ and Xuhui Zhu ‡

Department of Urology, Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China

Background: Ischemia–reperfusion injury (IRI) is one of the main causes of acute kidney

injury. Our previous results have shown that anti-oxidative stress decreased in the renal

IRI model. This study aimed to investigate the effect of Lactobacillus acidophilus ATCC

4356 on oxidative stress, inflammation, and intestinal flora in renal IRI.

Methods: The model of renal IRI was established by cross-clamping the renal pedicle

with non-traumatic vascular forceps. H&E staining was applied to observe the damage

of kidney tissue in each group. The concentrations of serum blood urea nitrogen (BUN),

creatinine (Cre), superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde

(MDA) were detected by biochemical kit. ELISA measured the concentrations of

interleukin (IL)-1β, IL-8, IL-4, and IL-10. qRT-PCR was performed to detect molecular

expressions of ATCC 4356, oxidative stress-related factors [nuclear factor-related factor

2 (Nrf2), heme oxygenase 1 (HO-1)], inflammatory factors [tumor necrosis factor (TNF)-α,

IL-1β, IL-8, interferon (IFN)-γ, IL-4, IL-10], and apoptosis-related factors [caspase 3, Bax,

Bcl2, high-mobility group box protein 1 (HMGB1)]. Except for ATCC 4356, the protein

expression of the above indicators was detected by Western blot. The apoptosis level

of renal tissue cells was detected by TdT-mediated dUTP nick end labeling (TUNEL).

16S rDNA gene sequencing was used to detect the changes of microbial species in the

contents of the duodenum and screen out the differentially expressed flora.

Results: Both the glomeruli and renal tubules of ischemia/reperfusion (I/R) mice were

severely damaged. H&E result displayed that L. acidophilus ATCC 4356 attenuated the

infiltration of inflammatory cells caused by I/R. ATCC 4356 reduced the high expression

of BUN and Cre in I/R mice with a dose effect. It also reduced the high expression

of MDA, TNF-α, IL-1β, IL-8, IFN-γ, caspase 3, Bax, and HMGB1 in I/R mice, while it

increased the low expression of SOD, GSH, Nrf2, HO-1, IL-4, IL-10, and Bcl2 in I/R

mice. ATCC 4356 inhibited the high level of apoptosis in the kidney tissue of I/R mice. In

IRI mice, the top 3 different gut microbiota were Helicobacter, cultivated_bacterium, and
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k__Bacteria_ASV_3 compared with sham mice. Oral L. acidophilus ATCC 4356 reversed

this change.

Conclusion: L. acidophilus ATCC 4356 attenuated renal IRI through anti-oxidative

stress and anti-inflammatory response and improved the intestinal microbial distribution.

Keywords: Lactobacillus acidophilus (ATCC 4356), renal ischemia-reperfusion injury, intestinal microbial,

antioxidant stress, anti-inflammatory

INTRODUCTION

Ischemia–reperfusion injury (IRI) is one of the main causes of
acute kidney injury (AKI), which usually occurs during renal
surgery (1). Renal IRI is a major clinical challenge faced by
clinicians during the operation period of renal transplantation
(2). Renal IRI is associated with high morbidity and mortality,
and the pathophysiological process is complicated, while there is
no good treatment method (3).

Oxidative stress, inflammation, and apoptosis are not only
important causes of renal IRI but also key factors that cause renal
insufficiency (4). For example, oxidative stress, inflammation,
and apoptosis in diabetic rat models are intensified, thereby
exacerbating rat renal IRI (5). Studies have found that resveratrol
(RSV) decreased oxidative stress and inhibited inflammatory
responses, which played a role in kidney protection (6). In
addition, fibroblast growth factor 10 (FGF10) prevented renal IRI
by regulating autophagy and inflammatory signal transduction
(7). Similarly, nobiletin inhibited inflammatory cytokines and
regulated inducible nitric oxide synthase (iNOS)–endothelial
nitric oxide synthase (eNOS) expression, thereby protecting rats
from renal IRI (8). Gastrin attenuated renal IRI by anti-apoptosis
(9). Congruously, our previous results have indicated that anti-
oxidative stress could alleviate renal IRI. Therefore, it may be a
feasible way to prevent or reduce renal IRI by inhibiting oxidative
stress, inflammation, and apoptosis.

Importantly, oral Lactobacillus acidophilus has the effect of
anti-inflammation, anti-oxidative stress, and regulating intestinal
microflora homeostasis, thus contributing to health benefits
(10). In terms of antioxidant stress, oral L. acidophilus ATCC
4356 relieved the process of atherosclerosis by anti-oxidative
stress (11). Oral L. acidophilus ATCC 4356 alleviated diabetic
complications by antioxidant stress (12). In terms of anti-
inflammation, oral L. acidophilus attenuated traumatic brain
injury by anti-inflammatory response (13). We suspected that L.
acidophilus ATCC 4356 was likely to exert an effect on renal IRI
by regulating oxidative stress and inflammation.

A growing body of evidence has shown that the intestinal
flora plays an important role in health and disease by regulating
local and systemic immunity. Effective interventions of probiotic
supplements on the composition of the intestinal flora can
improve health and prevent the onset of certain diseases. For
example, oral L. acidophilus reduced bacterial translocation
and liver cell damage by regulating intestinal flora (14). We
speculated that L. acidophilus ATCC 4356 alleviated renal IRI
by regulating intestinal flora. In mechanism, the intestinal

flora reached two sites [kidney and bone marrow (BM)]
at the same time due to circulation. On the one hand,
it reduced the maturation state of macrophages/monocytes.
On the other hand, it inhibited the release of chemokines
[monocyte chemoattractant protein (MCP)-1 and macrophage
inflammatory protein (MIP)-2α] and the main functions
(migration capacity). This reduced the influx of granulocytes to
protect the kidney from damage (15).

In summary, this study will explore the effect of L. acidophilus
ATCC 4356 on oxidative stress, inflammation, and intestinal
flora in the renal IRI model. Our findings may provide a new
prevention and treatment strategy for renal IRI diseases.

MATERIALS AND METHODS

Renal Ischemia/Reperfusion Model
Construction
Eight-week-old specific pathogen-free (SPF)-grade C57/BL6
male mice were housed in standard laboratory cages and allowed
free access to food and water. All experimental protocols were
approved by the Animal Ethics Committee of Capital Medical
University. The mice were anesthetized by intraperitoneal
injection of sodium pentobarbital (50 mg/kg body weight). It was
then placed on a heating pad to maintain the body temperature
at 37◦C. Laparotomy was performed on the animal. The renal
hilum was exposed bilaterally. The bilateral renal pedicle was
cross-clamped with non-traumatic vascular forceps for 28min to
complete renal ischemia. Before the end of the ischemic period,
the cross-clamped with non-traumatic vascular forceps were
removed. Renal ischemia during clamping and subsequent renal
reperfusion after release of clamping were visually monitored by
renal discoloration and recoloration, respectively. The bilateral
kidney was observed for 5min to ensure reperfusion for 48 h.
The animals in the Sham group underwent the same operation
without clamping the kidney pedicle. The abdomen was sutured
with 5.0 Monocryl sutures (Ethicon, USA).

Preparation of Lactobacillus acidophilus
ATCC 4356
L. acidophilus ATCC 4356 was obtained from ATCC (Manassas,
Virginia, USA). The original culture was stored in 40%
(volume/volume) glycerin at −80◦C prior to use. The 1%
inoculum was grown in sterile De Man, Rogosa, and Sharpe
broth (DIFCO, Detroit, Michigan, USA). The organisms were
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subcultured three times and then grown at 37◦C for 16 h. The
inoculum was stored at 4◦C between transfers.

Lactobacillus Acidophilus ATCC 4356
Intervention
Sixty 8-week-old SPF C57/BL6 male mice were randomly divided
into five groups (n = 10). The 40 mice were established with
renal IRI model. Model mice were given vehicle, 1 ∗ 108 CFU/ml,
5 ∗ 108 CFU/ml, 1 ∗ 109 CFU/ml L. acidophilus ATCC 4356 by
intragastric gavage, 0.2 ml/head/day for 4 weeks, respectively.
The remaining 10 mice were in the Sham group, which were
given an equal-volume vehicle. The experiment was divided
into Sham group, ischemia/reperfusion (I/R) group, La.L group,
La.M group, and La.H group. At the fourth weekend of the
intervention, all animals were sacrificed. Samples needed for
testing were collected.

Hematoxylin–Eosin Staining
The mouse kidney tissue was fixed in 4% paraformaldehyde
for more than 24 h. The tissue was flushed with running
water. The tissue was dehydrated by gradient ethanol and was
transparent by xylene. Subsequently, the tissue was embedded
in paraffin. A paraffin microtome (YD-315, Yidi, China) was
used to prepare 4-µm-thick sections. The slices were baked in
a 62◦C oven for more than 8 h. The tissue was deparaffinized
and rehydrated with xylene and gradient ethanol. The cytoplasm
was stained with eosin to varying degrees of pink or red, in
sharp contrast to the blue nucleus stained with hematoxylin. The
sections were observed under an optical microscope (BA210T;
Motic, Singapore).

Biochemical Testing
Experimental procedures were strictly performed according
to the biochemical kit (C013-1, C011-2-1, A001-3, A006-2-1,
A003-1-2; Nanjing Jiancheng Bioengineering Institute, China).
The absorbance values of each group at 640-, 546-, 450-,
405-, and 532-nm wavelengths were detected using a microplate
reader (MB-530, Huisong, China). The contents of blood urea
nitrogen (BUN), creatinine (Cre), superoxide dismutase (SOD),
glutathione (GSH), and malondialdehyde (MDA) in serum were
calculated through the formula.

ELISA
The blood was centrifuged at 1,000g for 20min at 2–8◦C.
The supernatant was collected. ELISA kits (CSB-E08054m,
CSB-E04634m, CSB-E04594m; Wuhan Huamei, China) and
(ml063162; Shanghai Meilian, China) were used to detect the
concentrations of interleukin (IL)-1β, IL-4, IL-10, and IL-8.
The experimental instructions were strictly implemented. The
absorbance values of each group at 450-nm wavelength were
detected through the microplate reader.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was isolated from kidney tissues in each group
using TRIzol R© reagent (Thermo Fisher, 15596026, USA). The
cDNAs were synthesized using mRNA reverse transcription

TABLE 1 | Primer sequences.

Name Sequences

Nrf2 Forward GCTCCTATGCGTGAATCCCAA

Reverse TTTGCCCTAAGCTCATCTCGT

HO-1 Forward TCCATGTTGACTGACCACGACT

Reverse CCCACCCCTCAAAAGATAGCC

TNF-α Forward AGCACAGAAAGCATGATCCG

Reverse CACCCCGAAGTTCAGTAGACA

IL-1β Forward TGAAATGCCACCTTTTGACAGT

Reverse TTCTCCACAGCCACAATGAGT

IL-8 Forward AGACAGAGATACCGCCACGTTC

Reverse AGAGAAAGCCTACACACAGTCCT

IFN-γ Forward GCCACGGCACAGTCATTGA

Reverse TGCTGATGGCCTGATTGTCTT

IL-4 Forward ATGTACCAGGAGCCATATCCACGG

Reverse TCCCTTCTCCTGTGACCTCGTT

IL-10 Forward GTTCCCCTACTGTCATCCCC

Reverse AGGCAGACAAACAATACACCA

Caspase 3 Forward TCTGACTGGAAAGCCGAAACTCT

Reverse AGCCATCTCCTCATCAGTCCCA

Bax Forward TGAAGACAGGGGCCTTTTTG

Reverse AATTCGCCGGAGACACTCG

Bcl2 Forward TTGAAAACCGAACCAGGAATTGC

Reverse GTCCTGTGCCACTTGCTCT

HMGB1 Forward ATCGTTCTCTTAAAGTGCCAGT

Reverse ACGCAAATGTAAAGAACCCAAG

GAPDH Forward GCGACTTCAACAGCAACTCCC

Reverse CACCCTGTTGCTGTAGCCGTA

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGB1, high-mobility group box

protein 1; HO-1, heme oxygenase 1; IFN-γ, interferon-γ; IL-4, interferon; Nrf2, nuclear

factor-related factor 2; TNF-α, tumor necrosis factor-α.

kit (CW2569, Kangwei reagent, China). UltraSYBR Mixture
(CW2601, Kangwei Reagent, China) was used for PCR
reaction. The fluorescent quantitative PCR system was
ThermoFisher (PikoReal 96). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal reference.
The relative expression level was calculated using the
2−11Ct method. The sequences of mRNA primers are
in Table 1.

Bacterial Quantitative Real-Time
Polymerase Chain Reaction
According to the manufacturer’s instructions, the QIAamp
DNA Fecal Mini Kit (Qiagen, Hilden, Germany) was used
to extract bacterial DNA from the digestion of the colon
of C57/BL6 mice. UltraSYBR Mixture (CW2601, Kangwei
Reagent, China) was used for PCR reaction. The fluorescent
quantitative PCR system was ThermoFisher (PikoReal 96).
The primers to quantify L. acidophilus ATCC 4356 are listed
in Table 2. The initial DNA denaturation step was at 95◦C
for 10min. Thirty amplification cycles (95◦C for 15 s, 55◦C
for 25 s, and 72◦C for 20 s) were performed. The Cp-value
was drawn by using the DNA ASSAY kit (Qiagen, Hilden,
Germany). The standard curve was drawn. Real-time monitoring
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TABLE 2 | Sequence of primers used for detection of bacteria.

Target Sequence

Sequences of primers used

for detection of bacteria

Forward CTTCGGTGATGACGTTGGGA

Reverse CTTCGGTGATGACGTTGGGA

was achieved by measuring fluorescence at the end of the
extension phase.

Western Blot
The kidney tissues of each group were taken out at −80◦C.
Appropriate amount of radioimmunoprecipitation assay (RIPA)
lysis buffer (P0013B; Shanghai Biyuntian, China) was added to
lyse the samples. The cell supernatant was collected through
centrifugation. The instructions of the bicinchoninic acid
(BCA) protein quantitative kit were strictly implemented to
determine the protein concentration. Next, we took the same
mass of protein and loaded it on the Bolt Bis-Tris gel. After
electrophoresis, the protein was transferred to the membrane.
The membrane was immersed in 5% skimmed milk powder
and sealed at room temperature for 1 h. The sample was
incubated with an appropriate amount of primary antibody
at room temperature for 90min, including Nrf2 (16396-1-
AP, 1:1,000; Proteintech, USA), heme oxygenase 1 (HO-1;
10701-1-AP, 1:3,000; Proteintech, USA), tumor necrosis factor
(TNF)-α (ab6671, 1:2,000; Abcam, UK), IL-1β (16806-1-AP,
1:2,000; Proteintech, USA), IL-8 (ab10727, 1:1,000; Abcam, UK),
interferon (IFN)-γ (15365-1-AP, 1:2,000; Proteintech, USA), IL-
4 (ab239508, 1:5,000; Abcam, UK), IL-10 (ab133575, 1:1,000;
Abcam, UK), caspase 3 (19677-1-AP, 1:2,000; Proteintech, USA),
Bax (50599-2-lg, 1:6,000; Proteintech, USA), Bcl2 (12789-1-AP,
1:6,000; Proteintech, USA), high-mobility group box protein 1
(HMGB1; 10829-1-AP, 1:1,500; Proteintech, USA), and internal
reference β-actin (60008-1-Ig, 1:5,000; Proteintech, USA). The
samples were incubated with secondary antibody horseradish
peroxidase (HRP)-goat anti-rabbit IgG (SA00001-2, 1:6,000;
Proteintech, USA) or HRP goat anti-mouse IgG (SA00001-1,
1:5,000; Proteintech, USA) at room temperature for 90min.
The sample was exposed to enhanced chemiluminescence
(ECL) development.

TdT-Mediated dUTP Nick End Labeling
Mouse kidney tissue was fixed in 4% paraformaldehyde for more
than 24 h. The tissue was dehydrated by gradient ethanol and was
transparent by xylene. Subsequently, the tissue was embedded
in paraffin. A paraffin microtome (YD-315, Yidi, China) was
used to prepare 4-µm-thick sections. The slices were baked in
a 62◦C oven for more than 8 h. The tissue was deparaffinized and
rehydrated with xylene and gradient ethanol. The instructions of
TdT-mediated dUTP nick end labeling (TUNEL) kit (40306ES50,
Yeasen, China) were strictly carried out. The apoptosis of
kidney tissues in each group was observed under a fluorescence
microscope (BA410T; Motic, Singapore). Here, 3–5 400× visual
fields for each group were randomly selected. Apoptosis rate

(number of positive nuclei under the field of view/total number
of nuclei under the field of view) was evaluated in each group.

16s rDNA
Based on the manufacturer’s recommendations, microbial
genomic DNA was extracted from the duodenal contents using
the QIAamp R© Fast DNA Stool Mini Kit (QIAGEN). The quality
of the extracted DNA was detected using the Agilent 4200
Tapestation (Agilent Technologies) Kit. The NextEra XT DNA
Sample Prep Kit (Illumina) was used to generate the sequencing
library. The Agilent 4200 Tapestation confirmed the quality of
the library. The whole genome of the samples was sequenced on
HiSeq 2500 platform (Illumina) to obtain the original data for
quality control.

Data Analysis
All data are expressed as mean ± standard deviation. All
experiments were repeated three times independently. GraphPad
Prism 8.0 statistical software was used to compare the
data between two or three groups using Student’s T-test
or one-way analysis of variance. P < 0.05 was considered
statistically significant.

RESULTS

Lactobacillus acidophilus ATCC 4356
Relieved Renal Injury in Mice With
Ischemia/Reperfusion
H&E results showed that the I/R model caused serious damage
to the glomerulus and renal tubules, and a large number
of inflammatory cell infiltrates was seen in the renal tissue.
L. acidophilus ATCC 4356 attenuated the damage and the
inflammatory cell infiltration caused by I/R (Figure 1A). ELISA
was applied to detect the changes of serum urea nitrogen (BUN)
and Cre in each group. Renal IRI caused a significant increase
in the expression of BUN and Cre in serum, while ATCC 4356
decreased the expression of BUN and Cre (Figures 1B,C). qRT-
PCR was used to detect the colonization of ATCC 4356 in the
colon. The results showed that there were a certain number of
copies of ATCC 4356 in I/R mice (Figure 1D). The effect of
ATCC 4356 showed a dose effect. Therefore, ATCC 4356 (1 ×

109 CFU/ml) was selected for the follow-up study. In summary,
L. acidophilusATCC 4356 alleviated renal injury inmice with I/R.

Lactobacillus acidophilus ATCC 4356
Attenuated the Level of Oxidative Stress in
Mice With Renal Ischemia–Reperfusion
Injury
The Nrf2/antioxidant responsive element (ARE) signaling
pathway is a key pathway in the anti-oxidative damage. Our
previous experimental results proved that the expression of Nrf2
and HO-1 decreased in the renal IRI model, which indicated that
the level of oxidative stress elevated. To determine the effect of
ATCC 4356 on oxidative stress levels in mice with renal IRI, we
used ELISA to detect the expression of SOD, GSH, and MDA in
serum. Compared with the Sham group, the levels of SOD and
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FIGURE 1 | Lactobacillus acidophilus ATCC 4356 relieved renal injury in mice with ischemia/reperfusion (I/R). (A) The kidney tissue damage was observed by H&E

staining in each group. (B) L. acidophilus ATCC 4356 reduced serum blood urea nitrogen (BUN) expression in I/R mice. (C) L. acidophilus ATCC 4356 decreased

serum creatinine (CRE) expression in I/R mice. (D) L. acidophilus ATCC 4356 was colonized in the intestine of I/R mice. All data are expressed as mean ± standard

deviation. All experiments were repeated three times independently. Statistical significance was calculated using one-way analysis of variance. *p < 0.05 vs. Sham,
#p < 0.05 vs. I/R.

GSH in the I/R group decreased, and the levels ofMDA increased.
ATCC 4356 elevated the expression of SOD (Figure 2A) and
GSH (Figure 2B) in I/Rmice, while it decreased the expression of
MDA (Figure 2C) in I/R mice. The expression of Nrf2 and HO-1
molecules and protein in kidney tissue were detected by qRT-
PCR and Western blot. ATCC 4356 increased the levels of Nrf2
andHO-1molecules in the kidney tissue of I/Rmice (Figure 2D).
The protein level and molecular level of the above two indicators
were consistent (Figure 2E). L. acidophilus ATCC 4356 reduced
the level of oxidative stress in mice with renal IRI.

Lactobacillus acidophilus ATCC 4356
Inhibited the Expression of Inflammatory
Factors in Mice With Renal
Ischemia–Reperfusion Injury
We have previously confirmed that L. acidophilus ATCC 4356
could alleviate renal IRI. Renal IRI is often accompanied
by inflammatory response. Based on this, we examined
inflammatory factors in mice with renal IRI. The results of
the ELISA experiment showed that ATCC 4356 reduced the

expression of pro-inflammatory factors (IL-1β and IL-8) in the
serum of I/R mice, while it elevated the expression of anti-
inflammatory factors (IL-4 and IL-10) (Figures 3A–D). The
above indicator expressions in the kidney tissue were also
obtained by qRT-PCR and Western blot experimental methods,
and the expression trend was consistent with that in ELISA.
In addition, ATCC 4356 inhibited the high expression of TNF-
α and IFN-γ in kidney tissue induced by I/R significantly
(Figures 3E,F).

Lactobacillus acidophilus ATCC 4356
Inhibited Cell Apoptosis in Mice With Renal
Ischemia–Reperfusion Injury
In order to further clarify the effect of L. acidophilus ATCC
4356 on cell apoptosis in mice with renal IRI, we first detected
the expression of apoptosis-related proteins in kidney tissue.
The results showed that ATCC 4356 decreased the expression
of pro-apoptotic factors (caspase 3, Bax, and HMGB1) and
promoted the expression of anti-apoptotic factor Bcl2 at both the
transcription level (Figure 4A) and translation level (Figure 4B).
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FIGURE 2 | Lactobacillus acidophilus ATCC 4356 reduced the level of oxidative stress in mice with renal ischemia–reperfusion injury (IRI). (A) ATCC 4356 elevated

superoxide dismutase (SOD) concentration in ischemia/reperfusion (I/R) mice. (B) ATCC 4356 promoted glutathione (GSH) expression in I/R mice. (C) ATCC 4356

decreased malondialdehyde (MDA) levels in I/R mice. (D) ATCC 4356 promoted the expression of nuclear factor-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1)

mRNA in I/R mice. (E) ATCC 4356 increased Nrf2 and HO-1 protein expression in I/R mice. All data are expressed as mean ± standard deviation. All experiments

were repeated three times independently. Statistical significance was calculated using one-way analysis of variance. *p < 0.05 vs. Sham, #p < 0.05 vs. I/R.

Next, TUNEL fluorescence experiment was applied to evaluate
the level of apoptosis in kidney tissue. It could be seen from
Figure 4C that ATCC 4356 reduced the apoptosis rate of renal
tissue in I/R mice. The above results indicated that L. acidophilus
ATCC 4356 inhibits cell apoptosis in mice with renal IRI.

Effect of Lactobacillus acidophilus ATCC
4356 on the Gut Microbiota in Mice With
Renal Ischemia–Reperfusion Injury
At the level of the intestinal flora, we randomly selected
five mice from each group of Sham, I/R, and La group to
detect the contents of the duodenum. It further showed the
effect of oral L. acidophilus ATCC 4356 on the imbalance
of intestinal flora in mice with renal IRI. The principal
coordinates analysis (PCoA) was used to determined β diversity
(Figure 5A). It could be seen that the gut microorganisms

between the Sham group and the I/R group showed their own
uniqueness, while the gut microorganisms in the La group
showed a correlation with those in the Sham group. Analysis
of similarities (anosim) was a statistical method that was
mainly used to analyze the similarity between high-dimensional
data groups (Figure 5B). Anosim analysis showed that there
were significant differences among Sham, I/R, and La groups
(r = 0.18, P = 0.012). The heatmap showed the top 20
differential microorganisms, and the top 3 were Helicobacter,
cultivated_bacterium, and k__Bacteria_ASV_3 (Figure 5C). The
relative abundance of all samples at class and order levels
was listed (Figures 5D,E). We further found that the relative
abundance of Helicobacter in the Sham group was significantly
higher than that in the I/R group at class and order levels. In the
Sham group, the uncultured_Bacteria and K__Bacteria_ASV_3
were significantly lower than those of the I/R group. At
the same time, the relative abundance of these three flora
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FIGURE 3 | Lactobacillus acidophilus ATCC 4356 inhibited the expression of inflammatory factors in mice with renal ischemia–reperfusion injury (IRI). (A) Interleukin

(IL)-1β concentration in serum. (B) IL-8 concentration in serum. (C) IL-4 concentration in serum. (D) IL-10 concentration in serum. (E) Molecular levels of tumor

necrosis factor (TNF)-α, IL-1β, IL-8, interferon (IFN)-γ, IL-4, and IL-10 in kidney tissue. (F) Protein levels of TNF-α, IL-1β, IL-8, IFN-γ, IL-4, and IL-10 in kidney tissue. All

data are expressed as mean ± standard deviation. All experiments were repeated three times independently. Statistical significance was calculated using one-way

analysis of variance. *p < 0.05 vs. Sham, #p < 0.05 vs. I/R.
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FIGURE 4 | Lactobacillus acidophilus ATCC 4356 inhibited cell apoptosis in mice with renal ischemia–reperfusion injury (IRI). (A) Relative mRNA levels of caspase 3,

Bax, Bcl2, and high-mobility group box protein 1 (HMGB1) in renal tissues of each group. (B) The relative protein expression of caspase 3, Bax, Bcl2, and HMGB1 in

kidney tissues of each group. (C) TdT-mediated dUTP nick end labeling (TUNEL; 400×, scale bar = 25µm) to evaluate the apoptosis level of renal tissue in each

group. All data are expressed as mean ± standard deviation. All experiments were repeated three times independently. Statistical significance was calculated using

one-way analysis of variance. *p < 0.05 vs. Sham, #p < 0.05 vs. I/R.
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FIGURE 5 | Gut microbiota composition profiles in mice with renal ischemia–reperfusion injury (IRI). (A) Scatter plots of principal coordinates analysis (PCoA) for gut

microbiota composition to show β-diversity in Sham, ischemia/reperfusion (I/R), and La group. (B) Anosim analysis to evaluate the overall similarity among Sham, I/R,

(Continued)
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FIGURE 5 | and La group (R > 0 and P < 0.05). (C) Heatmap to show the different expressed metabolites between Sham, I/R, and La group. (D) Boxplot showed

the top 20 microorganisms differentially expressed among the Sham, I/R, and La groups at the class level. (E) Boxplot showed the top 20 microorganisms

differentially expressed among the Sham, I/R, and La groups at the order level. (F) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway showed the gene

function enrichment of each sample.

in the La group was closer to that in the Sham group,
which indicated that oral L. acidophilus ATCC 4356 effectively
changed the abundance of flora. Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotation was performed on
different groups of intestinal microorganisms (Figure 5F).
The results showed that organismal systems, metabolism,
human diseases, genetic information processing, environmental
information processing, and cellular processes may have a
certain effect on renal IRI. In conclusion, we could clearly
understand that renal IRI can cause changes in intestinal
microorganisms. At the same time, oral L. acidophilus ATCC
4356 could improve the intestinal flora imbalance caused by
renal IRI.

DISCUSSION

Renal IRI research has always been a research hotspot of
organ transplantation and general surgery (16). This study
preliminarily explained the potential mechanism of ATCC 4356
to relieve renal IRI. In our study, we found that oral L. acidophilus
ATCC 4356 alleviated the oxidative stress, inflammation, and
cell apoptosis in the renal IRI mice. At the same time, ATCC
4356 regulated the homeostasis of intestinal flora in renal IRI
mice. These suggested that ATCC 4356might exert anti-oxidative
stress, anti-inflammatory, and anti-apoptotic effects and improve
the intestinal microbial distribution, thereby alleviating the
process of renal IRI.

Decades of studies have shown that kidney tissue damage
could be alleviated by reducing oxidative stress, inflammation,
and cell death (17). Oral L. acidophilus could improve the cardiac
function of mice with myocardial infarction (18). In this study,
ATCC 4356 reduced the concentration of BUN and Cre in the
serum of renal IRI mice. Meanwhile, H&E results showed that
ATCC 4356 relieved the damage of kidney tissue in IRI mice.
Oral L. acidophilus could protect against liver injury through its
antioxidant effect, which included decreasing the expression of
MDA and promoting the expression of SOD and Nrf2 (19). In
renal IRI mice, we noted that ATCC 4356 increased the levels of
SOD and GSH in the serum, while MDA level was reversed. This
implied that ATCC 4356 played an anti-oxidative stress role in
renal IRI. Nrf2/downstream antioxidant factor HO-1 (Nrf2/HO-
1) axis acts an important role in anti-oxidative stress (20). On this
basis, we further detected the expression of Nrf2 and HO-1 in
kidney tissue at the mRNA and protein levels. The results showed
that the expressions of both were upregulated with ATCC 4356
treatment in renal IRI mice. This suggested that ATCC 4356 may
alleviate renal IRI through antioxidant stress.

Renal tissue damage can also be alleviated by an anti-
inflammatory response. Previous studies have found that oral
L. acidophilus could play an anti-inflammatory role in mouse

colitis (21). ATCC 4356 inhibited the expression of IL-17, TNF-
α, and IFN-γ, thereby mediating colon injury (22). These showed
that ATCC 4356 had the potential of reducing inflammation.
Our research supported this view. We found that ATCC 4356
upregulated the levels of anti-inflammatory factors (IL-4, IL-
10) in renal IRI mice but downregulated the levels of pro-
inflammatory factors (IL-1β, IL-8, TNF-α, and IFN-γ). In
addition, ATCC 4356 exhibited an inhibitory effect on pro-
apoptotic factors (caspase 3, Bax, and HMGB1) and a promotion
on the anti-apoptotic factor (Bcl2). From TUNEL, it was noted
that the apoptosis of kidney tissue in IRI mice was reduced
via ATCC 4356 intervention. Therefore, we speculated that
ATCC 4356 may relieve renal IRI through its influence on
inflammatory signal pathway transduction. Our next work will
focus on the potential signaling pathways and target cells of
ATCC 4356 in renal IRI. As far as we know, changes in the
structure and composition of the intestinal flora are associated
with host function. Regulation of intestinal flora significantly
reduced renal IRI (15). VSL#3 probiotics alleviate renal IRI by
maintaining the required number of beneficial intestinal flora
and inhibiting the proliferation of harmful bacteria (23). From
a recent study, oral L. acidophilus modulated the intestinal flora
structure and composition, thereby increasing the production
of short-chain fatty acids (SCFAs) and reducing the number of
Gram-negative bacteria to prevent chronic alcoholic liver injury
in mice (24). Therefore, we suspected that ATCC 4356 alleviated
renal IRI, which may be related to the intestinal flora. In this
study, we further explored the effect of ATCC 4356 on the
intestinal flora of renal IRI mice. The 16s DNA results showed
that the relative abundance of Helicobacter in the Sham group
was significantly higher than that in the I/R group at class and
order levels. In the Sham group, the uncultured_Bacteria and
K__Bacteria_ASV_3 were significantly lower than those of the
I/R group. And we found that the abundance of these intestinal
microorganisms tended to be normal by oral L. acidophilusATCC
4356, which indicated that ATCC 4356 could effectively improve
the effect of IRI on the abundance of intestinal microorganisms
in mice. Furthermore, it may be the reason that ATCC 4356
alleviates renal IRI, including organism system, metabolism,
human diseases, genetic information processing, environmental
information processing, and cellular processes.

We found that L. acidophilus ATCC 4356 could improve
the results and composition of the intestinal flora of IRI mice,
which may be a regulator of alleviating renal IRI. Intestinal
flora imbalance affects the development of kidney and other
diseases, which may be related to the destruction of intestinal
epithelial barriers (biological barriers, physical barriers, and
immune barriers) (25). Intestinal flora influences the biological
barrier to participate in the process of kidney injury by secreting
different metabolites, such as SCFA and trimethylamino-N-oxide
(TMAO) (26). In addition, intestinal flora influences the immune
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barrier to participate in the process of kidney injury by targeting
immune cells (27). We suspected that ATCC 4356 changes the
structure of the intestinal flora, leading to changes in metabolites,
and thus had a positive regulatory effect on IRI mice. This
possibility and possible mechanism need further study.

Considering the limited space and budget, the mechanism
study and cell model will be our next research content. Based
on previous studies, bromodomain protein 4 (BRD4) inhibition
alleviates renal IRI by blocking the phosphoinositide 3-kinase
(PI3K)/Akt pathway to block apoptosis and oxidative stress
in proximal renal tubular epithelial cells (1). L. acidophilus
can play an anti-inflammatory role by regulating the
PI3K/Akt signaling pathway (28). We will use hypoxia and
reoxygenation of proximal renal tubular epithelial cells
(TECs) to simulate the renal I/R model in vivo. Then, L.
acidophilus ATCC 4356, PI3K agonist, or PI3K inhibitor
will be used to intervene the cells. Meanwhile, qRT-PCR
and Western blot will be used to detect the expression of
PI3K/Akt signaling pathway, oxidative stress, inflammation,
and apoptosis-related factors in cells and renal tissues.
Through the above experiments, we will further investigate
the mechanism of L. acidophilus ATCC 4356 in reducing
renal IRI.

CONCLUSION

In summary, L. acidophilus ATCC 4356 relieved renal IRI
through anti-oxidative stress and anti-inflammatory response
and improved the intestinal microbial distribution on renal IRI
mice. This study explored the relationship between ATCC 4356
and renal IRI for the first time, which provided evidence that

ATCC 4356 alleviated renal IRI. The regulation of intestinal
microbiome may be a new potential mechanism for renal IRI.
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Increasing studies have shown that obesity is the primary cause of cardiovascular

diseases, non-alcoholic fatty liver diseases, type 2 diabetes, and a variety of cancers.

The dysfunction of gut microbiota was proved to result in obesity. Recent research

indicated ANGPTL4 was a key regulator in lipid metabolism and a circulating medium

for gut microbiota and fat deposition. The present study was conducted to investigate

the alteration of gut microbiota and ANGPTL4 expression in the gastrointestinal tract

of mice treated by the high-fat diet. Ten C57BL/6J mice were randomly allocated to

two groups and fed with a high-fat diet (HFD) containing 60% fat or a normal-fat diet

(Control) containing 10% fat. The segments of ileum and colon were collected for the

determination of ANGPTL4 expression by RT-qPCR and immunohistochemical analysis

while the ileal and colonic contents were collected for 16S rRNA gene sequencing. The

results showed HFD significantly increased mice body weight, epididymal fat weight,

perirenal fat weight, liver weight, and the lipid content in the liver (P < 0.05). The

relative expression of ANGPTL4 and the ANGPTL4-positive cells in the ileum and colon

of mice was significantly increased by HFD treatment. Furthermore, 16S rRNA gene

sequencing of the ileal and colonic microbiota suggested that HFD treatment changed

the composition of the gut microbiota. The ratio of Firmicutes to Bacteroidetes and

the abundance of Allobaculum was significantly higher in the HFD group than in the

Control group while the abundance of Adlercreutzia, Bifidobacterium, Prevotellaceae

UCG-001, and Ruminococcus was significantly decreased. Interestingly, the abundance

of Allobaculumwas positively correlated with the expression of ANGPTL4. These findings

provide a theoretical foundation for the development of strategies to control the obesity

and related diseases by the regulation of ANGPTL4 and gut microbiota.
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INTRODUCTION

The epidemic rise in obesity has chronically challenged human
health, performance and quality of life with affecting more than 2
billion people in the world and being related to diabetes, cancers
and cardiovascular diseases (1, 2). Gut microbiota is composed
of numerous bacteria that contribute to nutrition absorption
and energy homeostasis (3, 4). Increasing evidences indicate that
gut microbiota directly participates in obesity and many other
metabolic diseases (4, 5). A recent study have shown that obesity
could be induced by the high-fat diet (HFD) (6). Meanwhile, the
dysregulation in the composition and metabolic functions of gut
microbiota would promote the development of obesity (7). The
microbiota transplantation from girls with or without obesity
to mice showed a close relationship between gut microbiota
and obesity (8). Furthermore, the significant higher abundance
ratio of Firmicutes to Bacteroidetes is generally regarded as a
marker signal of obesity (9). Therefore, gut microbiota is closely
related to host lipid metabolism, the disorder of which alters the
composition of gut microbiota. The dysfunctional gut microbiota
would further affects the host lipid metabolism in turn (10).

Angiogenin-like protein 4 (ANGPTL4), also known as a
fasting induction factor (FIAF), plays an important role in lipid
deposition by inhibiting lipoprotein lipase (LPL) to regulate
lipid metabolism (11, 12). ANGPTL4 can be secreted in
intestines, adipose tissue, liver, skeletal muscle, heart and other
tissues, and is subsequently cleaved into N-terminal and C-
terminal fragments. The N-terminal of ANGPTL4 acts as a
LPL inhibitor (13, 14). LPL is transported by the GPIHBP1
protein to the lumen side of capillary endothelial cells and
catalyzes the hydrolysis of triglycerides (TG) into fatty acids.
This process allows lipids transported from the circulation
into skeletal muscle, heart and adipose tissue after absorption
(15, 16). In addition, ANGPTL4 is an endogenous inhibitor
for intestinal fat digestive enzymes, especially pancreatic lipase,
to prevent excessive fatty acids intake and lipid overload in
intestinal cells (17, 18). Furthermore, ANGPTL4 has been
considered as a circulating mediator between gut microbiota
and fat storage (19). The germ-free (GF) mice with a
normal microbiota harvested from the cecum of conventionally
raised mice could improve the TG storage in fat cells
with inhibition of ANGPTL4 expression in gut, suggesting
gut microbiota might promote fat deposition by modulating
ANGPTL4 expression (19). The expression of lipogenic genes
in the abdominal fat of mice receiving the fecal microbiota
of Jinhua pigs (obese) was higher than that in the mice
receiving the fecal microbiota of Landrace pigs (lean) with
reduction of ANGPTL4 expression in the gastrointestinal tract
(20). Therefore, the ANGPTL4 expression might be one of
the key regulators for obesity induced by the dysfunction of
gut microbiota.

ANGPTL4 acts as a circulating medium for the gut microbiota
and fat deposition in the body, so it is of great significance
to explore how the gut microbiota affects the expression
of ANGPTL4. However, the research on the regulation of
ANGPTL4 expression by gut microbiota in obesity is limited.
Accordingly, the objective of the present study is to explore the

relationship among the gut microbiota structure, the ANGPTL4
expression and fat deposition.

MATERIALS AND METHODS

Animals and Sampling
Ten specific pathogen-free (SPF) C57BL/6J male mice weaned
at the age of 28 days were purchased from GemPharmatech
Co., Ltd (Nanjing, China). The mice were raised in cages at 25
± 2◦C for 12 h light/dark cycles with free access to water and
mouse chow. After acclimatization for 1 week, the mice were
weighed and randomly divided into Control group and high-fat
diet (HFD) group. Mice in the Control and HFD groups were
fed with a commercial standard diet with 10% fat content and
the standard diet supplemented with 60% fat, respectively for
12 weeks (21, 22). At the end of 12-week study, all mice were
weighed individually and sacrificed by decapitation following a
CO2 stun. The epididymal fat and perirenal fat of each mice
were isolated and weighed. The ileal and colonic contents were
collected and stored at −20◦C until DNA isolation and 16S
rRNA gene sequencing. Segments of liver, ileum and colon were
collected and fixed in 4% paraformaldehyde for further analysis.
Ileum and colon segments were isolated, rinsed with 0.9% NaCl,
immediately frozen in liquid nitrogen, and stored at−80◦C until
RNA extraction.

DNA Extraction, Sequencing, and Data

Analysis
Microbial genomic DNA was extracted from ileal and colonic
contents using QIAamp DNA Stool Mini Kit (QIAGEN,
Valencia, CA, US). The V4∼V5 region of bacterial 16S rRNA
gene was amplified from each genomic DNA sample by using
the barcode-fusion primers 515F and 907R. Sequencing libraries
were then constructed using TruSeq DNA PCR-Free Library
Preparation Kit (Illumina) and sequenced on an Illumina HiSeq
platform at Mingke Biotechnology (Hangzhou) Co., Ltd. The
sequencing data were analyzed using QIIME software package
(23). The non-repeating sequences were analyzed by operational
classification unit (OTU) with 97% similarity. Species matching
was performed for all representative sequences of OTU using
RPD databases (24). Pie charts were generated to show taxa
distribution at the phylum and genus levels. Principal coordinate
analysis (PCoA) was performed to analyze the beta diversity. For
further identify the specific genera related to fat deposition, this
study also analyzed the raw data of gut microbiota combining
with other two similar studies on mice fed with high-fat diets
(DDBJ Accession Number: PRJDB7523) (25) (NCBI Accession
Number: SRP113647) (26).

RNA Extraction and Real-Time

Quantitative PCR
Total RNA was isolated using TRIzol R©Plus RNA Purification
Kit (Invitrogen) and RNase-Free DNase Set (Qiagen) followed
by reverse transcription using the SuperScriptTM III First-
Strand Synthesis SuperMix (Invitrogen) strictly according to
the manufacturer’s instructions. Real-time qPCR was performed
in triplicate on an ABI Prism 7700 Sequence Detector system
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TABLE 1 | Primers used in the RT-qPCR analysis.

Gene Genbank Primer sequences (5′-3′) Size (bp)

accession

Pig GAPDH NM_001206359.1 CCAGGGCTGCTTTTAACTCTG 104

GTGGGTGGAATCATACTGGAACAT

Pig ANGPTL4 NM_001038644.1 GACTGCCAAGAGCTGTTTGAAGA 126

CTGAATTACAGTCCAGCCTCCAT

(Applied Biosystems, Foster City, CA, USA) using an annealing
temperature of 63◦C and gene-specific primers listed in Table 1.
The data were normalized to GAPDH or 18S rRNA and
calculated by 2−11CT method (27).

Histological Staining and

Immunohistochemistry
The liver egments were fixed in 4% paraformaldehyde for 1 h
at room temperature, cryoprotected in 20% sucrose at 4◦C
overnight, and embedded in OCT. The prepared series of 12-
µm cryosections were stained with Oil Red O (Sigma-Aldrich,
St. Louis, MO, United States).

The ileal and colonic sections were deparaffinized and
microwaved in sodium citrate buffer for antigen retrieval.
After being rinsed with phosphate buffered saline (PBS), slides
were incubated with PBS containing normal goat serum.
After blocking, sections were incubated with primary antibody
(proteintech ANGPTL4 18374-1-AP) at 4◦C overnight. After
wash with PBS and incubation with secondary antibody for
50min at room temperature, slides were rinsed with PBS for
three times and added with a few drops of chromogenic substrate
DAB with incubation for 15min. Finally, slides were rinsed
in water and counterstained using hematoxylin solution for
picture caption.

Statistical Analysis
All statistical analyses were performed by SPSS 23.0 (IBM, New
York, NY, United States) using unpaired two-tailed Student’s t-
test (20). Data are presented as the mean ± SEM. Results were
considered significant when P < 0.05.

RESULT

Obesity Induced by HFD
To confirmwhether obesity was induced by the HFD, we weighed
eachmouse, liver, epididymal fat, and perirenal fat individually in
both of Control and HFD groups. The body weight, liver weight,
epididymal fat, and perirenal fat in the HFD-treated mice were
significantly higher than those of the Control group by 82.31%
(P < 0.0001), 106.58% (P = 0.0234), 194.08% (P = 0.0011), and
627.91% (P = 0.0046), respectively (Figures 1A–D). To observe
the fat content in the liver, we stained liver segments of mice in
the Control and HFD groups. The number of lipid droplets in the
liver of HFD group (Figure 1F) was obviously more and larger
than that in Control group (Figure 1E), suggesting obesity had
been induced by HFD.

FIGURE 1 | Characterization of the obesity induced by HFD. The Control and

HFD groups mice were analyzed for body weight (A), liver weight (B),

epididymal fat weight (C), perirenal fat weight (D). Oil-red O stains of

paraformaldehyde-fixed liver sections prepared from the Control (E) and HFD

(F) group mice. Data were expressed as mean ± SEM and statistically

analyzed by using unpaired two-tailed Students’ t-test (n = 5). Asterisks (* and

**) represent significant differences with P < 0.05 and P < 0.01, respectively.

HFD Increased the Expression of ANGPTL4

in the Gastrointestinal Tract
To examine whether the ANGPTL4 expression is involved
in fat deposition, we determined the ANGPTL4 expression
in the gastrointestinal tract by RT-qPCR analysis following
RNA isolation and reverse transcription. Compared with
the Control group, the relative expression of ANGPTL4 in
the ileum (P = 0.0452) and colon (P = 0.0409) of mice
in HFD group was increased significantly (Figures 2A,B).
Furthermore, immunohistochemistry revealed the ANGPTL4-
positive cells seemed to be more abundant in the HFD group
(Figures 2D,F) than the Control group (Figures 2C,E),
which was consistent with the trend of the relative
expression of ANGPTL4 in the ileum and colon of mice in
two groups.

HFD Altered the Gut Microbiota
To investigate the structure of gut microbiota in mice of the
Control and HFD groups, we collected the ileal and colonic
contents frommice of the Control and HFD groups and analyzed
the alpha -diversity of gut microbiota. The alpha-diversity
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FIGURE 2 | The expression of ANGPTL4 in the ileum and colon of the Control

and HFD groups. The mRNA expression level of ANGPTL4 was measured in

the ileum (A) and colon (B) of mice in the Control and HFD groups using

RT-qPCR analysis followed by RNA isolation. Sections of the ileum (C,D) and

colon (E,F) in Control group (C,E) and HFD group (D,F) were stained with

rabbit polyclonal antibodies to mouse ANGPTL4. The arrowhead points in the

direction where ANGPTL4-positive cells are present. Data were expressed as

mean ± SEM and statistically analyzed by using unpaired two-tailed Students’

t-test (n = 5). Asterisks (*) represent significant differences with P < 0.05.

indicated that the number of OTU, Shannon index, and Chao1
index in the Control group were significantly higher than that
in the HFD group (P < 0.05) while the Simpson index was
significantly lower of Control group compared to HFD group
(Table 2).

Next, we analyzed the composition of gut microbiota in
the ileum and colon of mice in the Control and HFD groups.
Taxonomic analysis showed that the dominant bacteria phyla
were Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Deferribacteres, and Cyanobacteria in both of ileum and colon,
accounting for more than 99.12% of the total sequences in
most samples (Figures 3A, 4A). The ratio of Firmicutes to
Bacteroidetes, that was associated with the obesity phenotype,
was remarkably higher in the ileum and colon of mice in the HFD
group than those of the Control group (Figures 3, 4). Compared
to the Control group, the relative abundance of Firmicutes in
the HFD group was increased by 38.81 and 15.00% in ileum and
colon (P < 0.05), respectively. However, the relative abundance

TABLE 2 | Indices of alpha-diversity.

Gut Item Control HFD SEM P-value

Ileum OTU number 333a 218b 22.04 0.001

Shannon index 3.26a 2.50b 0.18 0.022

Simpson index 0.098b 0.196a 0.025 0.044

Chao1 index 382a 248b 26.02 0.001

Colon OTU number 379a 204b 29.86 <0.001

Shannon index 4.38a 3.52b 0.16 0.001

Simpson index 0.255b 0.643a 0.008 0.009

Chao1 index 402a 225b 30.34 <0.001

The different superscript letters in the same row represent a significant difference

(p < 0.05).

of Bacteroidetes in the HFD group was decreased by 48.45 and
20.02% in ileal and colonic samples relative to the Control group
(P < 0.05), respectively (Figures 3A, 4A). Cyanobacteria was less
abundant in both of the ileum and colon of HFD group compared
to Control group.

At the genus level, Bacteroidales S24-7 group_norank,
Faecalibaculum, Erysipelotrichaceae _uncultured,
Alistipes, Lactobacillus, Coriobacteriaceae UCG-002,
Lachnospiraceae_uncultured, Odoribacter, Lachnospiraceae
NK4A136dium, and Peptoclostri were the most abundant genera
in both of the ileum and colon (Figures 3B, 4B). Compared to
the Control group, the relative abundance of Bacteroidales S24-7
group_norank in the HFD group was decreased by 51.58% and
56.76% in ileum and colon (P < 0.05), respectively, while the
relative abundance of Faecalibaculum was increased by 37.27 and
68.18% in the ileal and colonic samples (P < 0.05), respectively
(Figures 3B, 4B). The relative abundance of Lactobacillus and
Odoribacter was decreased while Alistipes and Peptoclostridium
were increased in the ileum and colon (Figures 3B, 4B) of the
HFD group as compared to the Control group.

Hierarchical clustering together with a heat-map was
performed to reveal the distinct characteristics of the significantly
different bacterial genera (including the 21 from 248 total ileal
bacterial genera, and 46 from 248 total colonic bacterial genera)
based on the abundance of the identified bacterial genera in
the Control group and HFD group (Figure 5). For example,
the relative abundance of Allobaculum in ileum and colon of
mice in the HFD group was significantly higher than that in the
Control group (P < 0.05) (Figure 5). The relative abundance
of Adlercreutzia, Bifidobacterium, Prevotellaceae UCG-001 and
Ruminococcus in the ileum and colon in HFD group was
significantly lower than those in Control group (P < 0.05;
Figure 5).

To evaluate the degree of discrepancy between the bacterial
community structures of the Control group and HFD group
mice, a principal coordinate analysis (PCoA) was performed. The
ileal and colonic microbiota in the HFD group and the Control
group were clearly separated from each other (Figure 6A). There
was also a differently clustering of the bacterial community
structure between the Control and HFD groups in ileum and
colon (Figures 6B,C), indicating that the structure of the ileum
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FIGURE 3 | The bacterial community in ileum of the Control group and HFD group mice at the phylum (A) and genus (B) levels. The top 6 phyla and top 10 genera

are shown.

FIGURE 4 | The bacterial community in colon of mice in the Control group and HFD group at the phylum (A) and genus (B) levels. The top 6 phyla and top 10 genera

are shown.
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FIGURE 5 | Hierarchically clustered heat map for the significantly different bacterial genera in ileum (A) and colon (B) of mice.
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FIGURE 6 | PCoA of the ileum and colon microbial community composition of the Control and HFD mice based on weighted unifrac distance. (A) The overall

characteristics of all 20 samples were analyzed by a principal coordinate analysis. The differences in ileum (B) and colon (C) microbial community structure between

the Control group and HFD group.

and colon microbiota of the mice had a great difference between
the Control and HFD groups.

Correlation Between the Gut Microbiota

and ANGPTL4 Expression
To investigate the effect of gut microbiota on the expression
of ANGPTL4, the correlation analysis was conducted.

The microorganism positively correlated with ANGPTL4
expression was Allobaculum, and others were negatively
correlated with ANGPTL4 expression including Adlercreutzia,
Bacteroidales S24–7 group_norank, Bifidobacterium,
Coriobacteriaceae_uncultured, Defluviitaleaceae UCG−011,
Family XIII AD3011 group, Lachnospiraceae FCS020 group,
Marvinbryantia, Mollicutes RF9_norank, Parasutterella,
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Prevotellaceae UCG−001, Ruminococcaceae NK4A214 group,
Ruminococcaceae UCG−014, Turicibacter, (Eubacterium)
coprostanoligenes group, (Eubacterium) xylanophilum group

FIGURE 7 | Heatmap of Spearman correlation between the relative expression

of ANGPTL4 and microbial genus in ileum and colon of mice.

(Figure 7). Combining with the raw data from other similar
studies, it was found that the relative abundance of Allobaculum
in feces, ileum, cecum, and colon was increased significantly
in HFD group compared to Control group (Figure 8A).
Correlation analysis confirmed the positive association between
the abundance of Allobaculum and the expression of ANGPTL4
in the ileum and colon, wherein, the Allobaculum was much
more relevant to the ANGPL4 expression in colon (R = 0.8928,
P = 0.0005) (Figure 8B).

DISCUSSION

Obesity is one of the most important health topics worldwide.
The incidence rate of obesity keeps increasing for many years
due to the improvement of living standards, excessive calorie
intake and lack of physical exercise (28). High-fat diet is the direct
cause of obesity (6). Extensive researches showed ANGPTL4
was an important regulator of TG metabolism by inhibiting
LPL and pancreatic lipase (29, 30). This study found that the
body weight of the mice was increased by 82.31% (P < 0.05)
with the HFD treatment. Compared to the Control group, the
expression of ANGPTL4 in the ileum and colon of the HFD

FIGURE 8 | The relative abundance of Allobaculum in ileum, cecum, colon, and feces of Control group and HFD group mice (A), and the correlation between the

Allobaculum and ANGPTL4 expression (B) in ileum and colon. The data of cecum and feces were obtained from the NCBI database (DDBJ Accession Number:

PRJDB7523 and NCBI Accession Number: SRP113647) (A). Asterisks (* and **) represent significant differences with P < 0.05 and P < 0.01, respectively.
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group was increased significantly. Similar studies showed that
the expression of ANGPTL4 mRNA in small intestine (17)
and liver (31) of mice was significantly increased with the
HFD intervention. With the treatment of HFD, the absence
of any regulation on TG digestion may lead to excess fatty
acid uptake into enterocytes. The excess fatty acids would
beyond the ability of re-esterification and chyle granule secretion,
resulting in the lipid overload of intestinal cells. Therefore,
the HFD regulated the expression of ANGPTL4 through a
negative feedback mechanism to inhibit the excessive intake of
TG. This feedback mechanism aimed to match the lipid uptake
amounts of intestinal cells with the capacity for TG secretion.
Similarly, the protection of ANGPTL4 against lipid overload in
cardiomyocytes (32) and macrophages (18) had also been found.
Additionally, Wostmann first discovered that the growth rate
of GF mice was slower than normal mice. Gut microbiota also
contributes to fat deposition (33). Bäckhed et al. (19) proved
that gut microbiota could inhibit the expression of LPL cycle
inhibitor, ANGPTL4, in the intestine. The ANGPTL4 expression
level of GF mice were higher resulting in slower body weight
gain of mice. The ANGPTL4 knock-out GF mice were more
obese than the wild-type mice (34). These findings indicate that
ANGPTL4 was a circulating medium between gut microbiota
and fat deposition. However, the specific mechanism in the
microbial regulation by ANGPTL4 expression is still unclear.
Meantime, research on the modulation mechanism of ANGPTL4
expression have never stopped. Alex et al. (35) found that
short chain fatty acids (SCFAs), as the main metabolites of gut
microbiota, could effectively induce the expression of ANGPTL4
in human colon cancer cells T84 and HT29. Aronsson’s research
showed that by being fed with the high-fat diet supplemented
with Lactobacillus paraliquefaciens (F19), the body fat of mice
was decreased significantly with the significant increase in
the expression of ANGPTL4 (36). All of these prove that
ANGPTL4 is involved in the regulation of gut microbiota
on obesity.

Extensive studies have shown that the gut microbiota affects
the body’s immune response (37), neural signal (38), and
bone density (39), regulates intestinal endocrine function (40),
provides energy (41), synthesizes vitamins (42) and many other
compounds (43). Therefore, the changes of gut microbiota
structure will induce gastrointestinal diseases even a series of
diseases in other tissues or systems such as liver, heart, nervous
system, respiratory system, and so on (44). In recent years, studies
have found that gut microbiota are widely involved in host lipid
metabolism and obesity (7, 45). By comparing the response of
GF and normal mice to the HFD treatment, researchers found
that GF mice had a resistance to HFD, but microbial remodeling
led to obesity for GF mice (46, 47). Therefore, gut microbiota
is an important factor regulating fat deposition. In this study,
the relative abundance ratio of Firmicutes to Bacteroidetes was
increased significantly in the ileum and colon of mice in the HFD
group. Similar studies found that the relative abundance ratio of
Firmicutes to Bacteroidetes in the gut microbiota of mice showed
a downward trend through exercise (48). In the obese humans
and mice, the relative abundance of Firmicutes and Bacteroidetes
was improved and reduced, respectively (49, 50). These findings
were consistent with the results of this experiment.

In order to further explore the effect of gut microbiota
on the expression of ANGPTL4, we preformed a correlation
analysis between the microbial community composition and
ANGTPL4 mRNA level. The results showed that the expression
of ANGPTL4 was positively correlated with the relative
abundance of Allobaculum, but negatively correlated with
Adlercreutzia, Bifidobacterium, Prevotellaceae UCG-001, and
Ruminococcus. Allobaculum cells are rod-shaped, stain Gram-
positive and are arranged in pairs or chains (51). Related
research showed that Allobaculum could produce butyric acid,
and positively correlated with ANGPTL4 expression (52, 53).
Butyric acid could transactivate PPARγ and regulated ANGPTL4,
the target gene of PPARγ, in colon cells (54). Early studies
have shown that SCFAs play an important role in the human
gastrointestinal system, especially in regulating the host fat
storage (55, 56). Janssen found that ANGPTL4−/− mice had
significantly lower butyric acid levels than the wild-type mice.
The butyrate-producing Allobaculum was less abundant in than
the wild-type mice but Adlercreutzia abundance was significantly
increased in ANGPTL4−/− mice (52). Similar alteration in
Allobaculum abundance was found in other studies (25, 26).
The relative abundances of Adlercreutzia (26), Bifidobacterium
(57), Prevotellaceae UCG-001 and Ruminococcus (58) were
significantly decreased in obese mice induced by HFD. These
findings were consistent with the results of this study. On the
other hand, studies revealed that the abundance of Allobaculum
might be negatively correlated with inflammation, insulin
resistance and obesity with the intervention of ginger (59),
berberine and metformin (60), or prebiotics (61) in mice.
Consistent with these studies, our results found the significant
increase in the relative abundance of Allobaculum and the
expression level of ANGPTL4 by the HFD treatment in mice. The
increase in ANGPTL4 expression also had an inhibitory effect
on the lipid absorption. These results indicate that Allobaculum
could be a promising target for the strategy to control obesity.

CONCLUSION

This study demonstrated that the HFD treatment significantly
increased the expression of ANGPTL4 in the ileum and
colon of mice with the enhancement of body weight, liver
weight, epididymal fat weight, perirenal fat weight, and the
lipid contents in the liver. This might be associated with
the change in the composition of gut microbiota in mice
including the significantly increased abundance of Allobaculum
and the significantly decreased abundance of Adlercreutzia,
Bifidobacterium, Prevotellaceae UCG-001, and Ruminococcus in
the HFD mice. This work identified the positive correlation
between the ANGPTL4 expression and the Allobaculum
abundance and highlighted their important role in the regulation
of lipid metabolism. This is meaningful to explore the regulation
of ANGPTL4 by gut microbiota in the treatment of obesity.
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This study aimed to investigate the effects of maternal methyl-donor micronutrient

supplementation during gestation on gut microbiota and the fecal metabolic profile in

offspring piglets. Forty-three Duroc× Erhualian gilts were assigned to two dietary groups

during gestation: control diet (CON) and CON diet supplemented with MET (folic acid,

methionine, choline, vitamin B6, and vitamin B12). The body weights of offspring piglets

were recorded at birth and weaning. Besides this, fresh fecal samples of offspring piglets

were collected at 7, 14, and 21 days. The gut microbiota composition, metabolic profile,

and short-chain fatty acid (SCFA) profiles in the fecal samples were determined using 16S

rDNA sequencing, liquid chromatography-mass spectrometry metabolomics, and gas

chromatography methods, respectively. The results showed that maternal methyl-donor

micronutrient supplementation increased the microbiota diversity and uniformity in feces

of offspring piglets as indicated by increased Shannon and Simpson indices at 7

days, and greater Simpson, ACE, Chao1 and observed species indices at 21 days.

Specifically, at the phylum level, the relative abundance of Firmicutes and the Firmicutes

to Bacteroidetes ratio were elevated by maternal treatment. At the genus level, the

relative abundance of SCFA-producing Dialister, Megasphaera, and Turicibacter, and

lactate-producing Sharpea as well as Akkermansia, Weissella, and Pediococcus were

increased in the MET group. The metabolic analyses show that maternal methyl-donor

micronutrient addition increased the concentrations of individual and total SCFAs of

21-day piglets and increased metabolism mainly involving amino acids, pyrimidine, and

purine biosynthesis. Collectively, maternal methyl-donor micronutrient addition altered

gut microbiota and the fecal metabolic profile, resulting in an improved weaning weight

of offspring piglets.
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103

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.675640
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.675640&domain=pdf&date_stamp=2021-06-07
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:youjinm@163.com
mailto:wangzirui@jxau.edu.cn
https://doi.org/10.3389/fnut.2021.675640
https://www.frontiersin.org/articles/10.3389/fnut.2021.675640/full


He et al. Maternal Methyl-Donor for Offspring Piglets

INTRODUCTION

The gut microbiota and fecal metabolic profile of neonates are
closely related to immunity, disease, growth, and development.
The colonization of microbial communities in the intestines
is a key process in infant development (1); the intestinal
microbial establishment is mainly determined and easily affected
by diet, mother-to-child transmission, and the environment (2).
The indigestible nutrients that are metabolized by bacteria in
the neonatal intestines improve energy harvesting for growth
but expose developing mammals to a variety of chemicals
(3). The stability of gut microbiota systems can adapt to
such environmental fluctuations. Therefore, a dysbiosis in
the gut microbial community not only results in higher
disease risk, but also causes short- and long-lasting adverse
effects on neonates’ health. Diet is an important determinant
of maternal offspring’s microbial communities and health
outcomes. Maternal nutritional status has a great influence on
fetal development, pregnancy outcome, and offspring disease
development (4–6). Therefore, a specific diet plan for pregnant
womenmay be a cost-effective intervention to promote intestinal
microbiota colonization of offspring.

Methyl-donor micronutrients (MET), including folate,
choline, betaine, methionine, cobalamin, pyridoxine, and
so forth, are demonstrated to participate in the synthesis of
nucleotides, proteins, and lipids via epigenetic mechanisms
(7); meanwhile, the epigenetic mechanisms also modify
the metabolome (8). However, the intergenerational effect
of MET on the physiological metabolism of offspring
in the early stage is hardly documented. Maternal diet
during pregnancy may have a significant impact on the
establishment of the neonatal microbiota, and may play a role
in infant development (9). Additionally, there is increasing
evidence that microbiota-derived metabolites are key factors
regulating animal metabolism, growth, and development (10).
Maternal-MET supplementation induces a specific intestinal
microenvironment, limiting pathobiont colonization [such as
adherent-invasive Escherichia coli (AIEC)] of the offspring
gut (11). Conversely, other studies report that maternal-MET
supplementation or deficiency leads to an increase in the
sensitivity to colitis in the offspring (12, 13), suggesting the
central role of MET in the intestinal microenvironment.
Therefore, differences in the metabolome of control and
MET offspring in the early stages after birth need to be
further studied.

In our previous study, we found no differences in the
reproduction performance of sows between CON and MET
(number of total born, born alive, and weaned piglets per
litter, etc.). However, maternal MET supplementation during
pregnancy promotes skeletal muscle differentiation and
maturity in newborn and weaning pigs and improves the
growth performance of the offspring (14). This means that
some changes in the suckling piglets may be important
for growth and development. Therefore, this study was
conducted to test the hypothesis that maternal methyl-
donor micronutrient supplementation during gestation
could beneficially regulate the gut microbiota and fecal

metabolic profile and enhance the growth performance of
offspring piglets.

MATERIALS AND METHODS

Ethics Statement
This study was conducted under the Chinese guidelines for
animal welfare. All animal experiments were approved by
the Animal Care and Use Committee of Jiangxi Agricultural
University (Ethic Approval Code: JXAUA01).

Animals and Experimental Design
A total of 43 crossbred gilts (Duroc × Erhualian, body
weight: 102.8 ± 6.3 kg) were artificially inseminated and then
allotted by body weight to two dietary treatments. The two
experimental diets were supplemented with or without methyl-
donor micronutrients in the basal diet. There were 21 and
22 gilts in the control group (CON group) and Methyl-donor
micronutrients group (MET group), respectively. The MET-
supplemented diet contained 4,700mg kg−1 methionine (CJ BIO,
Malaysia, purity ≥99%), 16.3mg kg−1 folic acid (Sigma-Aldrich,
St. Louis, MO, USA, purity ≥97%), 2,230mg kg−1 choline
(NB GROUP, Shangdong, China, purity = 60%), 0.15mg kg−1

vitamin B12 (Sigma-Aldrich, St. Louis, MO, USA, purity ≥98%),
and 1,180mg kg−1 vitamin B6 (Jiangxi Tianxin Pharmaceutical,
Jiangxi, China, purity ≥98%). The dosage of methyl-donor
micronutrients was added according to previous studies (15–18).
Dietary treatment started at the last insemination and lasted until
parturition. Ingredients and composition of pregnant gilt diets
are show in Supplementary Table 1. During gestation, sows were
fed 2.28 kg/day during days 1–80, 2.40 kg/day during days 80–
90, and 3.00 kg/day of diet from day 91 until farrowing. Sows
were fed discretely twice daily at 0800 and 1,400 h with 50% of
the daily ration during each feeding. On day 110 of gestation,
sows were transferred to farrowing pens. After parturition, all
sows received a standard lactation diet (Supplementary Table 2)
three times per day (i.e., 0800, 1,200, and 1,500 h). Piglets were
weaned at 24 days. All animals were free to drink water. The
experiment began with 54 gilts, 27 gilts per treatment. Pregnancy
was confirmed by ultrasonic examination 30 days post-mating;
11 gilts were eliminated due to failure of pregnancy.

Data and Sample Collection
Sample Collection
After parturition, body weights (BW) were measured at birth
and weaning (24 days). Six litters per group were selected, and
one median-birth-weight piglet from each litter were sampled
for feces collection at days 7, 14, and 21 and then snap-frozen
in liquid nitrogen and stored at −80◦C for gut microbiota,
short-chain fatty acid (SCFA), and metabolomics analyses.
Fecal 16S rDNA sequencing and liquid chromatography-mass
spectrometry (LC-MS) metabolomics were performed according
to the manufacturer’s instructions (Shanghai Applied Protein
Technology, Shanghai, China).
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Serum S-Adenosylmethionine and Homocysteine
Serum from newborn and weaning offspring was analyzed for S-
adenosylmethionine (SAM) and homocysteine (Hcy) using the
enzyme-linked immunosorbent assay (ELISA) kits purchased
fromMLBIO (Shanghai, China).

Fecal DNA Extraction and 16S rDNA Gene Amplicon

Sequencing Analysis
The total genomic DNA was extracted from fecal samples with
the Cetyltrimethylammonium Bromide (CTAB) method. DNA
concentration and purity were monitored on an agarose gel.
The DNA was then diluted accordingly using sterile water.
The bacterial 16S rDNA gene of various regions (3–4) was
amplified by polymerase chain reaction (PCR) using a specific
primer (Uni340F: 5′-CCTAYGGGRBGCASCAG-3′, Uni806R:
5′-GGACTACNNGGGTATCTAAT-3′). The PCR product was
detected with 2% agarose gel and purified with the Qiagen Gel
Extraction Kit (Qiagen, Germany) following the manufacturer’s
instructions. The library was generated by TruSeq R© DNA PCR-
Free Sample Preparation Kit (Illumina, USA) and quantified
using a Qubit @ 2.0 Fluorometer (Thermo Scientific). Finally,
250 base pair paired-end sequencing was performed using the
Illumina HiSeq 2500 platform.

Sequencing data were analyzed using the quantitative insights
intomicrobial ecology (QIIME) (V1.9.1, http://qiime.org/scripts/
split_libraries_fastq.html). Paired-end reads were merged using
Fast Length Adjustment of Short reads (FLASH, V1.2.7, http://
ccb.jhu.edu/software/FLASH/). The clean data were obtained by
specific splice and filtering of the raw sequence data. Sequences
with ≥97% similarity were assigned to the same operational
taxonomic units (OTUs) and the OTU was screened for further
annotation; analysis was performed using Uparse software
(Uparse v7.0.1001, http://drive5.com/uparse/). The abundance
information of OTUs was normalized using the serial number
standard corresponding to the sample with the least sequence
and both alpha (observed species, Chao1, Shannon, Simpson,
ACE) and beta diversity (principal coordinate analysis (PCoA)
and unweighted pair-group method with arithmetic means) were
performed based on the normalized data of OTU abundance
information. The alpha and beta diversity were calculated with
QIIME and displayed with R software (Version 2.15.3). PCoA
was based on unweighted UniFrac distances using the WGCNA,
stat, and ggplot2 packages in R. To determine the significance
test of community structure differences between groups,
permutational multivariate analysis of variance (PERMANOVA,
Adonis procedure with 999 permutations) was performed in R to
calculate P-values. Additionally, to further explore the differences
in the community structure (phylum and genus) between the two
groups of samples, the linear discriminant analysis (LDA) effect
size (LEfSe) method was used to compare the differences in the
taxonomic levels; the LDA score was set at 2.0 for a biomarker.
In LEfSe analysis, the non-parametric factorial Kruskal–Wallis
(KW) sum-rank test was used to detect all species with significant
differential abundance, and theWilcoxon rank-sum test was used
to investigate biological consistency among subclasses.

Concentration of SCFA in the Fecal
Approximately 1 g of fecal samples were weighed, diluted with
2mL of ultra-pure water and centrifuged at 12,000 g (4◦C) for
15min to obtain a supernatant. Then 25% of metaphosphoric
acid solution was added in a ratio of 9:1 before centrifugation
at 3,000 g for 10min. The supernatant was aspirated with
a syringe and filtered through a 0.45mm filter membrane.
Acetic acid, propionic acid, isobutyric acid, butyric acid,
isovaleric acid, valeric acid, and total SCFA were determined
using capillary column gas chromatography (Shimadzu Gas
Chromatography 2014, Japan; capillary column length was 30m,
inner diameter was 0.25mm, and film thickness was 0.25µm),
column temperature = 120◦C, injector temperature = 220◦C,
detector temperature = 250◦C, and each injection volume was
1 µL.

The standard substances of SCFAs are as follows: acetic
acid (A116165, Shanghai Aladdin Bio-Chem Technology Co.,
LTD, Shanghai, China), propionic acid (P110443, Aladdin),
isobutyric acid (I103521, Aladdin), butyric acid (B110439,
Aladdin), isovaleric acid (I108280, Aladdin), and valeric acid
(V108269, Aladdin).

Fecal Untargeted Metabolomic Analysis
Aliquots of 100mg of fecal samples were homogenized
with 200 µL of ultra-pure water and mixed with 800 L
methanol/acetonitrile (1:1, v/v) to remove the protein. After
centrifugation (14,000 g, 20min, 4◦C), the supernatant was
collected for analysis.

LC-MS Analysis and Data Processing
Analyses were performed using liquid chromatography (1,290
infinity liquid, Agilent) coupled with quadrupole time-of-flight
(Triple TOF 6600, AB Sciex). For hydrophilic interaction liquid
chromatography (HILIC) separation, samples were analyzed
using a 2.1 × 100mm ACQUIY UPLC BEH Amide 1.7µm
column (Waters, Ireland). Chromatographic conditions and Q-
TOF mass spectrometry conditions were as outlined by Liu et
al. (19), electrospray ionization (ESI) positive mode was used
for detection.

The raw MS data were converted to MzXML format using
ProteoWizard MSConvert and processed using the XCMS online
package (version 1.20.1) for further processing. Metabolites
were identified by accuracy mass (<25 ppm) and secondary
spectral matching to retrieve a self-built database from the
laboratory (Shanghai Applied Protein Technology). After data
preprocessing by Pareto-scaling, multidimensional statistical
analysis [orthogonal partial least squares discriminant analysis
(OPLS-DA)] and Student’s t-test analysis were performed.
Significantly different metabolites were identified based on the
combination of a statistically significant threshold of variable
influence on projection (VIP) values obtained from the OPLS-
DA model and two-tailed Student’s t-test (p-value) from the raw
data. VIP > 1.00 and P < 0.05 were considered as significantly
different metabolites. VIP > 1.00 and 0.05 < P< 0.10 were
regarded as differential metabolites.
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FIGURE 1 | Effect of maternal methyl-donor micronutrient supplementation

during gestation on birth weight and weaning weight of offspring piglets

(n = 21). No difference was observed for litter size of lactating sows between

treatments [data not shown, see reference (14)]. The litter of each sow was

considered as the experimental unit to calculate the individual weight of piglets

at birth and weanling. CON, the control group; MET, the methyl-donor

micronutrients group. *P < 0.05. Values are expressed as means ± standard

error of mean (SEM).

Statistical Analysis
Data were tested for normality using the Shapiro–Wilk test before
statistical analysis. The growth performance, SCFA, and serum
methyl metabolite profile between CON and MET piglets was
assessed by independent-samples t-test. The individual sow was
considered as the experimental unit for growth performance,
one piglet per pen was used as the experimental unit for SCFA
and methyl metabolite profile and microbial and metabolite
analysis. Statistical analysis was performed on SPSS 24.0 software
(SPSS Inc.). Correlations between altered metabolites screened
from fecal metabonomic and perturbed gut microbe genera
screened from 16S rDNA gene sequencing analysis were assessed
by Spearman’s correlation analysis. GraphPad Prism 8.0 (San
Diego, CA, USA) was used to plot the images. Data are
shown as means ± SEM. A value of P < 0.05 was considered
statistical significance.

RESULTS

Growth Performance and Serum SAM and
Hcy Concentrations of Offspring Piglets
There was no statistical difference in offspring birth weight
between dietary treatments (P > 0.05). However, the body weight
at weaning was greater for piglets from sows fed the MET vs.
CON diet (P < 0.05) (Figure 1).

Maternal MET supplementation during gestation decreased
serum Hcy concentration in the offspring at birth (P = 0.089,
Table 1). Likewise, there was a significantly lower concentration
of serum Hcy in the weaning offspring of the MET group
compared with the CON group (P < 0.05). Moreover, the serum
SAM concentration in piglets at birth and weaning was increased
in the MET group (P = 0.061, P < 0.05, respectively).

TABLE 1 | Effect of maternal MET supplementation during gestation on the

concentration of S-adenosylmethionine (SAM) and homocysteine (Hcy) in the

serum of newborn and weaning piglets (n = 6).

Items CON MET P-value

Birth

SAM, µmol/mL 22.31 ± 0.86 24.55 ± 0.57 0.061

Hcy, nmol/mL 13.21 ± 0.24 11.90 ± 0.65 0.089

Weaning

SAM, µmol/mL 19.40 ± 1.25 30.81 ± 2.81 0.002

Hcy, nmol/mL 13.15 ± 0.68 10.44 ± 0.98 0.037

CON, the control group; MET, the methyl-donor micronutrients group. Data are reported

as means ± standard error of mean (SEM).

Fecal Microbiota Diversity
The alpha diversity indices of fecal microbiota in suckling piglets
are shown in Table 2. The Shannon and Simpson indices of the
fecal bacterial community were higher in 7-day piglets from sows
fed the MET vs. CON diet (P < 0.05). The ACE, Chao1, observed
species, and Simpson indices were higher in 21-day piglets from
sows fed the MET vs. CON diet (P < 0.05).

Figure 2 presents the PCoA analysis of the fecal microbial
community in suckling piglets from sows fed the MET
vs. CON diet. PERMANOVA (Adonis procedure with
999 permutations) revealed distinct clustering patterns
of feces microbiota in offspring piglets between two
treatments at 7 days (R2 = 0.17, P < 0.05) and 21 days
(R2 = 0.14, P < 0.05).

Fecal Microbial Composition at Phylum
and Genus Level
In both treatment groups, the Bacteroidetes, Firmicutes,
Fusobacteria, and Proteobacteria were the dominant microbial
phyla in the feces of offspring piglets, followed by Spirochaetes,
Euryarchaeota, Actinobacteria, unidentified_Bacteria,
Acidobacteria, and Tenericutes (Figure 3A). The relative
abundance of Firmicutes and the Firmicutes/Bacteroidetes ratio
were increased, and the relative abundance of Bacteroidetes were
decreased in the feces of 21-day piglets from the MET group
compared with the CON group (P < 0.05) (Figures 3B–D).

The 10 most abundant genera in the feces of offspring
piglets are unidentified_Prevotellaceae, Lactobacillus, Bacteroides,
unidentified_Muribaculaceae, unidentified_Ruminococcaceae,
Fusobacterium, Streptococcus, Phascolarctobacterium,
Alloprevotella, unidentified_Spirochaetaceae (Figure 4A).
The relative abundances of Megasphaera and Dialister
were increased in the feces of 7-day piglets, and relative
abundances of Sharpea, Weissella, and Pediococcus were
increased in the feces of 21-day piglets when their
mothers were fed the MET vs. CON diet (P < 0.05)
(Figures 4B–F).

Differential Fecal Microbial Communities
Differences in the relative abundances of the microbial
community components of CON and MET offspring were
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TABLE 2 | Effect of maternal methyl-donor micronutrient supplementation during gestation on the alpha diversity indices of fecal microbiota in suckling piglets (n = 6)1.

Items 7 days old 14 days old 21 days old

CON MET CON MET CON MET

Shannon 5.23 ± 0.12b 5.69 ± 0.14a 5.64 ± 0.23 6.02 ± 0.21 5.71 ± 0.21 6.04 ± 0.21

Simpson 0.91 ± 0.01b 0.94 ± 0.01a 0.93 ± 0.02 0.95 ± 0.01 0.94 ± 0.01b 0.96 ± 0.01a

ACE 800.36 ± 21.96 879.75 ± 34.39 940.12 ± 35.24 913.13 ± 65.47 815.08 ± 23.23b 889.63 ± 18.09a

Chao1 797.97 ± 25.79 886.62 ± 40.21 936.55 ± 25.46 904.09 ± 65.59 806.62 ± 24.45b 882.62 ± 15.08a

Observed species 618.50 ± 12.41 679.17 ± 25.41 718.17 ± 22.17 733.00 ± 50.68 651.83 ± 11.12b 705.00 ± 12.88a

CON, the control group; MET, the methyl-donor micronutrients group. At each time point, different letters indicate statistical difference in the same row (P < 0.05). Values are expressed

as means ± standard error of mean (SEM). 1n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled for feces collection at 7, 14,

and 21 days.

FIGURE 2 | The PCoA analysis of the fecal microbial community in suckling piglets from sows fed the MET vs. CON diet. The PCoA plot was generated by the

weighted UniFrac distances. Each dot represents an individual sample of piglet (n = 6). n = 6: Six litters per group were selected, and one median-birth-weight piglet

from each litter was sampled for feces collection at 7 (A), 14 (B), and 21 days (C). CON, the control group; MET, the methyl-donor micronutrients group.

further analyzed by LEfSe. Compared with the CON group,
including unknown bacteria, 14 microbial phlotypes were higher
and 14 were lower in the 7-day suckling piglets from MET-fed
sows (Figure 5A). At the age of 14 days, compared with the CON
group, only one microbial phlotype was higher and two were
lower in the MET offspring (Figure 5B). There were 42 higher
and 16 lower microbial phlotypes in 21-day piglets from sows fed
the MET vs. CON diet (Figure 5C).

Specific differentiated phylotypes were identified in 7-
day suckling piglets from sows fed the MET vs. CON
diet: increased genera Dialister, Ralstonia, Megasphaera,
Intestinimonas, Terrisporobacter, Anaerotrumcus and
families Peptostretococcaceae, Chitinophagales and order
Chitinophagaceae (P < 0.05), decreased genera Faecalibacterium,
Rothia, Sedimentibacter, Aerosharea, unidentified-Prevotellaceae,
Chlamydia and families Chlamydiaceae, Prevotellaceae,
unidentified-Solibacterales and order Solibacterales, Chlamydiales
and class unidentified-Chlamydiae, phylum Chlamydiae (P <

0.05). At the age of 14 days, the suckling piglets from sows
fed MET had significantly higher family Christensenellaceae
(P < 0.05); at the age of 21 days, the suckling piglets from
sows fed MET had increased genera Streptococcus, Romboutsia,
Agathobacter, Akkermansia, Sharpea, Rothia, Rubrobacter,
Paraeggerthella, Pediococcus, Kurthia, Mogibacterium,
Turicibacter, Foumirerlla and families Streptococcaceae,

Akkermansiaceae, Micromonosporaceae, unidentified-
Rubrobacterales, Micrococcaceae, Pseudomonadaceae,
Flavobacteriaceae and orders Lactobacillales, Clostridiales,
Verrucomicrobiales, Micromonosporaceae, Oceanospirillales,
Rubrobacterales, Gaiellales, Micrococcales, Pseudomonadales and
classes Bacilli, Clostridia, Rubrobacteria, Verrucomicrobia,
unidentified-Actinobacteria, Thermoleophilia and phyla
Firmicutes, Verrucomicrobia (P < 0.05), decreased genera
Odoribater, Parabacteroides, unidentified-Cyanobacteria,
Ochrobactrum and families Tanerellaceae, unidentified-
Cyanobacteria, Rikenellaceae and order unidentified-
Cyanobacteria, Bacteroidales and classes unidentified-
Cyanobacteria, Bacteroidia and phyla Cyanobacteria,
Bacterioidetes (P < 0.05).

Fecal SCFA Concentration
As displayed inTable 3, no statistical differences were observed in
the fecal SCFA concentration of 7-day piglets between maternal
dietary treatments (P > 0.05). However, the concentration of
acetate, butyrate, and total SCFA were increased in the feces
of 14-day piglets from sows fed the MET vs. CON diet (P <

0.05). Besides this, maternal MET supplementation increased
the concentration of acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate, valerate, and total SCFA in the feces of
21-day piglets (P < 0.05).
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FIGURE 3 | The composition of fecal microbiota in suckling piglets from sows fed the MET vs. CON diet at the phylum level. The relative abundance of the top 10

phyla (A) and the bacterial phyla differed (B–D) between suckling piglets from CON- and MET-fed sow. Each dot represents an individual piglet (n = 6), and * indicates

P < 0.05. n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled for feces collection at 7, 14, and 21 days. CON,

the control group; MET, the methyl-donor micronutrients group.

FIGURE 4 | The composition of fecal microbiota in suckling piglets from sows fed the MET vs. CON diet at the genus level. The relative abundance of the top 10

genera (A) and the bacterial genera differed (B–F) between suckling piglets from CON- and MET-fed sow. Each dot represents an individual piglet (n = 6), and *

indicates P < 0.05. n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled for feces collection at 7, 14, and 21

days. CON, the control group; MET, the methyl-donor micronutrients group.
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FIGURE 5 | The LEfSe analysis of the fecal bacterial community in 7 (A), 14 (B), and 21- day (C) suckling piglets from sows fed the MET vs. CON diet (n = 6). The

default parameter of the LDA score is 4. The bacteria that are not named in the figure are those that have not yet been named. n = 6: Six litters per group were

selected, and one median-birth-weight piglet from each litter was sampled for feces collection at 7, 14, and 21 days. CON, the control group; MET, the methyl-donor

micronutrients group; LDA, linear discriminant analysis; p_, phylum; c_, class; o_, order; f_, family; g_, genus.

Fecal Metabolic Profiling
As graphed in Figure 6, the separation in positive ionization
mode between the two groups by the OPLS-DA method was
evaluated. OPLS-DA plots of the fecal metabolomics data show
a clear separation with no overlap for each group, the parameters
for the explanatory and predictive values of the intercepts (R2,
Q2), which were stable and good to fitness and prediction
(Supplementary Figure 1).

Differential Metabolites and Bioinformatics
Analysis
Based on the VIP of the OPLS-DA model and the p-value
of the Student’s t-test, the biologically important difference
metabolites were mined. Including significantly differential and
differential metabolites, a total of 24 differentiated metabolites
were identified from two data sets in 7-day suckling piglets
(Figure 7A), 42 differentiated metabolites were identified from
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TABLE 3 | Effect of maternal methyl-donor micronutrient supplementation during gestation on the concentration of short-chain fatty acids (SCFA) in feces of suckling

piglets (mg/g) (n = 6)1.

Items 7 days old 14 days old 21 days old

CON MET CON MET CON MET

Acetate 1.74 ± 0.14 2.19 ± 0.19 1.95 ± 0.14b 2.67 ± 0.12a 2.17 ± 0.14b 2.9 ± 0.28a

Propionate 0.83 ± 0.11 1.07 ± 0.10 0.99 ± 0.08 1.24 ± 0.13 1.15 ± 0.12b 1.56 ± 0.10a

Isobutyrate 0.16 ± 0.03 0.18 ± 0.03 0.17 ± 0.02 0.24 ± 0.03 0.16 ± 0.02b 0.40 ± 0.07a

Butyrate 0.52 ± 0.03 0.55 ± 0.06 0.59 ± 0.08b 0.96 ± 0.11a 0.60 ± 0.05b 1.86 ± 0.28a

Isovalerate 0.39 ± 0.07 0.40 ± 0.07 0.38 ± 0.05 0.50 ± 0.06 0.41 ± 0.04b 1.11 ± 0.16a

Valerate 0.24 ± 0.03 0.36 ± 0.08 0.27 ± 0.05 0.43 ± 0.09 0.25 ± 0.03b 0.51 ± 0.05a

The ratio of acetate to propionate 2.29 ± 0.31 2.11 ± 0.09 2.01 ± 0.11 2.33 ± 0.34 1.94 ± 0.13 1.88 ± 0.19

Total SCFA 3.87 ± 0.36 4.79 ± 0.47 4.34 ± 0.40b 6.03 ± 0.24a 4.75 ± 0.37b 8.33 ± 0.86a

SCFA, short-chain fatty acid; CON, the control group; MET, the methyl-donor micronutrients group. At each time point, different letters indicate statistical difference in the same row

(P < 0.05). Values are expressed as means± standard error of mean (SEM). 1n= 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled

for feces collection at 7, 14, and 21 days.

FIGURE 6 | The OPLS-DA analysis (orthogonal partial least squares discriminant analysis) of fecal microbial metabolites in 7 (A), 14 (B), and 21- day (C) suckling

piglets from sows fed the MET vs. CON diet (n = 6). n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled for

feces collection at 7, 14, and 21 days. CON, the control group; MET, the methyl-donor micronutrients group.

two data sets in 14-day suckling piglets (Figure 7B), and 29
differentiated metabolites were identified from two data sets in
21-day suckling piglets (Figure 7C). We subsequently analyzed
the significantlymetabolite differences in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway database (http://www.
genome.jp/kegg/) to pathways in offspring that may have been
influenced by maternal MET during gestation. These findings
revealed that the potential biomarkers contribute to various
processes, including biosynthesis of amino acids, amino acid
metabolism, pyrimidine metabolism, purine metabolism, amino
sugar and nucleotide sugar metabolism, bile secretion, thiamine
metabolism, vitamin B6 metabolism, riboflavin metabolism,
nicotinate and nicotinamide metabolism, sulfur metabolism, and
glutathione metabolism (Tables 4–6).

Specific differentiated metabolites were identified in 7-day
suckling piglets of CON-fed and MET-fed sows: Deoxycytidine
closely related to pyrimidine metabolism was increased 5.187-
fold in MET piglets compared with CON piglets (P < 0.05).
Pyridoxal closely related to vitamin B6 metabolism was increased
1.770- fold in MET compared with the CON group (P <

0.05). Indoleacetic acid closely related to tryptophan metabolism

was decreased 0.191-fold in MET piglets compared with CON
piglets (P < 0.05). Riboflavin metabolism (flavin adenine
dinucleotide and flavin mononucleotide) were decreased 0.59-
and 0.42-fold in MET piglets compared with CON piglets (P
< 0.05). In the 14-day suckling piglets, critical metabolites
(1-aminocyclopropanecarboxylic acid, anthranilic acid) closely
related to biosynthesis of amino acids were increased by 4.95-
and 2.16-fold in the MET group compared with the CON
group, respectively (P < 0.05). Thymine, 2’-deoxyuridine, uracil,
urea, and deoxycytidine, which are involved in pyrimidine
metabolism, were increased in the MET compared with the CON
group by 2.36-, 3.22-, 2.68-, 1.45-, and 7.63-fold, respectively
(P < 0.05), and concentrations of adenosine, adenine, and
deoxyinosine, which are involved in purine metabolism, were
increased in the MET compared with the CON group by
1.39-, 3.81-, and 1.18-fold, respectively (P < 0.05). Critical
metabolites (dopamine, bilirubin, and cholic acid) closely related
to bile secretion were decreased in the MET group. In addition,
critical metabolites closely related to amino acid and vitamin B6
metabolism were increased in the MET group compared with the
CON group (P < 0.05). In the 21-day suckling piglets,: critical
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FIGURE 7 | The hierarchical clustering of fecal metabolic profile in 7 (A), 14 (B), and 21- day (C) suckling piglets from sows fed the MET vs. CON diet (n = 6). The

color scale ranges from saturated purple (−2) to blank (0) to saturated red (2). Red and purple color represent increased and decreased metabolites, respectively. X

axis: sample code, Y axis: metabolite name. n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was sampled for feces

collection at 7, 14, and 21 days. CON, the control group; MET, the methyl-donor micronutrients group.

TABLE 4 | The significantly changed fecal metabolites in 7-day suckling piglets from sows fed the MET vs. CON diet (n = 6)1.

Metabolites Fold change (MET vs. CON) P-value VIP m/z Pathway

Deoxycytidine 5.187 0.007 1.397 455.188 Pyrimidine metabolism

Indoleacetic acid 0.191 0.008 2.425 176.069 Tryptophan metabolism

Pyridoxal (Vitamin B6) 1.770 0.022 1.053 168.064 Vitamin B6 metabolism

Flavin adenine dinucleotide (FAD) 0.589 0.040 1.247 786.165 Riboflavin metabolism

Flavin mononucleotide (FMN) 0.418 0.049 1.125 457.110 Riboflavin metabolism

Nicotinate 0.191 0.038 1.364 124.041 Nicotinate and nicotinamide metabolism

N6-acetyl-l-lysine 0.403 0.009 2.201 189.122 Lysine degradation

Dimethyl sulfone 0.433 0.035 1.197 226.986 Sulfur metabolism

L-pyroglutamic acid 0.619 0.045 1.593 190.070 Glutathione metabolism

Beta-homoproline 3.459 0.008 1.007 130.085 Other

1-Myristoyl-sn-glycero-3-phosphocholine 3.068 0.017 1.150 468.307 Other

1-Oleoyl-sn-glycero-3-phosphocholine 1.912 0.028 2.715 522.355 Other

1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 4.347 0.036 1.757 506.358 Other

CON, the control group; MET, the methyl-donor micronutrients group. VIP variable importance for the projection, m/z mass to charge ratio. 1n = 6: Six litters per group were selected,

and one median-birth-weight piglet from each litter was sampled for feces collection at 7 days.

metabolites related to biosynthesis of amino acids, amino acid
metabolism, and vitamin B6 metabolism, were increased in the
MET group compared with CON group although bile secretion
was decreased in MET piglets (P < 0.05).

Correlation Analysis for Differential
Metabolites and Microbes
A Spearman’s correlation matrix was generated to explore
the correlation between the bacterial genera and candidate
compounds that were affected bymaternal nutrition. As shown in

Figure 8, significant associations could be identified between the
gut microbial and the altered metabolite profiles from 7- and 21-
day suckling piglets. In the 21-day suckling piglets (Figure 8A),
the correlation analysis revealed that deoxycytidine was positively
correlated with the genera Dialister and Anaerotrumcus and
negatively associated with the genera Rothia, Sedimentibacter,
and unidentified-Prevotellaceae (P < 0.05). Indoleacetic acid
was negatively associated with the genera Dialister and
Terrisporobacter and positively correlated with the genera
Sedimentibacter, unidentified-Prevotellaceae, and Chlamydia (P
< 0.05). The genera Dialister,Megasphaera, and Terrisporobacter
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TABLE 5 | The significantly changed fecal metabolites in 14-day suckling piglets from sows fed the MET vs. CON diet (n = 6)1.

Metabolites Fold change (MET vs. CON) P-value VIP m/z Pathway

1-Aminocyclopropanecarboxylic acid 4.947 0.000 1.449 84.043 Biosynthesis of amino acids

Anthranilic acid (Vitamin L1) 2.160 0.005 2.151 138.054 Biosynthesis of amino acids

Thymine 2.357 0.001 4.485 127.049 Pyrimidine metabolism

2’-Deoxyuridine 3.223 0.002 1.044 229.08 Pyrimidine metabolism

Uracil 2.675 0.024 1.155 113.033 Pyrimidine metabolism

Urea 1.450 0.043 1.137 61.039 Pyrimidine metabolism

Deoxycytidine 7.633 0.048 1.482 455.188 Pyrimidine metabolism

Adenosine 2.25 0.007 1.385 268.103 Purine metabolism

Adenine 3.111 0.011 3.814 136.061 Purine metabolism

Deoxyinosine 2.731 0.016 1.182 253.092 Purine metabolism

N-Acetylmannosamine 3.443 0.002 1.750 204.086 Amino sugar and nucleotide sugar metabolism

N-Acetylneuraminic acid 5.873 0.005 2.319 310.112 Amino sugar and nucleotide sugar metabolism

N-Acetyl-D-glucosamine 4.727 0.006 1.521 443.186 Amino sugar and nucleotide sugar metabolism

N-Glycolylneuraminic acid 2.558 0.007 1.172 326.107 Amino sugar and nucleotide sugar metabolism

Dopamine 0.508 0.005 1.937 136.074 Bile secretion

Bilirubin 0.228 0.007 5.162 585.269 Bile secretion

Cholic acid 0.310 0.047 1.652 426.319 Bile secretion

Thiamine 2.299 0.014 4.665 265.112 Thiamine metabolism

4-Pyridoxic acid 2.672 0.043 2.394 184.059 Vitamin B6 metabolism

Betaine 6.706 0.028 7.651 118.086 Glycine, serine and threonine metabolism

Erythritol 0.367 0.044 2.214 164.090 ABC transporters

Methacholine 2.472 0.001 1.141 160.132 Other

Larixinic acid 4.992 0.002 3.898 144.064 Other

Oxyquinoline 3.131 0.002 1.555 146.059 Other

D-Pipecolinic acid 5.572 0.003 7.555 130.086 Other

Epsilon-captrolactone 0.496 0.004 2.425 156.101 Other

5’-Deoxyadenosine 4.760 0.004 7.327 252.109 Other

(3-Carboxypropyl) Trimethylammonium cation 0.285 0.013 3.409 146.116 Other

2-Amino-2-methyl-1,3-propanediol 2.512 0.014 1.886 70.064 Other

Ponasterone A 0.439 0.015 1.376 482.345 Other

Indole-2-carboxylic acid 5.840 0.021 3.140 162.054 Other

Stearidonic acid 2.479 0.024 2.942 277.215 Other

1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 3.972 0.028 1.829 506.356 Other

CON, the control group; MET, the methyl-donor micronutrients group. VIP variable importance for the projection, m/z mass to charge ratio. 1n=6: Six litters per group were selected,

and one median-birth-weight piglet from each litter was sampled for feces collection at 14 days.

were positively correlated with vitamin B6 (P < 0.05). In
addition, the genus Sedimentibacter was positively correlated
with flavin adenine dinucleotide and flavin mononucleotide (P
< 0.05). In the 21-day suckling piglets (Figure 8B), sarcosine
was negatively associated with the genera Parabacteroides and
unidentified-Cyanobacterir and positively correlated with the
genera Rothia, Rubrobacter, Pediococcus, and Mogibacterium
(P < 0.05). 1-Methylnicotinamide was negatively associated
with the genera Agathobacter, Paraeggerthella, and Pediococcus
and positively correlated with the genera Odoribater and
Ochrobactrum (P < 0.05). Nine genera, including Streptococcus,
Akkermansia, Rothia, Rubrobacter, Pediococcus, Mogibacterium,
Turicibacter, and Foumirerlla were positively correlated with
vitamin B6 (P < 0.05).

DISCUSSION

In a previous study, we found no differences in reproductive
performance of sows between CON and MET; however,
we observed that the offspring of sows fed with the MET
diet grew faster than control offspring, and maternal MET
exposure can promote skeletal muscle differentiation and
maturity and improve the skeletal muscle mass of weaning
piglets (14). Previous research reports the intestinal tract
of the monogastric animal plays a crucial role in nutrient
digestion and absorption and maintains the barrier function
against malignant pathogens and antigens (20). In addition,
gut microbiota contributes to muscle mass and muscle fiber
types through the gut–muscle axis (21). Thus, in the present
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TABLE 6 | The significantly changed fecal metabolites in 21-day suckling piglets from sows fed the MET vs. CON diet (n = 6)1.

Metabolites Fold change (MET vs. CON) P-value VIP m/z Pathway

Sarcosine 2.169 0.035 1.415 150.075 Biosynthesis of amino acids

1-Methylnicotinamide 0.457 0.017 2.128 137.070 Bile secretion

Pyridoxal (Vitamin B6) 2.056 0.012 1.844 168.064 Vitamin B6 metabolism

N6-Acetyl-L-lysine 3.092 0.048 1.020 189.122 Lysine degradation

Dihydrotachysterol 0.578 0.000 1.346 465.320 Other

Phe-Pro 2.199 0.001 2.128 263.138 Other

1-Stearoyl-sn-glycerol 3-phosphocholine 3.303 0.006 2.147 568.339 Other

Pro-Val 2.994 0.020 2.184 215.138 Other

Ile-Leu 2.964 0.033 1.547 245.186 Other

3,3-Dimethylacrylic acid 2.520 0.034 2.222 101.059 Other

Ala-Ile 3.760 0.044 2.163 203.138 Other

Ile-Pro 2.184 0.045 3.157 229.154 Other

(+-)-Mevalonolactone 3.800 0.045 1.183 148.095 Other

CON, the control group; MET, the methyl-donor micronutrients group. VIP, variable importance for the projection, m/z mass to charge ratio. 1n = 6: Six litters per group were selected,

and one median-birth-weight piglet from each litter was sampled for feces collection at 21 days.

FIGURE 8 | Spearman correlation analysis between genera and metabolite concentrations in 7 (A) and 21- day (B) suckling piglets from sows fed the MET vs. CON

diet (n = 6). *Asterisks indicate significant correlations between genera and metabolite concentrations. Cells are colored based on the Spearman correlation coefficient

between the significantly altered genera and metabolites; red represents a significantly positive correlation, blue represents a significantly negative correlation (P <

0.05), and white represents no significant correlation (P > 0.05). n = 6: Six litters per group were selected, and one median-birth-weight piglet from each litter was

sampled for feces collection at 7, 14, and 21 days.
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study, we collected fresh fecal samples from piglets at 7, 14,
and 21 days and further analyzed the effects of MET on
intestine microbiota colonization and metabolism in offspring.
Our findings show that the establishment of the suckling piglets’
gut microbiota was strongly affected by maternal MET, and the
MET offspring have a higher growth performance, which is
concomitant with alterations in the intestinal microbiota alpha
diversity, microbiota composition, SCFA, and the biosynthesis
of amino acids. Furthermore, we found associations between the
differentially abundant genera and metabolites in the CON and
MET groups.

Establishment of the Gut Microbial
Community in Suckling Piglets
The gut microbiota diversity is highly related to host health
and metabolic capacity (22). The low diversity of intestinal
microbiota is considered a mark of intestinal dysbiosis, which
may lead to autoimmune diseases, inflammatory bowel diseases,
diarrhea, and metabolic diseases (23, 24). Increased bacterial
richness and diversity is a marker of the establishment of
intestinal microbiota (10). Our findings show that bacterial
richness and diversity were increased in 7-day piglets from the
MET sows compared with those from the CON sows. In addition,
bacterial richness and uniformity were significantly higher in
MET offspring at 21 days of age, suggesting that MET offspring
had a more diversified intestinal microbiota. However, there was
no difference in the microbiota diversity of 14-day piglets, this
is probably because the gut microbial community is unstable
and in a stage of rapid change. The bacterial communities were
dominated by Firmicutes and Bacteroidetes in agreement with
a previous study (25, 26). The increase in Firmicutes phylum is
considered a marker of the establishment of intestinal microbiota
(1, 27, 28). Previous studies found that the F/B is proportional
to body weight because the increase in Firmicutes is closely
related to energy intake (29, 30), and the relative abundance
of Bacteroidetes is associated with degradation of proteins and
carbohydrates (31). In our study, the microbiota of MET piglets
showed an increase in F/B over time, characterized by increases
in Firmicutes abundance. This suggesting that the intestinal
microbiota of MET offspring may be more efficient than CON
offspring at extracting energy from their diet, and consequently,
they gain more weight.

Differences in the Gut Microbiota Between
CON and MET Offspring During Suckling
Period
As is previously reported, an increase in methionine intake
from the diet would lead to an increased amount of methionine
in the lumen and provide an excellent fuel source for
the rapid proliferation of bacteria (32). However, a lack
of methyl donors can affect the differentiation and barrier
functions of the small intestine and increase the concentration
of Hcy, which subsequently promotes oxidative stress and
activates interrelated pro-inflammatory mechanisms, ultimately
aggravating inflammatory bowel disease in rats (13, 33).
MET supplementation through the diet limits pathobiont

colonization of the gut via inducing a specific intestinal micro-
environment (11). When the harmful bacteria decrease, the
beneficial bacteria may increase relatively. In our study, maternal
MET supplementation during gestation decreased serum Hcy
concentration in the offspring. Moreover, we identified that
MET offspring at 7 days had a significantly higher abundance
of Dialister and Megasphaera in the feces than CON offspring,
and MET offspring at 21 days had a significantly higher
abundance of Romboutsia, Akkermansia, Sharpea, Turicibacter
weissella, and pediococcus in the feces than CON offspring.
Dialister populations utilize succinate and produce propionate,
Megasphaera can convert lactic acid to propionate via the
acrylate pathway (34), and the Sharpea is beneficial to lactate
production (35). Previous studies indicate that Akkermansia
is linked with improved metabolic parameters; hosts with low
Akkermansia content are susceptible to obesity, inflammation,
and type 2 diabetes (36). As putatively beneficial gut microbiota,
Akkermansia reinforces the gut barrier function and eventually
reduces plasma lipopolysaccharide (37, 38). Previous studies also
show that high relative abundances of Romboutsia are associated
with decreased risk for infection in kidney transplant recipients
(39), the Turicibacter might play a role in inflammatory bowel
diseases and was proportional in concentration to that of butyric
acid (40, 41). Weissella and pediococcus are recognized probiotic
genera, which play a role in improving the health of the host
(42, 43). Our data show that the relative abundance of beneficial
bacteria is increased in MET piglets, which could play an
inhibitory role in the growth of intestinal pathogenic bacteria
and relieve metabolic diseases and intestinal inflammation (44,
45).

Changes in Feces SCFA Between CON and
MET Offspring During Suckling Period
Our results indicate that maternal MET supplementation during
gestation increased the concentrations of individual and total
SCFAs of offspring at 21 days of age. As for the reason for the
increased SCFAs in the feces of suckling piglets, a previous study
reports that acetate, propionate, and butyrate were formed from
cysteine, whereas the main products of methionine metabolism
were propionate and butyrate (46). Supplementing DL-MHA (a
methionine substitute) in the diet increased the concentration
of acetic acid, valeric acid, and total SCFAs in the cecum of
piglets (47). Due to the sparing effect between methionine and
cysteine, the supplementation of MET may lead to quantities of
residual Cys in the gut to produce the SCFAs. In addition, the
relative abundance of SCFA-producing Dialister, Megasphaera,
Turicibacter, and Sharpea were increased in the MET group,
which may also explain the increased production of SCFAs in
the intestine. As the main source of energy for epithelial cells,
SCFA can increase the proliferation of intestinal tissues (48, 49),
butyrate can decrease intestinal inflammation, and as it enhances
the intestinal barrier function (50), propionate can be used
by hepatocyte cells of the liver for gluconeogenesis (51). That
beneficial bacteria were increased in the MET offspring may be
associated with the increase of SCFAs, which destroy microbial
pathogens (52). However, no alteration in the concentrations of
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individual or total SCFAs was observed when the offspring piglets
were 7 days old. Although the butyric- and lactic-producing
bacteria were increased, the total intestinal microbiota of 7-day
piglets was relatively low, and the amount of SCFA produced was
also low, so the difference is not significant.

Changes in Feces Metabolism Between
CON and MET Offspring During Suckling
Period
Maternal nutrition is clearly an important determinant of
offspring gut microbiota, which has in turn linked with
host metabolism and health (53, 54). The increase in BW
at weaning might result from the increased metabolism of
biosynthesis of amino acids, pyrimidine, and purine, which are
positively correlated with growth. Previously, it was reported
that amino acids not only serve as substances for synthesis
of tissue proteins, but also as substrates for the synthesis
of many low-molecular-weight substances (55). In our study,
we found that maternal exposure to MET increased the
concentrations of amino acid metabolism (including anthranilic
acid, 1-aminocyclopropanecarboxylic acid, and sarcosine) in
the offspring at 14 or 21 days. Meanwhile, the concentrations
of metabolites involved in purine and pyrimidine metabolism
increased, which indicated an enhanced function in nucleic
acid metabolism via one-carbon metabolism (56) mainly
because folate metabolism provides building blocks (10-formyl-
tetrahydrofolate, methylene-tetrahydrofolate, respectively) for
purine and pyrimidine synthesis. Furthermore, the amino
and nucleotide sugars were increased in 14-day offspring of
MET-supplemented sows. Notably, bile acid metabolites (cholic
acid, dopamine, bilirubin, and 1-methylnicotinamide) were
increased in 14- or 21-day offspring of sows in the CON group.
The increase in bile acid metabolites could be caused by reduced
reabsorption in the intestine (57). Bile acids (BAs) play an
important role in the intestines, facilitating fat digestion and
the absorption of lipids and liposoluble vitamins. Approximately
90% of bile acids return from the intestinal cavity to the liver
via the portal vein (58). High concentrations of bile acid are
toxic to mammalian cells (59). Cholic acid, as one of the
BAs produced by the liver, is involved in the primary BA
biosynthesis pathway (60). The elevation of cholic acid is a
potential biomarker of liver injury, and extra cholic acid may
partly lead to an increased risk of inflammation (61, 62). Total
bilirubin is another indirect marker of liver function. Therefore,
the decreased levels of cholic acid and bilirubin suggest that
maternal exposure to MET during pregnancy may improve liver
function of offspring.

The maternal metabolic status during gestation exerts a
significant influence on the infant microbiota at the beginning
of life (63). Maternal MET exposure can alter serum one-
carbon metabolism of sows (14) and offspring. One-carbon
metabolism participates in the synthesis of nucleotides, proteins,

and lipids by integrating glucose, amino acid status, and vitamins
in suckling piglets (8). In addition, there is increasing evidence
that microbiota-derived metabolites act as key factors regulating
animal metabolism, growth, and development (10). In this
study, Spearman’s correlation revealed an association between
the abundance of specific bacterial genera and metabolites
that were significantly influenced by maternal exposure to
MET. Particularly, the VB6 and sarcosine were positively
correlated with the genera Rothia, Rubrobacter, Pediococcus,
and Mogibacterium. Altogether, the establishment of a gut
microbial community and metabolic homeostasis could be a
major underlying factor that induces improved growth and
development of MET suckling piglets.

CONCLUSION

Collectively, maternal methyl-donor micronutrient
addition altered gut microbiota and the fecal metabolic
profile, resulting in an improved weaning weight of
offspring piglets.
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Background: Polycystic ovary syndrome (PCOS), one of the most common endocrine

diseases in women of childbearing age, has been found to be accompanied by changes

in the gut microbiota. The Bu Shen Yang Xue formula (BSYXF) is a traditional Chinese

medicine widely used for the treatment of PCOS. This study aimed to investigate whether

the protective effects of β-sitosterol, the main active ingredient of BSYXF, on PCOS was

mediated by regulating gut microbiota.

Methods: The presence of β-sitosterol in BSYXF was detected by liquid

chromatography-mass spectrometry. The PCOS-like mouse model was induced

by dehydroepiandrosterone. The fecal supernatant of β-sitosterol-treated mice was

prepared for fecal microbiota transplantation (FMT). Body weight and wet weight of the

uterus and ovary of the mice were recorded for organ index calculation. Hematoxylin

and eosin stain was used to assess the endometrial morphology and microenvironment

changes. Expression of endometrial receptivity markers cyclooxygenase-2 (COX-2),

Integrin ανβ3, leukemia inhibitory factor (LIF), and homeobox A10 (HOXA10) in the

endometrium were determined by immunohistochemistry and western blot analysis.

Enzyme-linked immunosorbent assay was employed to detect the expression of

follicle stimulating hormone (FSH), luteinizing hormone (LH), progesterone (P), and

testosterone (T) in the serum. The diversity of gut microbiota was examined by 16S rDNA

gene sequencing.

Results: With the treatment of β-sitosterol and β-sitosterol-FMT, the uterine index of

PCOS-like mice increased, the ovarian index decreased, levels of COX-2, LH and T

decreased, and levels of Integrin ανβ3, LIF, HOXA10, FSH, and P increased. Under

β-sitosterol treatment, the structure of the gut microbiota in PCOS-like mice was

also changed.

Conclusion: β-sitosterol regulates the endometrial receptivity of PCOS and harmonizes

the sex hormone balance, which may be related to the changes in the structure and

composition of gut microbiota, thus affecting the pathological process of PCOS.

Keywords: PCOS, gut microbiota, β-sitosterol, endometrium receptivity, Bu Shen Yang Xue formula
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INTRODUCTION

Polycystic ovary syndrome (PCOS), one of the most common
metabolic and endocrine disorders, affects 6–20% of women of
childbearing age worldwide (1, 2). PCOS is characterized by
excessive androgen secretion, low ovulation rate, and polycystic
ovary (3), and is often accompanied by obesity and insulin
resistance (4). Nowadays, research on women with infertility and
PCOS mainly focuses on the aspects of ovulation dysfunction,
sex hormones, and insulin resistance (5–7). However, insulin
resistance could lead to insufficient glucose supply of endometrial
cells, interfering with their growth and activity, thereby affecting
endometrium receptivity (8), indicating that PCOS was closely
related to endometrium receptivity.

Clinical trials have shown that PCOS is associated with
decreased endometrium receptivity (9). Moreover, endocrine and
metabolic abnormalities of PCOS have been found to affect the
endometrium, causing endometrium disorders and leading to
infertility (10). The decreased endometrium receptivity in PCOS
might be caused by the noticeable imbalance of key proteins (or
molecules) and signal cascades in the endometrial tissue (11).
Among them, the expression of Integrin ανβ3, HOXA10, COX-
2, and LIF in endometrium was different (9, 12, 13). Improving
endometrium receptivity was reported to improve infertility in
women with PCOS (14). We hypothesized that the improvement
of endometrial receptivity may be a key factor in the treatment
of PCOS. The level of testosterone increased in PCOS-like mice
induced by DHEA (15), and testosterone was the regulator of
HOXA10 (16). In addition, DHEA induces impaired decidua and
endometrial receptivity inmice (17), so it is often used to simulate
PCOS in vivo.

Intestinal microorganism disorders could cause intestinal
mucosal damage and destroy the integrity of the intestinal
barrier, leading to a series of diseases including PCOS (18).
Clinical studies have found that changes in the gut microbiota
are significantly related to the PCOS phenotype of women
(19). Torres et al. (20) have conducted co-living studies with
PCOS mouse model, indicating that dysbiosis of gut microbiota
may be one of the causes of PCOS. A study demonstrated
that lactobacillus and fecal microbiota transplantation (FMT) in
healthy rats could treat rats with PCOS (21). In endometriosis
rats treated with broad-spectrum antibiotics, metronidazole
sensitive gut microbiota may promote the growth of endometrial
lesions, and the feces of endometriosis rats can promote
endometriosis progression (22). This suggests that intestinal
microorganism plays a certain regulatory role in the development
of PCOS. Gut microbiota dysregulation could lead to insulin
resistance by inducing inflammation, which is closely related to
endometrium receptivity (8, 23). These results suggested that the
gut microbiota might influence the endometrium receptivity of
PCOS through a potential mechanism.

Traditional Chinese medicine is widely used in the clinical
treatment of PCOS. Studies have shown that Chinese herbal
medicine has significant efficacy in promoting hormone
normalization, estrus cycle recovery, insulin resistance and lipid
metabolism improvement in patients with PCOS (24). The
Bu Shen Yang Xue formula (BSYXF) is a traditional Chinese

medicine compound, which is composed of 15 g of Rehmannia
glutinosa (Gaertn.) DC., 15 g of Dioscorea opposita Thunb., 12 g
of Cervi Cornu Colla, 15 g of Angelica sinensis (Oliv.) Diels, 15 g
of Dipsacus asper Wall., 15 g of Ligustrum lucidum Ait., and
15 g of Astragalus membranaceus Moench. It has been reported
that Bu Shen Huo Xue Decoction (BSHXF) has a positive effect
on assisted reproduction, which was achieved by improving the
morphology of rat endometrium (25). Both Angelica sinensis
(Oliv.) Diels and Ligustrum lucidum Ait. in BSYXF contain β-
sitosterol. β-sitosterol is one of the effectivemonomers inMoutan
Cortex and provides an antioxidative stress effect (26). It is
reasonable to assume that β-sitosterol is one of the main active
ingredients in BSYXF for the treatment of PCOS. Therefore, in
this study, β-sitosterol was extracted from BSYXF to investigate
its influence on PCOS.

Researchers have shown that traditional Chinese medicine can
improve metabolic disorders by regulating the composition and
functional structure of the gut microbiota (27). For example,
Guizhi Fuling Wan as a Chinese herbal medicine could control
inflammation by regulating the gut microbiota, and had a certain
therapeutic effect on PCOS (28). This study aimed to explore
whether the effect of β-sitosterol in BSYXF on PCOS-like mice
is achieved by gut microbiota, so as to provide new therapeutic
targets for the treatment of PCOS.

MATERIALS AND METHODS

Liquid Chromatography-Tandem Mass
Spectrometry
The amount of β-sitosterol in BSYXF was determined by LC-MS
(LC-MS-MS-8050, Shimazu, Tokyo, Japan). LC-MS analysis was
performed onWaters ACQUITYUPLCT3C18 column (100mm
× 2.1mm, 1.7µm). β-sitosterol (RFS-G00202004022, Chengdu
Herbpurify CO., Chengdu, China) was dissolved by water
to prepare the standard substance solutions. The calibration
samples consisted of five nonzero concentrations of β-sitosterol,
namely, 10, 20, 50, 100, and 200 ng/mL, and were used to generate
the calibration curve. Approximately 1 g of BSYXF (Beijing
Tcmages Pharmaceutical Co., Beijing, China) was weighed, and
dissolved in 50mL ofmethanol, eddied for 1min, and centrifuged
for 10min at 10,000 rpm/min. The supernatant was diluted
100 times. The injection volume was 1 µL. The amount of β-
sitosterol in each group was calculated using the standard curve
of β-sitosterol.

Animal Model of PCOS Induced by DHEA
For this study, 40 female pre-puberty C57BL/6 mice (21 days
old, 17.80 ± 0.50 g) were purchased from Hunan Slack Jingda
Experimental Animal Co., Ltd. (Changsha, China). All mice
were randomly divided into four groups: Sham group, PCOS
group, PCOS+β-sitosterol group and PCOS+β-sitosterol-FMT
group, with 10 mice in each group. The PCOS group, PCOS+β-
sitosterol group (β-sitosterol group), and PCOS+β-sitosterol-
FMT group (β-sitosterol-FMT group) received subcutaneous
injection of DHEA (20200707, OKA Biotechnology Co., Beijing,
China) (6 mg/100 g body weight), 0.09mL of sesame oil and
0.01mL of 95% ethanol, once a day for 21 days. The Sham
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group was subcutaneously injected with 0.09mL of sesame oil
and 0.01mL of 95% ethanol once a day for 21 days. The
estrus cycle (proestrus, estrus, metestrus, and diestrus) was
observed by a vaginal smear. When the estrus cycle of mice
in the treatment group was disordered, the PCOS model was
successfully established.

β-Sitosterol Treatment and FMT
After the successful establishment of the PCOSmouse model, the
β-sitosterol group was given intragastric β-sitosterol-treatment
(25 mg/kg/d) for 14 consecutive days. In the β-sitosterol group,
10 g of fresh fecal samples were collected every morning after
intragastric administration. The feces were stirred and mixed
with 20mL of sterile physiological saline at 37◦C for 1min,
centrifuged at 1,000 g for 5min, and the supernatant was
collected. The OD value was tested at 620 nm (adjusting fecal
bacterial concentration to 2 × 109 CFU/mL). The supernatant
was prepared for the FMT. The β-sitosterol-FMT group was
given 0.2mL of fecal supernatant from the β-sitosterol group
mice by gavage for 14 consecutive days. Meanwhile, the Sham
group and PCOS group were given the same amount of normal
saline intragastric gavage for 14 consecutive days.

Specimen Collection
On the last day of intragastric administration, the Sham group
mice were in the metestrus stage, the PCOS group mice were
constantly in the metestrus phase or diestrus phase, the β-
sitosterol group and β-sitosterol-FMT group mice were in
the proestrus or diestrus. All mice were weighed and then
anesthetized with 2% pentobarbital sodium (30 mg/kg) for
laparotomy. Abdominal aorta blood, ovaries and uterine tissues
were collected. All ovaries and uterine tissues were weighed.
The uterine index and ovarian index were calculated using the
following formula.

Uterine index = wet weight of uterus/body weight

Ovarian index = wet weight of ovary/body weight

Hematoxylin and Eosin Staining
After fixation with 4% paraformaldehyde for 4 h, the ovaries and
uterine tissues of mice were dehydrated, embedded, sectioned,
stained with H&E, and photographed under a microscope
(BA210T, Motic, Xiamen, China) to observe the pathological
structure of the ovaries and uterine tissues.

Immunohistochemistry
The paraffin-embedded tissues were divided into four groups.
The sections were dewaxed to water, antigens were heat-repaired,
and endogenous enzymes were inactivated and incubated with
the following primary antibodies: cyclooxygenase-2 (COX-
2; ab15191, 1:1,000, Abcam, Cambridge, UK), homeobox
A10 (HOXA10; ab191470, 1:5,000, Abcam, Cambridge, UK),
leukemia inhibitory factor (LIF; ab138002, 1:5,000, Abcam,
Cambridge, UK), and Integrin ανβ3 (ab179475, 1:5,000,
Abcam, Cambridge, UK) at 4◦C overnight. After washing
with phosphate-buffered saline (PBS), the secondary antibody
was incubated for 30min, and developed with DBA, then the

hematoxylin was restained, and the slices were sealed. The
figures were observed and photographed under microscope
(BA410T, Motic, Xiamen, China) and analyzed by image
processing software (Image-Pro-Plus 6.0, Media Cybernetics,
Silver Spring, USA).

Western Blot
Total proteins were extracted frommice endometrial tissues. WB
was used to detect the expression of proteins COX-2, Integrin
ανβ3, LIF, and HOXA10. The protein was adsorbed on the PVDF
membrane by gel electrophoresis and sealed with 5% skim milk
solution for 2 h at room temperature. The primary antibody was
incubated with COX-2 (ab15191, 1:1,000, Abcam, Cambridge,
UK), HOXA10 (ab191470, 1:5,000, Abcam, Cambridge, UK),
LIF (ab138002, 1:5,000, Abcam, Cambridge, UK), Integrin ανβ3
(ab179475, 1:5,000, Abcam, Cambridge, UK) and β-actin (66009-
1-Ig, 1:5,000, Proteintech, USA) overnight at 4◦C, washed three
times with PBS with Tween (PBST), and secondary antibodies
anti-rabbit IgG (#SA00001-2, dilution 1:6,000, Proteintech,
Chicago, USA) and anti-mouse IgG (#SA00001-1, dilution
1:5,000, Proteintech, Chicago, USA) were incubated for 1.5 h at
room temperature. The PBST was washed three times, and the
membrane was incubated with SuperECL Plus (#K-12045-D50,
Advansta, Menlo Park, USA) for 1min. The chemiluminescence
imaging system (ChemiScope 6100, Clinx, Shanghai, China) was
used for scanning and imaging. β-actin was used as an internal
reference for detecting relative expression levels.

Enzyme-Linked Immunosorbent Assay
All blood samples were centrifuged at 1,000 g for 10min and
the serum was collected. Concentrations of follicle stimulating
hormone (FSH), progesterone (P), luteinizing hormone (LH),
and testosterone (T) in serum samples were determined
by ELISA kit (CSB-E06871m, CSB-E05104m, CSB-E12770m,
CSB-E05101m, CusaBio, Wuhan, China) according to the
manufacturer’s instructions, and all samples were repeated
three times.

16S rDNA Sequencing
The fresh feces of all groups were collected on the last
day of intragastric administration. Microbial genomic DNA
was extracted from each fecal sample at 200mg using the
Fecal Genomic DNA Kit (DP328, Tiangen, Beijing, China).
Moreover, 4200 TapeStation Instrument (Version 4200, Agilent
Technologies, Santa Clara, USA) was used to test the quality
of the extracted DNA. The whole genome of the sample
was sequenced on Illumina NovaSeq platform (NovaSeq 6000,
Illumina, San Diego, USA). After obtaining the original data for
quality control, species composition in the samples was analyzed
by comparing with the Silva-132-99 database. Data analysis
was conducted using R software (Version 4.0.2, R Foundation,
Vienna, Austria). First, the R software was used to generate
samples or groups that had operational taxonomic unit (OTU)
list, and these specific OTUs were then visualized with the
help of jvenn (http://www.bioinformatics.com.cn/static/others/
jvenn/example.html). Nonmetric dimensional scaling (NMDS)
and analysis of similarity (ANOSIM) analysis were performed by
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the vegan package. The QIIME2 pipeline (2020.2) (29) was used
to calculate the alpha-diversity metrics (Observe, Chao1, ACE,
Shannon, and Simpon). Differential abundance at the phylum
and species level was determined using the Wald test method.
All plots were visualized by the package ggplot2 in R software
(Version 4.0.2, R Foundation, Vienna, Austria).

Statistical Analysis
Data are expressed as mean ± standard error of mean (SEM).
GraphPad Prism 8 software (GraphPad Software, Inc., San
Diego, USA) was used for statistical analysis. Comparisons
among multiple groups were evaluated by one-way analysis
of variance, followed by Tukey’s post-hoc test. P < 0.05 was
considered significant. All experiments were repeated three
times. The measurement data conforms to normal distribution.
The nonlinear model was used for the statistical analysis.

RESULTS

Determination of β-Sitosterol in BSYXF by
LC-MS
LC-MS was used to analyze the total content of β-sitosterol
in Bu Shen Yang Xue formula, which was 368.636 mg/kg
(Supplementary Figure 1).

Effects of β-Sitosterol on Ovaries and
Uterus in PCOS-Like Mice
To investigate the curative effect of β-sitosterol on PCOS-like
mice, we first evaluated the physiological state of mice in different
groups. The ovarian index of the PCOS group was significantly
higher than that of the Sham group, while the uterine index
of the PCOS group was lower than that of the Sham group.
Both indices were notably reversed after β-sitosterol treatment
(Figures 1A,B). After β-sitosterol treatment, results of H&E
staining showed that excessive ovarian vesicles were reduced and
absent granulosa cell layers were evidently increased in PCOS-
like mice (Figure 1C). From uterine H&E staining, the average
thickness of the endometrium of mice in the PCOS+β-sitosterol
group was thicker than that in the PCOS group (Figure 1D).
These results implied that β-sitosterol is capable of improving the
uterine and ovary status of PCOS-like mice.

Effects of β-Sitosterol on the Expression
of Endometrium Receptivity Markers and
Related Hormones in PCOS-Like Mice
To further verify the effect of β-sitosterol on the endometrium
receptivity of PCOS-like mice, the expressions of COX-2,
Integrin ανβ3, LIF and HOXA10 in the endometrium of each
group was detected by IHC and then WB. IHC results showed
that the expression of COX-2 was markedly downregulated
after β-sitosterol treatment in PCOS-like mice (Figure 2A).
Meanwhile, β-sitosterol effectively inhibited the excessive
decrease in expressions of integrins ανβ3, LIF, and HOXA10 in
the endometrium of PCOS-like mice (Figures 2B–D). Results
of WB were consistent (Figure 3A). Then, ELISA was used to
detect the serum sex hormone levels of mice in each group.

β-sitosterol treatment was observed to increase FSH and P
levels in PCOS-like mice. By contrast, serum LH and T levels
were significantly reduced in PCOS-like mice treated with
β-sitosterol (Figure 3B). These results indicated that β-sitosterol
has a positive effect on endometrial receptivity and on the sex
hormone balance of PCOS-like mice.

Effects of β-Sitosterol on the Composition
of Gut Microbiota in PCOS-Like Mice
Studies have shown that abnormal changes in gut microbiota
was implicated in PCOS (21). Therefore, we hypothesized that
regulating gut microbiota may play a role in the improvement
effect of β-sitosterol on PCOS. Thereafter, the 16S rDNA gene
sequencing was used to analyze the gut microbiota diversity.
Based on the species annotation analysis of OTU, the Venn
plot showed that the unique OTUs in the Sham group, PCOS
group, and β-sitosterol group were 77, 57, and 81, respectively
(Figure 4A). Moreover, alpha diversity was statistically analyzed.
Unexpectedly, an undifferentiated distinction in microbial
diversity as displayed by the observed index, Chao1 index,
Ace index, Shannon index, and Simpon index, was observed
in the three groups (Figure 4B). ANOSIM is a nonparametric
test to check whether the differences between groups are
significantly greater than the differences within groups, and
therefore whether the grouping is meaningful. ANOSIM showed
that this observation (R = 0.738, P = 0.001) was significant
in the study groups (Figure 4C). Uniformly, NMDS analysis
results showed that all groups of samples were separated clearly
(Figure 4D). Therefore, it is reasonable to infer that β-sitosterol
treatment may exert a protective effect by altering the species and
structure of specific gut microbiota.

Effects of β-Sitosterol on the Abundance
of Specific Microbiota in PCOS-Like Mice
To further explore the differences in the relative abundance of
bacterial taxa, the relative abundance of the top 20 bacterial
taxa in the three groups was assessed by the cluster heat map
(Figure 5A). Moreover, differences in the relative abundance
of the gut microbiota in each group at the phylum level
were statistically analyzed. The top five different categories
of bacteria in the phylum level were analyzed emphatically.
Abundances of Firmicutes-Lactobacillus, Bacteroidetes-
f_Muribaculaceae_ASV_4, and Bacteroidetes-Alistipes showed
an upward trend in PCOS group, while in β-sitosterol group
the change in these taxa was reversed. Inversely, after treatment
with β-sitosterol, the decrease in Firmicutes-Lactobacillus,
Bacteroidetes-alloprevotella, Bacteroidetes-parabacteroides,
and Bacteroidetes-f_Muribaculaceae_ASV_4 in PCOS-
like mice was improved (Figure 5B). Furthermore, the
abundance of the top 10 bacteria at the species level was
analyzed. Although the abundances of Ambiguous_taxa-
Rikenella, Lactobacillus_johnsonii-Lactobacillus, f_Muriba
culaceae_ASV_16, f_Muribaculaceae_ASV_4, uncultured_
bacterium-Alistipes, uncultured_bacterium-Dubosiella, and
uncultured_bacterium-Lachnospiraceae_NK4A136_group de
monstrated an upward trend in the PCOS group compared
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FIGURE 1 | Effect of β-sitosterol on ovaries and uterus in PCOS-like mice. (A) Ovarian index. (B) Uterine index. (C) Hematoxylin and eosin (H&E) staining was

performed to observe pathological changes of ovarian tissue in each group (magnification, 100×; scale bar = 100µm). (D) H&E staining showed pathological

changes of uterine tissue in each group. Upper images are magnified 40-fold (scale bar = 250µm), and local magnification (underneath) is magnified 400-fold (Scale

bar = 25µm). Data are presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. PCOS, polycystic ovary syndrome.

with that in the Sham group, all these taxa abundances
were reduced to some extent by β-sitosterol. In addition,

the relative abundance of Ambiguous_taxa-Alloprevotella,
uncultured_Bacteroidales_bacterium-Parabacteroides, and
uncultured_bacterium-Muribaculum in the β-sitosterol group
was counter to that in PCOS-like mice, which showed a partial
increasing trend (Figure 5C). Although certain microbial

strains such as Firmicutes-Lactobacillus and Ambiguous_taxa-
Alloprevotella showed no significant difference among all groups,
the variation tendency was still observed. These results indicated

that β-sitosterol has the potential to change the intestinal
microflora structure of PCOS-like mice and restore it to near
normal levels.

Effects of β-Sitosterol-FMT on Ovaries and
Uterus in PCOS-Like Mice
Furthermore, feces of mice from the β-sitosterol treatment
group were transplanted into PCOS-like mice to confirm that
β-sitosterol plays a positive role in PCOS through the intestinal
flora. Compared with the PCOS group, the uterine index of

Frontiers in Nutrition | www.frontiersin.org 5 June 2021 | Volume 8 | Article 667130122

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yu et al. β-Sitosterol Ameliorates Endometrium Receptivity

FIGURE 2 | Effect of β-sitosterol on the expression of endometrium receptivity markers and related hormones in PCOS-like mice. (A–D) Expressions of COX-2,

HOXA10, LIF, and Integrin ανβ3 in the endometrium of mice in each group detected by IHC. Upper images are magnified 400-fold (scale bar = 25µm) and lower

images are magnified 100-fold (scale bar = 100µm). Data are presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. PCOS, polycystic ovary

syndrome; COX-2, cyclooxygenase-2; HOXA10, homeobox A10; LIF, leukemia inhibitory factor; ELISA, enzyme-linked immunosorbent assay.
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FIGURE 3 | Effect of β-sitosterol on the expression of endometrium receptivity markers and related hormones in PCOS-like mice. (A) Expressions of COX-2, HOXA10,

LIF, and Integrin ανβ3 in the endometrium of mice in each group were detected by western blot. (B) Levels of FSH, P, LH, and T in the serum of mice in each group

were detected by ELISA. Data are presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. FSH, follicle-stimulating hormone; P, progesterone; LH,

luteinizing hormone; T, testosterone; PCOS, polycystic ovary syndrome.

mice in the β-sitosterol-FMT group showed a marked increase,
compared with that of the ovarian index (Figures 6A,B). H&E
staining results showed that, after β-sitosterol-FMT treatment,
cystic follicles decreased and granulosa cell layer increased in
PCOS-like mice (Figure 6C). H&E staining of the endometrium
showed that the average thickness of the endometrium of mice in
the β-sitosterol-FMT group increased compared with the mice in
the PCOS group (Figure 6D). Therefore, the gut microbiota may
be a potential pathway for β-sitosterol to ameliorate PCOS.

Effect of β-Sitosterol-FMT on the
Expression of Endometrium Receptivity
Markers and Related Hormones in
PCOS-Like Mice
To further investigate the effect of β-sitosterol-FMT on the
endometrium receptivity of PCOS-like mice, the expressions
of endometrial receptivity marker proteins in each group was
detected by IHC and WB. As a result, the expression of COX-
2 was significantly decreased (Figure 7A) and the expressions

of Integrin ανβ3, LIF, and HOXA10 were significantly increased
in the β-sitosterol-FMT group compared with that in the PCOS
group (Figures 7B–D). As shown in Figure 8A, WB detection
results were consistent with IHC results, which demonstrated
that β-sitosterol-FMT improves the endometrium receptivity of
PCOS-like mice. According to ELISA results (Figure 8B), the
levels of FSH and P in the β-sitosterol-FMT group mice were
significantly increased compared with those in the PCOS group.
By contrast, when PCOS-like mice were treated with β-sitosterol-
FMT, the levels of LH and Twere significantly lower than those in
the PCOS group. The above results manifested that β-sitosterol-
FMT treatment also have a positive effects on the sex hormone
balance of PCOS-like mice.

DISCUSSION

In our study, we established a mouse model of PCOS induced
by DHEA, and found that β-sitosterol improved endometrial
receptivity and balanced sex hormone levels in mice with PCOS.
In addition, β-sitosterol can improve the composition of gut
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FIGURE 4 | Effects of β-sitosterol on the composition of gut microbiota in PCOS-like mice. (A) Venn diagrams demonstrated the results of operational taxonomic

units in groups. (B) Changes in Observe, Chao1, ACE, Shannon, and Simpon indices. (C) Analysis of similarities showed differences in groups. (D) Nonmetric

multidimensional scaling analysis showed differences in groups. PCOS, polycystic ovary syndrome; FSH, follicle-stimulating hormone; P, progesterone; LH, luteinizing

hormone; T, testosterone.

microbiota in PCOS-like mice. The gut microbiota composition
of PCOS-like mice was improved after β-sitosterol treatment.
The feces of β-sitosterol-treated mice were transplanted into
PCOS, demonstrating that β-sitosterol may have a positive
effect on PCOS-like mice by regulating gut microbiota. Our
study suggested that β-sitosterol is capable of altering the gut

microbiota imbalance in the pathogenesis of PCOS and of
improving the development process of PCOS.

Many literature have reported that DHEA induced rodent
models with remarkable characteristics of polycystic ovary
syndrome (30–33). The reversal of FSH/LH ratio is an important
clinical feature of PCOS (34). In addition, it has been reported
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FIGURE 5 | Effects of β-sitosterol on the abundance of specific microbiota in PCOS-like mice. (A) Heat map showed that the abundances of the first 20 species were

differentially expressed in groups. (B) Relative abundance of the five bacterial categories at the phylum level. Top five bacteria: Firmicutes-Lactobacillus,

Bacteroidetes-Alloprevotella, Bacteroidetes-Parabacteroides, Bacteroidetes-f_Muribaculaceae_ASV_4, and Bacteroidetes-Alistipes. (C) Relative abundance of the

top 10 bacterial categories at the species level. Top 10 bacteria: Ambiguous_taxa-Alloprevotella, Ambiguous_taxa-Rikenella, Lactobacillus_johnsonii-Lactobacillus,

f_Muribaculaceae_ASV_16, f_Muribaculaceae_ASV_4, uncultured_Bacteroidales_bacterium-Parabacteroides, uncultured_bacterium-Alistipes,

uncultured_bacterium-Dubosiella, uncultured_bacterium-Lachnospiraceae_NK4A-136_group, and uncultured_bacterium-Muribaculum. PCOS, polycystic ovary

syndrome.
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FIGURE 6 | Effects of β-sitosterol-FMT on ovaries and uterus in mice with PCOS. (A) Ovarian index. (B) Uterine index. (C) Hematoxylin and eosin (H&E) staining

showed pathological changes of ovarian tissue in each group. Images are magnified 100-fold (scale bar = 100µm). (D) HE staining showed pathological changes of

uterine tissue in each group. Upper images are magnified 40-fold (scale bar = 250µm), and underneath images are magnified 400-fold (scale bar = 25µm). Data are

presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. PCOS, polycystic ovary syndrome.

that LH level increased (15) and FSH expression level decreased
(35) in PCOS model induced by DHEA. Therefore, the DHEA
induced PCOS model is a feasible method. However, it has been
reported that there may be no difference in LH and/or FSH
levels between DHEA-induced PCOS model and control group,
which may be the result of the difference in model establishment.
In addition, DHEA treatment can significantly increase the
number of cystic follicles and the thickness of membrane cell
layer in mice, and significantly reduce the number of corpus
luteum and dominant follicles, indicating that DHEA can induce

the formation of PCOS in mice (36). This is consistent with
our research.

PCOS was an important cause of female infertility, which
might cause various serious complications (37, 38). Thus,
studying effective treatment of PCOS is an urgent issue to
improve the physical condition of patients with PCOS. Previous
studies have confirmed that β-sitosterol was very effective in
treating anti-inflammatory (39), antioxidative stress (40) and
antitumor (41). In this study, β-sitosterol treatment significantly
improved the uterine and ovary structure in PCOS group, we
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FIGURE 7 | Effect of β-sitosterol-FMT on the expressions of endometrium receptivity markers and related hormones in mice with PCOS. (A–D) Expressions of COX-2,

HOXA10, LIF, and Integrin ανβ3 in the endometrium of mice in each group were detected by IHC. Upper images are magnified 400-fold (scale bar = 25µm), and

underneath images are magnified 100-fold (scale bar = 100µm). Data are presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. PCOS, polycystic

ovary syndrome; COX-2, cyclooxygenase-2; HOXA10, homeobox A10; LIF, leukemia inhibitory factor; ELISA, enzyme-linked immunosorbent assay.
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FIGURE 8 | Effect of β-sitosterol-FMT on the expressions of endometrium receptivity markers and related hormones in mice with PCOS. (A) Expressions of COX-2,

HOXA10, LIF, and Integrin ανβ3 in the endometrium of mice in each group were detected by western blot. (B) Levels of FSH, P, LH, and T in the serum of mice in each

group were detected by ELISA. Data are presented as mean ± SEM. *P < 0.05 vs. Sham. #P < 0.05 vs. PCOS. PCOS, polycystic ovary syndrome; COX-2,

cyclooxygenase-2; HOXA10, homeobox A10; LIF, leukemia inhibitory factor; ELISA, enzyme-linked immunosorbent assay.

therefore hypothesize from these observations that β-sitosterol
treatment may have some effect on the improvement of PCOS.
Studies have shown that decreased endometrium receptivity
is an important indicator of infertility in patients with PCOS
(42). Endometrial receptivity was reduced when PCOS occurs,
and relevant biomarkers are abnormally expressed (9). We
first investigated the therapeutic effect of β-sitosterol on the
endometrial receptivity of PCOS-like mice. The observation of
β-sitosterol evidently reversed a low expression of Integrin ανβ3,
LIF, and HOXA10 and a high expression of COX-2 in the
PCOS group, suggests β-sitosterol in PCOS group altered these
abnormal expressions ofmarkers in the endometrium. A disorder
of sex hormone secretion was another cause of PCOS (43). In
our study, β-sitosterol distinctly reduced the production of serum
FSH and P in PCOS-like mice and promoted the production of
LH and T. It is tempting to speculate from these observations that
β-sitosterol could not only modulate endometrial receptivity, but
also coordinate sex hormone balance in PCOS-like mice.

During the past decades, the regulatory roles of gut
microbiota on various diseases, including PCOS, have gained
increasing attention (44, 45). β-sitosterol could improve rumen
fermentation in sheep by reducing microbial community and

metabolic disorders induced by high grain feed (46). Therefore,
we have reason to suspect that the protective effect of β-sitosterol
on PCOS may be related to gut microbiota. In this study, 16S
rDNA sequencing of gut microbiota showed that β-sitosterol
had a regulatory effect on gut microbiota of mice in the PCOS
group. Nevertheless, β- sitosterol showed no significant effect on
the alpha diversity of PCOS-like mice. In a study that explored
the composition of the gut flora in women with PCOS, no
change was found in the alpha-diversity of the gut flora between
patients with PCOS and people with good health status (47).
We speculate that this may be due to the small sample size of
the intestinal microbiome. To our delight, we found significant
differences in beta diversity among various treatments.Moreover,
the relative abundance of some bacterial communities changed
significantly with the addition of β-sitosterol. A study found
that bacteroidetes in PCOS has a lower relative abundance (48).
Our results are consistent with such finding. In addition, we
found that Ambiguous_taxa-Alloprevotella and Parabacteroides
decreased in the intestinal tract of PCOS-like mice. After
treatment with β-sitosterol, the structure of the gut microbiota
in the PCOS group was significantly changed. Zhu et al. (28)
found that the relative abundance ofAlloprevotellawas decreased
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significantly in PCOS. However, Bacteroidete-Alloprevotella and
Ambiguous_taxa-Alloprevotella were upregulated by β-sitosterol
administration, whereas Firmicutes-Lactobacillus, Bacteroidetes-
f_Muribaculaceae_ASV_4, and f_Muribaculaceae_ASV_16 were
downregulated. Therefore, it is reasonable to speculate that
β-sitosterol affects PCOS by changing the structure of the
gut microbiota.

FMT was an innovative method for the treatment of PCOS.
Gut microbiota disorders could be restored by FMT from healthy
donors to recipients (49). FMT of healthy rats could improve
the estrus cycle and ovarian disorder of PCOS rats (21). In our
study, FMT in β-sitosterol treated mice restored endometrium
receptivity of PCOS-like mice. It also decreased the levels of FSH
and P and increased the levels of LH and T. β-sitosterol-FMT
assisted in the treatment of PCOS-like mice. It is tempting to
speculate from these observations that β-sitosterol has the ability
to harmonize gut microbiota homeostasis in PCOS-like mice.

Our results indicate that the therapeutic effect of β-
sitosterol on PCOS-like mice is at least partially mediated
by the improvement of intestinal microbiota composition,
suggesting that β-sitosterol may be an effective treatment for
PCOS. However, it is unclear how β-sitosterol in the gut
microbiota improves endometrial receptivity of PCOS. Given
the small sample sizes no significant difference was found
in the relative abundance of some intestinal microorganisms
among the experimental groups. The exact cellular andmolecular
mechanisms by which β-sitosterol change the composition of gut
microbes these changes is also unclear. In our next experiment,
we will collect more samples for more precise experiments. In
addition, we will further explore the influence of intestinal flora
on PCOS in combination with clinical and animal experiments,
as well as the ways through which β-sitosterol influences
intestinal flora, so as to exert its alleviating effect on PCOS.

CONCLUSION

We found that β-sitosterol can regulate endometrial receptivity
and sex hormone balance in PCOS-like mice, which may be

related to its regulation effect on gut microbiota. At the same
time, β-sitosterol-treated mice feces transplanted into PCOS-
like mice, also contributed to the improvement of PCOS.
Results suggested that β-sitosterol has a good clinical application
prospect in the treatment of PCOS.
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Ammonia, an atmospheric pollutant in the air, jeopardizes immune function, and

perturbs metabolism, especially lipid metabolism, in human and animals. The roles of

intestinal microbiota and its metabolites in maintaining or regulating immune function

and metabolism are irreplaceable. Therefore, this study aimed to investigate how aerial

ammonia exposure influences hindgut microbiota and its metabolites in a pig model.

Twelve growing pigs were treated with or without aerial ammonia (35 mg/m3) for 25

days, and then microbial diversity and microbiota-derived metabolites were measured.

The results demonstrated a decreasing trend in leptin (p = 0.0898) and reduced

high-density lipoprotein cholesterol (HDL-C, p = 0.0006) in serum after ammonia

exposure. Besides, an upward trend in hyocholic acid (HCA), lithocholic acid (LCA),

hyodeoxycholic acid (HDCA) (p < 0.1); a downward trend in tauro-deoxycholic acid

(TDCA, p < 0.1); and a reduced tauro-HDCA (THDCA, p < 0.05) level were found

in the serum bile acid (BA) profiles after ammonia exposure. Ammonia exposure

notably raised microbial alpha-diversity with higher Sobs, Shannon, or ACE index in

the cecum or colon and the Chao index in the cecum (p < 0.05) and clearly exhibited

a distinct microbial cluster in hindgut indicated by principal coordinate analysis (p <

0.01), indicating that ammonia exposure induced alterations of microbial community

structure and composition in the hindgut. Further analysis displayed that ammonia

exposure increased the number of potentially harmful bacteria, such as Negativibacillus,

Alloprevotella, or Lachnospira, and decreased the number of beneficial bacteria, such

as Akkermansia or Clostridium_sensu_stricto_1, in the hindgut (FDR < 0.05). Analysis of

microbiota-derived metabolites in the hindgut showed that ammonia exposure increased

acetate and decreased isobutyrate or isovalerate in the cecum or colon, respectively

(p < 0.05). Unlike the alteration of serum BA profiles, cecal BA data showed that

high ammonia exposure had a downward trend in cholic acid (CA), HCA, and LCA (p

< 0.1); a downward trend in deoxycholic acid (DCA) and HDCA (p < 0.05); and an

upward trend in glycol-chenodeoxycholic acid (GCDCA, p < 0.05). Mantel test and

correlation analysis revealed associations between microbiota-derived metabolites and
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ammonia exposure-responsive cecal bacteria. Collectively, the findings illustrated that

high ammonia exposure induced the dysbiotic microbiota in the hindgut, thereby affecting

the production of microbiota-derived short-chain fatty acids and BAs, which play a pivotal

role in the modulation of host systematic metabolism.

Keywords: high ammonia, microbiota, bile acid, short-chain fatty acid, growing pigs

INTRODUCTION

Ammonia (NH3), the sole alkaline gas in the atmosphere,
is the predominant source of active nitrogen. The primary
sources of aerial ammonia are agricultural production, such as
emission from animal husbandry and release of ammonia-based
fertilizer (1, 2), and industrial production (e.g., chemical pant),
land or sea release. Human activities (e.g., automobiles and
airplane emissions) also give off ammonia (3). There is increasing
attention to ammonia release over the past few decades, because
of it having adverse influences on animal and human health.
Besides, pernicious effects of aerial ammonia on the formation
of atmospheric particles and reduction of air visibility have
been reported (4, 5). Numerous studies have demonstrated that
atmospheric ammonia has hazardous effects on many organs
of animals, causing cardiac autophagy or liver apoptosis via
the mitochondrial pathway or the PETEN/AKT/mTOR pathway
(6–8), leading to respiratory tract infection and inflammation
response (9), bringing about intestinal microvilli deficiency (10)
and microbial disturbance in the small intestine (11), giving rise
to dysfunction of immune organs (12, 13).

Previous studies in our laboratory have proved metabolic
disorders induced by aerial ammonia exposure in animals.
Ammonia exposure modulated the distribution of body fat
in broilers by regulating the transcripts of lipid metabolism-
related enzymes in the liver or breast muscle (14, 15).
The previous results exhibited that high ammonia exposure
disordered lipidmetabolism via activation of themTOR pathway,
consequently upregulating genes involved in lipogenesis and
downregulating lipolysis genes in the muscle of growing pigs
(16), and impaired the branched-chain amino acid (BCAA)

Abbreviations: AA, amino acid; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; BA, bile acid; BCAA, branched-chain amino acid; BW, body

weight; BWG, body weight gain; CA, cholic acid; CDCA, chenodeoxycholic

acid; DCA, deoxycholic acid; FXR, farnesoid X receptor; GCA, glycol-cholic

acid; GCBA, glycine-conjugated bile acid; GCDCA, glycol-chenodeoxycholic

acid; GHCA, glycol-hyocholic acid; GUDCA, glycol-ursodeoxycholic acid; HCA,

hyocholic acid; HDCA, hyodeoxycholic acid; HDL-C, high-density lipoprotein

cholesterol; Ile, isoleucine; LCA, lithocholic acid; LDL-C, low-density lipoprotein

cholesterol; Leu, leucine; LPS, lipopolysaccharide; MyHC, myosin heavy chain;

NH3, ammonia; OTU, operational taxonomic unit; PBA, primary bile acid;

PCoA, principal coordinate analysis; Phe, phenylalanine; RDA, redundancy

analysis; SBA, secondary bile acid; SCFA, short-chain fatty acid; TBA, total bile

acid; TC, total cholesterol; TCA, tauro-cholic acid; TCBA, taurine-conjugated

bile acid; TCDCA, tauro-chenodeoxycholic acid; TDCA, tauro-deoxycholic

acid; TG, total triglycerides; TGR5, takeda G protein-coupled receptor 5;

THDCA, tauro-hyodeoxycholic acid; TLCA, tauro-lithocholic acid; TUDCA,

tauro-ursodeoxycholic acid; Tyr, tyrosine; UDCA, ursodeoxycholic acid; Val,

valine; VLDL, very low density lipoprotein.

catabolism by suppressing the expression of BCAA catabolism-
related enzymes (unpublished data). Attractively, the type of
skeletal myofiber, especially increased myosin heavy chain
(MyHC) IIx or decreased MyHC I, was notably altered after
aerial ammonia exposure, which indicated that the metabolic
type of skeletal muscle changed from oxidative to glycolytic
type (16, 17). However, the specific mechanism that aerial
ammonia jeopardizes animal health, causing metabolic disorder,
is still unclear.

Microbiota is a crucial “microbial organ” of mammals,
and is closely related to many physiological functions, such
as metabolism, immunity, and nutrition. Recent studies have
displayed that microbiota plays a momentous role in the function
and metabolism of skeletal muscles (18–20). The absence of
gut microbiota induces muscle mass loss and causes metabolic
disturbance containing BCAA dysbolism and alteration of
muscular myofibers or glucose homeostasis (19, 20). These
results caused by the absence of gut microbiota are similar
to those induced by aerial ammonia exposure, indicating that
the role of gut microbiota in muscular dysbolism caused by
ammonia exposure is irreplaceable. Besides, there is a wide array
of evidence that microbial metabolites, such as short-chain fatty
acid (SCFA), bile acid (BA), microbial tryptophan catabolites,
and succinate, are pivotal inducers that regulate host metabolism
and inflammatory response (21). However, it is still unclear
whether or how ammonia exposure affects the composition of
gut microbiota and its metabolites. Therefore, this study aimed
to investigate the impacts of aerial ammonia on the constitution
of gut microbiota (in the cecum and colon) and its metabolites
[SCFA, BA, and amino acid (AA)].

MATERIALS AND METHODS

Animal Experimental Ethics
All procedures performed in this study were reviewed and
approved by the Experimental Animal Welfare and Ethical
Committee of the Institute of Animal Science of the Chinese
Academy of Agricultural Sciences (IAS2017-2). Minimum
numbers of pigs were used in an effort to minimize stress
during handling.

Animals and Exposure Conditions
A total of twelve 70-day-old pigs (Yorkshire× Landrace, 20.27±
0.36 kg) purchased from a commercial pig farm (Beijing Breeding
Pig Co., Ltd., Beijing, China) were randomly distributed into
two groups, the control and high ammonia groups. All the pigs
were individually penned, and each group was maintained in
a separate controlled environment chamber. The pigs in the
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ammonia chamber were exposed to 35 mg/m3 ammonia for 25
days, while pigs in the control group were housed in another
chamber without ammonia during the experimental period.
ToxiRAE Pro Ammonia (NH3) Detector (RAE systems, San
Jose, CA, USA) was used to monitor ammonia concentration
in the chamber, and ammonia was sent into the chamber via a
ventilation system before being mixed with air. Over the 25-day
experimental period, all pigs had free access to clean water and
consumed commercial feed (Supplementary Table 1) that was
equal to 4–5% of body weight (BW) per day. The BW of each
pig was taken weekly, and all animals were allowed to adapt to
the chamber for 7 days under control group conditions before
the start of the experiment.

Collecting Samples
At the end of the experiment, blood samples were acquired from
the jugular vein via a sterilized syringe before the pigs were
sacrificed by electric stunning (Xingye Butchery Machinery Co.
Ltd., Changde, China). Then, the blood was centrifuged at 3,000
rpm for 15min to obtain serum after 3 h incubation at room
temperature. The serum was aliquoted and stored at −80◦C for
BA quantification or other metabolite analysis. Sections of the
cecum and proximate colon were in situ ligated before the whole
intestine was removed from the abdominal cavity. Then, the
digesta in the cecum and proximal colon was aseptically collected
in 2-ml sterile tubes, immediately frozen in liquid nitrogen, and
stored at −80◦C for sequencing of microbial 16S genes and
analysis for SCFA and BA quantification.

Serum Metabolites
Serum leptin and adiponectin were measured by ELISA for
antigen detection using commercial assay kits (Cat # KAP2281
for leptin, Cat # KAPME09 for adiponectin) from Beijing North
Institute of Biological Technology (Beijing, China). According
to the instruction of the manufacturer, the concentrations of
high-density lipoprotein cholesterol (HDL-C, Cat # A112-2-
1), low-density lipoprotein cholesterol (LDL-C, Cat # A113-
2-1), very low-density lipoprotein (VLDL, Cat # H249),
alanine aminotransferase (ALT, Cat # C009-2-1), and aspartate
aminotransferase (AST, Cat # C010-2-1) in the serum were
detected via commercial assay kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

Quantification of Bile Acids in Serum and
Intestinal Digesta
The BA in the serum was extracted according to the methods
described by Fang et al. (22). Briefly, 200 µl of the serum
was added into an equal amount of pre-cold sodium acetate
(50mM, pH 5.6) and triple ethanol (chromatography grade), and
then the mixture was vortexed for 2min to mix evenly. After
centrifugation at 20,000 g for 20min, the supernatant was diluted
five times with a sodium acetate buffer and applied to a Bond
Elute C18 cartridge (500mg/6ml, Varian, Harbor City, CA, USA)
pre-activated by 5ml methanol. The cartridge was then washed
with 25% ethanol, and the BA was eluted with 5ml methanol.
The residue was dissolved in 1ml methanol after the solvent
was evaporated with nitrogen gas and finally passed through a

0.45-µmMilled-LG filter (Millipore, Billerica, MA, USA) for BA
analysis. The BA in the intestinal digesta was extracted according
to the methods described by Fang et al. (22). Approximate 50–
80mg lyophilized digesta in cecum was suspended in a mixture
of pre-cold sodium acetate buffer (50mM, pH 5.6) and ethanol,
and then the same method was used as described above.

The BA in the serum and intestinal digesta was profiled with a
Waters Xevo TQ-S LC/MS mass spectrometer (Waters, Milford,
MA, USA) equipped with an ESI source and the assay condition
used in the previous report by Fang et al. (22). Briefly, a 10-µl
filtrate was injected into a ZORBAX Eclipse plus C18 column
(95 Å, 1.8µm, 2.1 × 100mm) from Agilent (Santa Clara, CA,
United States) to separate the BA. The mobile phases consisted
of 5% acetonitrile and 0.1% formic acid (mobile phase A) and
95% acetonitrile and 0.1% formic acid (mobile phases B). The
gradient for BA elution was gradually changed at a total flow
rate of 0.4 ml/min as follows: mobile phase A:B (9:1, v/v) from
0 to 1min, mobile phase A:B (7:3, v/v) from 1 to 1.5min, mobile
phase A:B (2:3, v/v) from 1.5 to 5.5min, and mobile phase A:B
(9:1, v/v) from 5.5 to 7min. The spray voltage and vaporizer
temperature were set at 2.91 kV and 500◦C, respectively. The gas
flowwas set at 550 L/h. A total of 18 BA standards were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The
quantification of each BA was based upon the series dilutions of
available standards, and good linearity was confirmed.

Quantification of Short-Chain Fatty Acids
in Intestinal Digesta
To extract SCFA, about 0.5 g wet digesta was thoroughly mixed
with 5ml ultrapure water, then shocked for 30min to mix evenly,
and finally incubated at 4◦C for 24 h. After centrifugation at
12,000 rpm for 20min, the supernatant was mixed with 25%
metaphosphoric acid at a ratio of 9:1, vortexed, and incubated at
room temperature for 4 h. Then, the mixture was passed through
a 0.45-µm Milled-LG filter (Millipore, Billerica, MA, USA) and
subjected to SCFA analysis.

The Agilent 7890N gas chromatograph (Agilent, Santa Clara,
CA, USA) was utilized to detect the SCFA in the samples.
Briefly, a 2-µl sample was injected (split ratio 1:50) into the
gas chromatograph equipped with a DB-FFAP column (15m
× 0.32mm × 0.25µm). The initial oven temperature was
set at 100◦C and then raised to 120◦C at 2◦C/min held at
120◦C for 10min. Nitrogen served as the carrier gas at a
constant flow rate of 0.8 ml/min, and the constant pressure
was 21.8 kPa. The injector and detector temperatures were 250
and 280◦C, respectively. Individual SCFAs were identified by
comparing their retention times with those in the standard mix
of SCFA standards purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

DNA Extraction, Amplification, and
Sequencing
Total bacterial DNA was extracted from the intestinal digesta
using the EZNATM Soil DNA kit (D5625-02, Omega Bio-
Tek Inc., Norcross, GA, USA) according to the instructions
of the manufacturer. The V3-V4 hypervariable regions of the
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bacterial 16S rDNA were amplified by a two-step PCR method
using primers 338F (5′-ACTCCTRCGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACCVGGGTATCTAAT-3′) with unique
8-bp barcodes to facilitate multiplexing, and sequencing was
carried out with an Illumina sequencing platform using
Miseq PE300.

Data Analysis and Statistical Test
Student’s t-test of the data on serum metabolites (ALT, AST,
LDL-C, VLDL, HDL-C, leptin, adiponectin, and BAs), microbial
metabolites (intestinal BAs and SCFAs), and bacterial alpha-
diversity indices (Sobs, Shannon, ACE, and Chao) was performed
using the JMP software (JMP R© version 10.0.0, SAS Institute,
Cary, NC, USA) for Windows. P < 0.05 was regarded as
statistically significant, while 0.05 < p < 0.1 was set as
significant trend.

Raw data obtained from gut microbiota were processed
using the free online platform of Majorbio I-Sanger Cloud
Platform (www.i-sanger.com), and redundant sequences were
filtered. UPARSE (version 7.1, http://drive5.com/uparse/) was
used to cluster operational taxonomic units (OTUs) at 97%
similarity cutoff, and each presentative OTU was mapped
to the Silva 138 database by RDP classifier (http://rdp.cme.
msu.edu/) at a confidence threshold of 0.7. The principal
coordinate analysis, triplot of redundancy analysis (RDA), and
network for correlation analysis were employed using Majorbio
I-Sanger Cloud Platform, and the Spearman’s or Mantel’s
correlation analysis was applied using the ggcor R package.
The significant difference between the control group and the
ammonia group at genus level was tested by the DESeq2 method
(MicrobiomeAnalyst, https://www.microbiomeanalyst.ca/) with
corrected p-value (FDR) < 0.05.

RESULTS

Serum Metabolites Related to Lipids and
Amino Acids
Although no changes in serum adiponectin, ALT, AST, LDL-C,
and VLDL were observed in pigs exposed to high ammonia (p >

0.05, Figures 1A–C, Supplementary Table 2), serumHDL-Cwas
diminished (p = 0.0006, Figure 1C, Supplementary Table 2),
and serum leptin had a reduced trend (p = 0.0898, Figure 1A,
Supplementary Table 2) after high ammonia exposure.

The results of other serum metabolites and free AAs, as
described by Tang et al. (16), demonstrated that high ammonia
exposure increased the concentration of serum total triglycerides
(TG, p= 0.0294, Supplementary Table 2) and ApoB (p= 0.0061,
Supplementary Table 2).Compared with the control pigs, the
serum BCAA [leucine (Leu), p < 0.0001; isoleucine (Ile), p =

0.0016; valine (Val), p = 0.0047] and aromatic AA [tyrosine
(Tyr), p < 0.0001; phenylalanine (Phe), p = 0.0002] were
also notably increased in pigs exposed to high atmospheric
ammonia (Supplementary Table 2). A previous study found
that no alterations in feed intake, BW, and body weight gain
(BWG) were observed in high ammonia exposed pigs (p > 0.05,
Supplementary Figures 1A–C) (16).

Serum Bile Acid Profiles
In the growing pig serum, ∼88% of the BA existed in free form
(Figure 2D). The most abundant BA was hyodeoxycholic acid
(HDCA, 54.62%) or chenodeoxycholic acid (CDCA, 24.74%) in
the secondary BAs (SBAs) or primary BAs (PBAs), respectively,
which consisted of ∼97% of total serum BAs with glyco-
CDCA (GCDCA, 6.24%), hyocholic acid (HCA, 6.20%), tauro-
CDCA (TCDCA, 2.4%), tauro-ursodeoxycholic acid (TUDCA,
1.74%), and lithocholic acid (LCA, 1.6%) (Figures 2C,D). Among
them, serum HCA (p = 0.0605), LCA (p = 0.0799) and
HDCA (p = 0.0841) had an upward trend in pigs exposed
to high ambient ammonia, while serum tauro-deoxycholic acid
(TDCA, p = 0.0751) had a downward trend. and tauro-HDCA
(THDCA, p = 0.0050) notably decreased in pigs exposed to
high ammonia (Figure 2A; Supplementary Table 2). Despite
higher differences from a trend point of view, no significant
difference was observed in serum total BA (TBA) and PBA (p
> 0.05, Figure 2B; Supplementary Table 2), and high ammonia
exposure tended to increase serum SBA (p = 0.0865, Figure 2B;
Supplementary Table 2).

Global Assessments for Sequencing Data
After data trimming and quality control, a total of 809,102
sequences from the cecum digesta and 690,575 sequences from
the colon digesta were acquired with the number of sequences
ranging from 38,754 to 73,486 per sample. The filtered 539,136
or 343,896 sequences from the cecum or the colon digesta, based
on the normalized depth of 44,928 or 28,658 reads per sample,
were clustered into 634 or 807 OTUs for all the samples at a 97%
sequence similarity value, and were further clustered into 190 or
197 genera, 87 or 82 families, 53 or 51 orders, 25 or 25 classes,
and 15 or 16 phyla. Most of the microbial diversity and bacterial
communities in the cecum or the colon digesta samples had been
sufficiently captured, indicated by good coverage (>0.999) and
rarefaction curves (Supplementary Figure 2).

Variation in Alpha and Beta Diversities of
Gut Microbiota
Compared with the control group pigs, the ammonia-exposed
pigs exhibited higher Sobs (p = 0.009, Figure 3A), ACE (p =

0.0354, Figure 3C), and Chao indexes (p = 0.0268, Figure 3D)
and showed a higher trend in the Shannon index (p = 0.0762,
Figure 3B) in the cecum digesta at the OTU level. In the colon
digesta, although no difference in the Chao index was observed
(p > 0.05, Figure 3D), the Sobs (p = 0.0238, Figure 3A) and
Shannon indexes (p = 0.0115, Figure 3B) were markedly greater
and the ACE index (p = 0.0801, Figure 3C) showed an upward
trend in the ammonia-exposed pigs at the OTU level. The
principal coordinates analysis (PCoA) based on Bray–Curtis
distance and ANOSIM test revealed that beta-diversity shifted
due to ambient ammonia exposure and notable differences were
observed in the cecum and colon at the OTU level (cecum R
= 0.5315, p = 0.003, Figure 3E; colon R = 0.2667, p = 0.007,
Figure 3F).
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FIGURE 1 | The level of serum metabolites after atmospheric ammonia exposure. The contents of serum leptin and adiponectin after high ammonia exposure. (A) The

level of ALT and AST in serum after high ammonia exposure. (B) The alteration of HDL-C, LDL-C, and VLDL in serum after ammonia exposure. (C) Data are expressed

as min to max showing all points (n = 6), #p < 0.1 and **p < 0.01.

FIGURE 2 | The alteration in serum BA profiles caused by ammonia exposure. The changes in (A) each BA content and (B) each type of BA content in the serum of

pigs exposed to high ammonia; (C) the compositions of each BA and (D) each type of BA in the serum of control pigs. Data are expressed as mean value or mean ±

SE (n = 6), **p < 0.01.
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FIGURE 3 | Alpha and beta diversities of the microbial community in the cecum or colon digesta after ammonia exposure. (A) The Sobs, (B) Shannon, (C) ACE, and

Chao indexes in the cecum or colon among two groups; PCoA (OTU level) of community membership based on the Bray–Curtis distance and ANOSIM test in (E)

cecum and (F) colon. Data are expressed as min to max showing all points (n = 6), *p < 0.05, and **p < 0.01.

Alteration of Specific Gut Microbiota
A total of 17 microbiotas were identified at genus level in
the cecum digesta of the pigs exposed to high ammonia,
which included eight downregulated genera (Ralstonia,
Akkermansia, Gastranaerophilales, Terrisporobacter,
unclassified_p__Firmicutes, Family_XIII_AD3011_group,
Peptococcus, and Clostridium_sensu_stricto_1) and nine
upregulated genera (norank_f__Muribaculaceae, Butyricicoccus,
Lactobacillus, Anaerovibrio, Monoglobus, Lachnospira,
Lachnospiraceae_UCG_010, norank_f__Butyricicoccaceae,
and Alloprevotella) (FDR < 0.05, Figures 4A,B). Besides,
four microbiotas (increased Bacteroidota and Spirochaetota;
decreased Verrucomicrobiota and Cyanobacteria) were notably
altered at phylum level in the cecum digesta after ammonia
exposure (FDR < 0.05, Figure 4C). In the colon digesta, high
ammonia exposure increased genera Lachnospira, Fournierella,
Negativibacillus, Monoglobus, Butyricicoccaceae, and decreased
genus Terrisporobacter (FDR < 0.05, Figures 4D,E).

Gut Short-Chain Fatty Acid and Bile Acid
Production
Based on microbiota alteration, further investigation of SCFA
concentration in the cecum or colon was completed and
shown in Figure 5A and Supplementary Table 3. In the cecum
digesta, ammonia-exposed pigs exhibited lower concentration of
isobutyrate (p = 0.0002) and isovalerate (p < 0.0001), while the
higher concentration of acetate (p= 0.0243) and increased trend

in total SCFA (p = 0.0657) were remarkably observed in the pigs
exposed to ammonia. Compared with cecum SCFA, the colon
SCFA profiles in either pigs exposed to ammonia or pigs not
exposed to ammonia had similar alteration. In the colon digesta,
high ammonia exposure decreased the content of isobutyrate (p
= 0.0115) and isovalerate (p= 0.0035) and had a trend to increase
acetate concentration (p = 0.0624). Besides, the contents of total
SCFA, acetate, isobutyrate, butyrate, isovalerate, and valerate in
the cecum were higher than those in colon.

Further investigation of BA concentration in the cecum was
also finished. Among them, cecal cholic acid (CA, p = 0.0586),
HCA (p= 0.0703), and LCA (p= 0.0858) had a downward trend,
and deoxycholic acid (DCA p= 0.0262) and HDCA (p= 0.0437)
dramatically decreased in the ammonia-exposed pigs, while cecal
GCDCA (p= 0.0128) notably increased in the ammonia-exposed
pigs (Figure 5B; Supplementary Table 3). Besides, there also was
a downward trend in cecal TBA (p = 0.0540) and SBA (p =

0.057) after ammonia exposure, and high ammonia exposure
significantly increased cecal glycine-conjugated BA (GCBA, p =

0.0139) (Figure 5C; Supplementary Table 2).

Microbiota-Metabolites Correlation
The triplot of RDA was shown in Figure 6A and revealed
that the cecal samples from the control or the ammonia
group were separated at the first constrained axis.
Clostridium_sensu_strictio_1, Terrisporobacter, and Turicibacter
were positively correlated with SBA, TBA, isovalerate, and
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FIGURE 4 | Differentially abundant genera from the cecum or colon after ammonia exposure. The mainly enriched genera (including differentially abundant genera)

from (A) the cecum or (D) colon in control group vs. ammonia group; the differentially abundant (B) genera or (C) phyla from the cecum and the differentially abundant

(E) genera from the colon after high ammonia exposure. *FDR < 0.05, **FDR < 0.01, and ***FDR < 0.001, respectively.

isobutyrate in cecum chyme, while Lactobacillus was positively
correlated with GCBA, taurine-conjugated BA (TCBA),
acetate, butyrate, and propionate in cecum chyme. To further
investigate the relationship between cecum bacteria and serum
metabolites, the relevance network association analysis and
Spearman or Mantel correlation analysis were established by the
abundance of cecal genera, serum BCAA or aromatic AA, and
lipid-related metabolites. The network analysis by Spearman
correlation revealed that cecal Akkermansia and Terrisporobacter
abundance were negatively associated with each BCAA in
the serum, while Alloprevotella, norank_f__Muribaculaceae,
Lactobacillus, Monoglobus, and Lachnospira abundance were
positively associated with each serum BCAA (Spearman’s r
> 0.5, p < 0.05, Figure 6B). Because of the similarly altered
trend between each BCAA and aromatic AA, the same genera
and relationship were observed in each aromatic AA by
network analysis (Spearman’s r > 0.5, p < 0.05, Figure 6B).
In addition, the Mantel correlation analysis demonstrated
that a significant correlation was observed between five
genera (Ralstonia, Akkermansia, unclassified_p__Firmicutes,
Terrisporobacter, and Family_XIII_AD3011_group) and total
BCAA (Mantel’s r > 0.25, p < 0.05, Figure 6C). Apart from the
same five genera, there were still two genera (Lactobacillus and
norank_f__Muribaculaceae) which had a significant correlation
with total aromatic AA by Mantel correlation analysis (Mantel’s
r > 0.25, p < 0.05, Figure 6C). For serum BAs, only serum SBA
had a significant correlation with microorganisms (Lactobacillus,

norank_f__Muribaculaceae, Clostridium_sensu_stricto_1,
Terrisporobacter, Alloprevotella, Akkermansia, Monoglobus, and
Lachnospira; r > 0.25, p < 0.05, Figures 6B,C). Spearman’s
correlation analysis showed that there was a strong correlation
between BCAAs (Leu, Ile, Val), aromatic AAs (Tyr, Phe) or
partial BAs (HCA, LCA, HDCA, TUDCA, THDCA), and
lipid-related metabolites (TG, ApoB, HDL-C, VDL; p < 0.05,
Figure 6D).

DISCUSSION

Increasing aerial ammonia, the most infamous atmospheric
pollutant, has attracted much attention recently, owing to its
adverse impacts on animal and human metabolic states. The
serum lipid-related metabolites may reflect the overall metabolic
state to a certain extent. Elevated serums, TG and ApoB, were
observed in the previous study after high ammonia exposure
(16). Evidence is given that a high level of ApoB is a superior
indicator of vascular heart disease driving physiology than either
total cholesterol (TC) or LDL-C (23). This study found no
alteration in LDL-C, but there was a remarkable decline in
HDL-C level after high ammonia exposure. HDL-C exhibited
extraordinary anti-inflammation and antioxidant ability because
of the existence of multiple antioxidant enzymes and the ability
to neutralize bacterial lipopolysaccharide (LPS) (24). The low
HDL-C level was usually associated with high triglyceride as
the precursor of dysmetabolic events, such as insulin resistance.
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FIGURE 5 | SCFA and BA production from the cecum or colon digesta in pigs exposed to ammonia or not. (A) Changes in the SCFA profile of the cecum or colon

after ammonia exposure; (B) changes in each BA content; and (C) each type of BA content in the cecum of pigs exposed to high ammonia. Data are expressed as

min to max showing all points or mean ± SE (n = 6), *p < 0.05 and **p < 0.01.

The alterations in lipid-related metabolites, including TG, HDL-
C, and ApoB, caused by ammonia exposure reflected the
transformation of metabolic state, which was closely related
to the serum microbiota-derived metabolites (such as BCAA,
aromatic AA, HCA, LCA, HDCA, and THDCA) indicated by the
Spearman’s correlation analysis.

Lipid metabolism of skeletal muscle and metabolic state were
altered in pigs after high aerial ammonia exposure in the previous
or this study. Recent studies have shown that the action of

gut microbiota in physiological muscle function and systemic
metabolism was priceless (19, 20, 25). Therefore, gut microbiota
diversity was assessed in the cecum and colon digesta by 16s
rDNA sequencing of microorganisms. We observed that high
ammonia exposure elevated the alpha diversity, indicated by
the indexes of Sobs, Shannon, ACE, or Chao, and induced
the transition of microbiota composition recommended by beta
diversity in the cecum and colon. Among that, the explanation
of microbial shift provided by the R value of PCoA suggested
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FIGURE 6 | Microbiota–metabolite correlation. (A) Triplot of RDA of the cecal microbial composition at genus level relative to cecal BAs and SCFAs. Microbiota from

the control and ammonia groups is indicated by blue circles and orange triangles, respectively. Constrained explanatory variables (cecal TBA, PBA, SBA, GCBA,

TCBA, and SCFA) are indicated by red arrows. Responding taxa are indicated by green arrows, and only those with higher fit in the ordination plot are labeled. The first

(71.83% interpretation) and second coordinates (18.43% interpretation) are plotted. (B) A network for correlation analysis among the top 50 relative abundance of

cecal bacterial genera, serum BA, and AA using relevant networking. Only correlations with Spearman’s coefficient >0.5 and p < 0.05 are shown. The different color

of nodes indicates various targets as demonstrated in legend. The line color represents correlation, and red and green represent positive and negative correlation,

respectively. The more lines there are, the more connected the nodes are. (C) Pairwise comparisons of different cecal genera are demonstrated with a color gradient

denoting Spearman’s correlation coefficient. BCAA, aromatic AA, PBA, SBA, TCBA, and GCBA are related to each microbial genus by Mantel’s correlation analysis.

Edge width corresponds to the Mantel’s r statistic for the corresponding distance correlation, and edge color denotes statistical significance. (D) Half Spearman’s

correlation matrix of serum BCAA (Leu, Ile, and Val), Aromatic AA (Phe, Tyr, and Trp), serum BA, and lipid parameters. The red and blue ellipses represent negative and

positive correlations, respectively, and the width of ellipses represents strength of correlation (narrow ellipses mean stronger correlation).

that the cecal microbiota was more sensitive to aerial ammonia,
which was consistent with the more remarkable alteration of
microbiota in the cecum than that in the colon under the
condition of ammonia exposure. Gut dysbiosis happens when
the diversity, constitution, and functions of the gut microbiota
are disturbed, negatively affecting an individual, for example,
through interferece with intestinal homeostasis and disrupting
immune response (26). The ratio of two main dominant phyla,
Firmicutes and Bacteroidetes, displays a noticeable transition
(decreased Firmicutes and increased Bacteroidetes) in patients
with inflammatory bowel disease (27). In this study, greater
abundance of Bacteroidetes and unchanged Firmicutes in the
cecum were observed after ammonia exposure, which indicated
that the lower ratio of Firmicutes/Bacteroidetes might contribute
to inappropriate immune activation.

Specific bacteria (e.g., Akkermansia, Alloprevotella,
Lachnospira, Clostridium_sensu_stricto_1, Negativibacillus,
Terrisporobacter, and Lactobacillus) were identified to be
enormously influenced by aerial ammonia exposure of the
cecum or colon. For instance, Akkermansia, a commonly
accepted beneficial inhabitant of the human microbiota, is
crucial for fatty acid metabolism, which is conversely correlated
with increased inflammation and reduction in patients with
obesity or fatty liver disease (28). Akkermansia and its outer
membrane protein AMUC_1100 could bind to a receptor on the
membrane of intestinal epithelial cells and affect the downstream
immune regulatory pathway, reducing inflammation response
and LPS, regulating lipid and glucose metabolism (29, 30).
Depletion of Akkermansia induced by ammonia exposure
was observed, which might be a vital reason for metabolic
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disorder or inflammation after aerial ammonia exposure. Studies
reported that the relatively great abundance of Alloprevotella and
Lachnospiraceae was presented in the high-salt treatment, which
could cause a metabolic disturbance, raising the risk of chronic
disorders, tumors, and cardiovascular disease (31, 32). Although
Lachnospira was well-described as a beneficial inhabitant for
human and animal by fermenting fibers, thereby producing
SCFA, it has been reported that aflatoxin B1 exposure induced
a dramatic increment of Lachnospira (33), as Lachnospira was
positively correlated with diarrhea in weaning pigs (34). All
those reports indicated that Alloprevotella and Lachnospira
might be potential pathogens under specific conditions. The
data demonstrated that increased gut microbiota, Alloprevotella
and Lachnospira might not be a beneficial signal for human
and animal health under the condition of aerial ammonia
exposure. Earlier research reported that the colonization of
Clostridium_sensu_stricto_1 could improve the aggregation
of T cells regulated by CD41 in the colon of sterile mice
(35) and strengthen the resistance of infant gut bacteria by
hindering the colonization of pathogenic microbiota (36), which
might explain the decrement of Clostridium_sensu_stricto_1
induced by ammonia exposure in this study. Pathogenic bacteria
Negativibacillus associated with gut dysbiosis or pediatric Crohn’s
disease (37, 38) was dramatically increased in this research after
ammonia exposure. The results on specific different genera
caused by ammonia exposure of the hindgut were quite different
from those of the previous study on the small intestine (11),
which is probably due to undigested or unabsorbed nutrients
(induced by ammonia exposure in the small intestine) from
the small intestine to enter the hindgut, interacting with
ammonia exposure of the hindgut. Confusingly, Lactobacillus,
identified as beneficial bacteria by numerous studies, was lifted
in the intestine of ammonia-exposed pigs accompanied with
metabolism disorder, especially lipid metabolism in skeletal
muscle. Even so, a study still illustrated that a high-fat diet
induced gut microbiota alteration (increased Lactobacillus and
Turicibacter) in castrated mice and male androgen receptor
knockout mice, causing metabolic disorder (39). Besides, Anhe
et al. (40) found that camu camu (Myrciaria dubia) increased
Akkermansia and decreased Lactobacillus, which increased heat
production and made mice maintain metabolic homeostasis
under the condition of high-fat and high-sugar intake. Therefore,
the role of Lactobacillus raised by ammonia exposure needs to be
further explored.

Microbial metabolites, closely related to the composition of
intestinal microbiota, are incredibly crucial for the systemic
metabolism and occurrence of metabolic diseases (21, 41, 42),
and the BA profile, a kind of very vital microbial metabolites,
was further analyzed in this research after ammonia exposure.
The results demonstrated that the altered tendency of BA in the
hindgut and serum was entirely dissimilar, which suggested that
ammonia exposure enhanced the resorption of BAs, especially
PBAs, in the ileum, causing a reduction in the PBA level entering
the hindgut accompanied by decrement in SBAs produced by
microbiota with PBA as substrate in the hindgut. The increment
in BA resorption induced by ammonia exposure was consistent
with the enhanced BA transport in the ileum after chronic

heat exposure, and the serum THDCA level also declined in
ammonia-exposed or heat-stressed pigs (43). However, heat
stress had little effect on BA and BA-related bacteria in the
hindgut, while ammonia exposure altered the hindgut BA
profiles by disturbing the hindgut microbiota. The DCA and
LCA, the most abundant metabolites in the gut microbiome,
modify host energy and metabolism as well as gut barrier
and inflammation (21, 42). For instance, the DCA and LCA,
whose production is closely related to Clostridium scindens, are
favorable for maintaining gut barrier integrity or accelerating
intestinal crypt regeneration and wound repair via the farnesoid
X receptor (FXR) and also detrimental for pathogen colonization
(21, 44). We observed that the SBA content notably dropped
with the relative abundance of Clostridium_sensu_stricto_1
decreasing in the cecum after ammonia exposure, which
might cause detrimental impacts on the intestinal barrier or
inflammation and could lead to lipid or glucose metabolism
disorder. Besides, the decreased SBA was affected by genera
Terrisporobacter, Clostridium_sensu_stricto_1, Turicibacter, and
Lactobacillus indicated by the RDA analysis. The increment in
serum BA was essential in whole systemic metabolism after
ammonia exposure in this research. Takeda G protein-coupled
receptor 5 (TGR5), the plasma membrane-bound G protein-
coupled receptor ubiquitously expressed with high expression
in skeletal muscle, white adipose tissues, and gut (45, 46)
is another crucial BA-responsive receptor that participated in
host metabolism. The SBA (including LCA and DCA) is the
primary ligand to activate TGR5 (47), and then the activation of
TGR5 can regulate host metabolism through the mTOR pathway
(48). The previous study showed that high ammonia exposure
activated the mTOR-p70s6k pathway, leading to lipid metabolic
disorder in skeletal muscle, which might be due to the increment
in serums HCA, LCA, and HDCA induced by ammonia
exposure in this study. Simultaneously, increased serum BA
(including HCA, LCA, and HDCA) caused by ammonia
exposure was affected by genera Clostridium_sensu_stricto_1,
Terrisporobacter, Alloprevotella, norank_f_Muribaculaceae, and
Lactobacillus indicated by the network analysis or Mantel’s
correlation in the research. The function of serum low
abundance BA, such as TDCA or THDCA, being altered by
ammonia exposure to host metabolism needs further in vitro
trial investigation.

Short-chain fatty acid in the hindgut and specific serum AA
(including BCAA and aromatic AA), two other kinds of crucial
metabolites interacting with the gut microbiota to affect intestinal
health, inflammation, and systemic metabolism (49, 50), was also
measured in this study after ammonia exposure. Aerial ammonia
exposure increased the content of hindgut acetate in this study.
In addition, acetic-producing bacteria Lactobacillus increased,
and the main reason for increased acetate in the hindgut
was that ammonia exposure caused insufficient digestion and
absorption of nutrients in pigs, resulting in starch and small
molecular sugars entering the hindgut and fermenting to
produce more acetate. Multitudinous studies have confirmed
that ammonia exposure reduces animal growth performance
(7, 51, 52). Despite lower values of BW on day 21 and day
25 in ammonia-exposed pigs, it did not reach the statistical
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TABLE 1 | Summary of the altered metabolites from host serum or hindgut chyme

after high ammonia exposure.

Ammonia exposure

Serum AA (16) BCAA Ile ↑, Leu ↑, Val ↑

Aromatic AA Phe ↑, Tyr ↑

Serum BA Free-PBA HCA ↑

Free-SBA LCA ↑, HDCA ↑

TCBA TDCA ↓, THDCA ↓

SBA ↑

Serum lipid-related

metabolites

TG ↑ (16), ApoB ↑ (16), HDL-C ↓

Serum lipid-related

hormones

Leptin ↓

Hindgut SCFA Cecal SCFA Total SCFA ↑, acetate ↑,

isobutyrate ↓, isovalerate ↓

Colonic SCFA Acetate ↑, isobutyrate ↓,

isovalerate ↓

Cecal BA Free-PBA CA ↓, HCA ↓

Free-SBA DCA ↓, LCA ↓, HDCA ↓

GCBA GCDCA ↑

Total BA ↓, SBA↓, GCBA↑

↓ Indicates decrease and ↑ indicates increase.

level, suggesting that the adverse effect of impaired digestion
and absorption of nutrients in the small intestine induced by
ammonia exposure on growth performance of pigs could not
be seen in the first 25 days. Simultaneously, undigested or
unabsorbed nutrients entering the hindgut to provide substrates
for hindgut microbiota might also be crucial for the increased
microbial diversity in the hindgut. Studies confirmed that
microbial-derived acetate takes part in the increment of fatty
acid de novo synthesis and antibiotic-treated mice manifest
decrement of fatty acid de novo synthesis (53), which might
partly explain the results, namely disordered serum lipid-related
metabolites and a decrease in fatty acid oxidation or an increase
in fatty acid synthesis in skeletal muscle after ammonia exposure.
Besides, the content of isobutyrate and isovalerate was declined
with SCFA-related genera (Terrisporobacter, Turicibacter, and
Clostridium_sensu_stricto_1) altered in this study after ammonia
exposure. BCAAs are partly produced and metabolized by the
gut microbiota, and increased BCAA ciculation with dysbiotic
intestinal microbiota is closely associated with metabolic
disorders, such as insulin resistance (54, 55). The research
found that increased BCAA circulation induced by ammonia
exposure was partly explained by altered genera Ralstonia,
Akkermansia, unclassified_p_Firmicutes, Terrisporbacter,
and Fammilly_XIII_AD3011_group, and another reason for
increased BCAA circulation was the inhibition of BCAA
catabolism in skeletal muscle and the liver (unpublished data).
Although extremely crucial aromatic AA tryptophan was
unaffected by ammonia exposure, serums Phe and Tyr were
dramatically increased, which was closely related to altered
genera Ralstonia, Akkermansia, unclassified_p_Firmicutes,
Terrisporbacter, Fammilly_XIII_AD3011_group, Lactobacillus,
and norank_f_Muribaculaceae.

CONCLUSION

In conclusion, high ammonia exposure damaged the bacterial
composition and community structure of hindgut microbiota in
growing pigs, increasing the presence of potentially pathogenic
bacteria, such as Negativibacillus, Alloprevotella, or Lachnospira,
and decreasing the presence of beneficial bacteria, such as
Akkermansia or Clostridium_sensu_stricto_1. The dysbiotic
microbiota caused the increment in hindgut acetate and
decrement in cecal BAs (mainly including CA, HCA, DCA, LCA,
and HDCA) and led to the increment in serum BAs (primarily
involving HCA, LCA, and HDCA), BCAA, or aromatic AA,
which might serve as signaling molecules to interact with host
metabolism (Table 1). This study provides a novel sight to partly
explain the metabolism disorder or tissue injury induced by
atmospheric ammonia exposure.
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Tryptophan (Trp) has received increasing attention in the maintenance of intestinal

function. In this study, improved triploid crucian carp (ITCC) fed diets containing 6.35 g

kg−1 Trp had higher average daily gain (ADG) and improved villus height (VH) and

crypt depth (CD) in the intestine compared to the control group. To elucidate the

potential mechanisms, we used RNA sequencing (RNA-seq) to investigate changes in

the intestinal transcriptome and 16S rRNA gene sequencing to measure the intestinal

microbiota in response to 6.35 g kg−1 Trp feeding in ITCC. Dietary Trp altered intestinal

gene expression involved in nutrient transport and metabolism. Differentially expressed

transcripts (DETs) were highly enriched in key pathways containing protein digestion

and absorption and the AMPK signaling pathway. 16S rRNA sequencing showed that

6.35 g kg−1 Trp significantly increased the abundance of the genus Cetobacterium, and

the Firmicutes/Bacteroidetes ratio at the phylum level (P < 0.05). In addition, bacterial

richness indices (Simpson index) significantly increased (P < 0.05) community evenness

in response to 6.35 g kg−1 Trp. In conclusion, appropriate dietary Trp improves the

growth performance, and influences the intestinal flora of ITCC. This study might be

helpful to guide the supply of dietary exogenous Trp in ITCC breeding.

Keywords: tryptophan, improved triploid crucian carp, transcriptome, intestinal flora, 16S rRNA

INTRODUCTION

Improving the growth rate and feed conversion rate of fish is essential for the sustainable
development of aquaculture (1, 2). Amino acids play important roles in the nutrient metabolism
of cultured fishes. Dietary nutrients affect gut microbial diversity and composition (3). Numerous
studies describe the link between Trp metabolism and fish health (4). Trp cannot be synthesized
exogenously in fish, and must be obtained via food (5, 6). Appropriate feeding of Trp has positive
effects on the growth performance and intestinal health status of fish by regulating intestinal
immune tolerance, maintaining microbial homeostasis, and inhibiting inflammation (5, 6).

146

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.676035
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.676035&domain=pdf&date_stamp=2021-06-17
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xukang2020@163.com
mailto:hufangzhou90@163.com
https://doi.org/10.3389/fnut.2021.676035
https://www.frontiersin.org/articles/10.3389/fnut.2021.676035/full


Fu et al. Tryptophan and Fish Gut Microbes

Besides, there is growing evidence that Trp deficiency could
cause negative impacts on growth performance in fish (7–
9). For example, fish growth performance and the structural
integrity of the intestines were altered in a Trp deficient scenario,
which translated into lower disease resistance (6, 10). Similarly,
Trp deficiency causes depressed growth and efficiency of feed
conversion and low protein retention, as reported for other fish
species (11–14).

The microbial balance of the intestinal flora is associated with
the gut health, which can be affected by dietary constituents and
commensal bacteria (15, 16). The intestinal flora could affect
food digestion and absorption, and nutrients can also affect the
composition of intestinal microbes (17, 18). Previous studies
have demonstrated that Trp could alter the intestinal microbial
composition and diversity (19). The metabolism of Trp by the
intestinal microbiome could also affect intestinal homeostasis
(20, 21). Trp catabolites are essential signaling molecules in
microbial communities, and important mediators for regulating
a diverse array of physiological systems in fish (4). Gut microbes
are primary participants in Trp metabolism; it is estimated
that 90% of serotonin in the human body is produced by gut
microbes (22).

In our previous studies, the ITCC was produced by crossing
improved tetraploid males with improved diploid female red
crucian carp, which has excellent traits of fast growth rate
and sterility (23). With the expansion of improved triploid
crucian carp farming, the breed of ITCC and research on
the development of its feeding should be developed. However,
information regarding the effects of amino acids on the growth
performance and intestinal health status of ITCC is lacking.
Moreover, little information has been done on the effect of Trp
on the growth performance and intestinal health of ITCC. In this
study, we aimed to explore the effects of Trp supplementation
on growth, intestinal microbiota, and intestinal gene expression
in ITCC. This study will provide guidance for developing
effective nutritional strategies and feeding practices to improve
ITCC health.

MATERIALS AND METHODS

Ethics Statement
All experimental animals used in this study were treated
humanely, following the Animal Welfare Committee of the
Institute of Subtropical Agriculture (201703-64C), Chinese
Academy of Sciences, Changsha, China.

Experimental Animals and Tissue Samples
A total of 450 healthy ITCC and weight-matched ITCC (23)
were randomly divided into five groups, with three biological
replicates of each group, and 30 fishes per biological replicate.
The Trp concentrations in the five experimental diets were
determined to be 1.85 (control), 3.35, 4.85, 6.35, and 7.85 g kg−1

Trp diet (basal diets supplemented with 0, 1.5, 3.0, 4.5, and 6.0 g
kg−1 Trp). The fishes were weighed at the beginning and end of
the 4-week feeding trial.

Sample Collections
At the end of the feeding trial, all the experimental fish
fasted for 12 h. Three fish from each replicate (a total of
45 fish) were randomly selected, anesthetized, sacrificed, and
sampled according to the method described in a previous study
(24). For other biochemical parameters and molecular analysis,
the intestinal tract and distal intestinal contents were quickly
removed, frozen in liquid nitrogen, and stored at −80◦C until
use. Meanwhile, we collected section samples from each group
and fixed them in a 4% paraformaldehyde solution for histologic
analysis (25).

RNA Extraction
Transcriptome sequencing was performed on a total of 6 samples
from the 6.35 Trp group (6.35 g kg−1 Trp diet group) and the
1.85 Trp group (control group). Total RNA was isolated from
the intestinal tract of fish using an RNAiso Plus kit (Takara,
Kyoto, Japan). Total RNA was purified using a TruSeq RNA
Sample Prep Kit 52 (New England Biolabs, Ipswich, MA, USA).
RNA degradation and contamination were detected using 1%
agarose gels. The purity of the total RNA was assessed with
a NanoPhotometer R© spectrophotometer (IMPLEN, CA, USA).
The total RNA concentration wasmeasured using a Qubit R© RNA
Assay Kit in Qubit R© 2.0 Fluorometer (Life Technologies, CA,
USA). The integrity of the total RNAwas estimated using an RNA
Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA).

Library Preparation for Transcriptome
Sequencing
Three samples were pooled to make one biological replicate and
experiment was done using three technical replicates. A total
amount of 1.5 µg RNA per sample was used as input material
for the RNA sample preparations. Sequencing libraries were
generated using the NEBNext R© UltraTM RNA Library Prep Kit of
Illumina R© (NEB, USA) following the manufacturer’s protocols,
and index codes were added to attribute sequences to each
sample. Briefly, mRNA was purified from total RNA using poly-
T oligo-attached magnetic beads. Fragmentation was carried out
using divalent cations under elevated temperature in NEBNext
First Strand Synthesis Reaction Buffer (5X). First-strand cDNA
was synthesized using random hexamer primers and M-MuL5
Reverse Transcriptase (RNase H). Second strand cDNA synthesis
was subsequently performed using DNA Polymerase I and RNase
H. The remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation of the
3′ ends of DNA fragments, NEBNext adaptor with a hairpin
loop structure was ligated to prepare for hybridization. To
preferentially select cDNA fragments 250–300 bp in length, the
library fragments were purified with the AMPure XP system
(Beckman Coulter, Beverly, USA). Then, 3 µl of USER Enzyme
(NEB, USA) was used with size-selected, adaptor-ligated cDNA
at 37◦C for 15min followed by 5min at 95◦C before PCR.
Then PCR was performed with Phusion High-Fidelity DNA
polymerase, universal PCR primers, and Index (X) Primer.
Finally, PCR products were purified (AMPure XP system),
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and library quality was assessed on the Agilent Bioanalyzer
2100 system.

RNA-Seq Data Analysis
Clustering of the index-coded samples was performed on a cBot
Cluster Generation System using TruSeq PE Cluster Kit 53-
cBot-HS (Illumina) according to the manufacturer’s instructions.
Differential expression analysis of two groups (three biological
replicates per group) was performed using the DESeq R package
(1.10.1) (26). DESeq provides statistical routines for determining
differential expression in digital gene expression data using
a model based on the negative binomial distribution. The
resulting P-values were adjusted using Benjamini and Hochberg’s
approach to control the false discovery rate. Genes with an
adjusted P < 0.05 found by DESeq were assigned as differentially
expressed. To obtain significantly different genes, we set the
screening criteria as P-value (padj) ≤ 0.001 and difference
multiple |FoldChange| ≥ 2. Cluster analysis was used to cluster
genes with the same or similar expression patterns, which might
have similar functions or participate in the same biological
process. Cluster analysis of a heat-map for DEGs was performed
by the pheatmap R package (27).

Gene function was annotated based on the following
databases: Nr (NCBI non-redundant protein sequence, ftp://ftp.
ncbi.nih.gov/blast/db/); Nt (NCBI non-redundant nucleotide
sequence); Pfam (Protein family http://pfam.xfam.org/);
KOG/COG (Clusters of Orthologous Groups of proteins,
http://www.ncbi.nlm.nih.gov/KOG/); Swiss-Prot (a manually
annotated and reviewed sequence database http://www.
uniprot.org/); KO (KEGG Ortholog database, http://ccb.jhu.
edu/software/tophat/index.shtml); GO (Gene Ontology, and
STRING database. The Protein–protein interaction networks
(PPIs) information of these DEGs were predicted by STRING
database. After mapping the DEGs into this database, and a
combined score ≥0.4 were exported. Then, the PPIs of these
SDEGs were visualized in Cytoscape, and the hub genes among
the PPI network were identified and ranked using CytoHubba
plugin and the maximal clique centrality (MCC) method of
Cytoscape software (28).

Real-Time PCR Analysis
We randomly selected 8 genes (including four upregulated genes
and four downregulated genes) for real-time PCR in 1.85Trp and
6.35Trp groups to confirm the reproducibility and accuracy of the
RNA-seq gene expression data. Using an RNAiso Plus kit (Takara,
Kyoto, Japan), total RNA was isolated from intestinal tract tissues
of fishes. After checking the RNA quality, as described in the RNA
extraction section, reverse transcription was performed using the
PrimeScriptTM RT Reagent Kit with gDNA Eraser (Takara, Kyoto,
Japan) according to the manufacturer’s protocol. Real-time PCR
experiments were performed using a LightCycler R© 96 Real-Time
PCR system (Roche Applied Science) in a 25 µL reaction volume
containing 12.5 µL of 2 ×SYBR R© Premix Ex TaqTM II (Tli
RNaseH Plus; Takara, Kyoto, Japan), 1.25 µL each of the forward
and reverse primers (10µM), 8 µL of deionized water, and 2 µL
(∼100 ng) of cDNA. The β-actin gene was used as the reference
gene, and the primers of eight genes were designed using Primer.

The thermal cycling conditions were 3min at 95◦C, followed by
37 reaction cycles (95◦C for 30 s, 60◦C for 30 s, and 72◦C for
30 s), and an extension for 10min at 72◦C. We calculated the
relative gene expression levels with the comparative CT method
(referred to as the 2−11CT method) (29), with three replicates for
each reaction.

DNA Extraction, 16S rRNA Sequencing
DNA was extracted from the intestinal contents using a fecal
DNA kit (Omega, USA) and then eluted in a 50 µL eluent
buffer. The primers (F:5′-ACTCCTACGGGAGGCAGCAG-3′;
R: 5′-GGACTACHVGGGTWT-CTAAT-3′) were used in the
PCR amplification for the V3–V4 region of the bacterial 16S
rRNA gene. PCR analysis was performed with 25 µL reactions
containing 12.5 µL of PCR premix, 2.5 µL of each primer,
25 ng of template DNA, and PCR-grade water to equalize the
final volumes. The PCR products were detected by 2% agarose
gel electrophoresis and then purified using a gel recovery kit
(Thermo Scientific, USA). The libraries were constructed using
the Ion Plus Fragment Library Kit 48 reactions library building
kit (Thermo Fisher, USA) and qualified by Qubit quantification
and library assay, Single-ended sequencing was performed using
Ion S5TMXL (Thermo Fisher, USA).

The clean reads of all samples were clustered using UPARSE
software. The sequences were clustered into OTUs with 97%
identity, and the sequences with the highest frequency of
occurrence were selected as the representative sequences of
OTUs. Species annotation analysis was performed using the
Mothur method with the SSU rRNA database of SILVA132
for classification (threshold set between 0.8 and 1). Multiple
sequence alignment was performed using MUSCLE software,
and then the data were homogenized. Alpha diversity analysis
and beta diversity analysis were based on the homogenized
data. PCoA was plotted using R software (Version 2.15.3). The
WGCNA, stats and ggplot2 were used for PCoA analysis. LEfSe
was performed by LEfSe software.

Statistical Analysis
The qRT-PCR validation data were analyzed by using SPSS
18.0 (SPSS, USA). The significance of the difference between
two groups was analyzed by Student’s t-test. Differences were
considered significant if the P < 0.05 and P < 0.01 were
considered extremely significant. The results are presented as the
mean and standard error of the mean (SEM).

RESULTS

Growth Performance and Gut Morphology
As shown in Figure 1, the average final weight and the ADGwere
significantly (P < 0.05) increased as affected by dietary 6.35 g
kg−1 Trp levels compared with the control group. In this study,
compared with the control group, dietary supplementation with
different doses of Trp significantly altered the VH and CD (p <

0.05) in ITCC, and the effect was obvious when the fish were fed
a diet containing 6.35 g kg−1Trp, while there was no difference in
the ratio of VH to CD (Table 1).
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FIGURE 1 | Effects of dietary tryptophan on the growth performance of ITCC. (A) Average final weight of ITCC. (B) The average daily gain of ITCC. The Trp

concentrations in the five experimental diets were determined to be 1.85 (control), 3.35, 4.85, 6.35, and 7.85 g kg−1 Trp diet (basal diets supplemented with 0, 1.5,

3.0, 4.5, and 6.0 g kg−1 Trp).

TABLE 1 | The effect of tryptophan on the morphology of the intestine in ITCC.

Item 1.85 Trp 6.35 Trp p

Villous height, µm 331.68 ± 28.32b 548.48 ± 82.46a 0.003

Crypt depth, µm 94.12 ± 12.33b 152.54 ± 33.28a 0.001

VH:CD ratio 3.59 ± 0.62 4.03 ± 0.80 0.092

VH:CD ratio, villous height to crypt depth ratio.
a,bMeans without a common superscript in the same row differ (P < 0.05).

All the data were presented as mean ± SEM. They were subject to t-test.

RNA-Seq Analysis
To reveal the molecular regulatory mechanism, we used the
pooled total RNA of the control and 6.35 g kg−1 Trp diet
groups. The cDNA library of six intestinal tissues (1.85Trp_1,
1.85Trp _2, and 1.85Trp _3 from the control group; 6.35Trp
_1, 6.35Trp _2, and 6.35Trp _3 from the group fed 6.35 g kg−1

Trp diets) were sequenced on an Illumina HiSeq platform, with
3.11 million reads in total being generated, of which 97.5% (3.04
million) passed the filter for clean reads. The GC contents of
the clean reads were 45.61–47.29% (Supplementary Table 1).
By comparing to the sequencing data of the two groups,
155,547 transcripts were identified, of which 140,907 and 143,462
transcripts were identified in the 6.35 Trp group and control
group, respectively.

In total, we found 3,263 differentially expressed transcripts
(1,443 upregulated and 1,820 downregulated transcripts)
in the 6.35 Trp group compared with the control group
(Supplementary Table 2). The heat map of cluster analysis of
DETs showed that the gene expression patterns of DETs were
clustered within groups, while the difference between the two
groups was significant (Figure 2).

GO Enrichment Analysis of DETs
GO enrichment analysis was performed with 1,654 DETs. A total
of 2,730 GO terms were enriched, including 1,559 biological
process terms, 430 cellular component terms and 741 molecular

function terms (Supplementary Table 3). The top 30 most
significantly enriched GO terms are shown in Figure 3. The top
GO terms of the 1,164 upregulated transcripts were molecular
function including motor activity and ion binding. The top
GO terms of the 490 downregulated transcripts were solute:
sodium symporter activity, neurotransmitter transporter activity,
and neurotransmitter: sodium symporter activity. The top 22
GO terms in the molecular functions are shown in Figure 3,
including motor activity, ATP binding, adenyl ribonucleotide
binding, and anion binding so on. As shown in Figure 3, the top
2 GO terms belong to the cellular component category, including
the myosin complex and the actin cytoskeleton.

KEGG Pathway Analysis of DETs
The DETs were annotated into 273 KEGG pathways
(Supplementary Table 4). The top 10 enriched pathways of the
DETs are shown in Table 2. With regard to the KEGG pathway
analysis of the upregulated genes, 11 pathways were enriched
including “fatty acid biosynthesis,” “AMPK signaling pathway,”
“protein digestion and absorption,” “butanoate metabolism,”
and “Terpenoid backbone biosynthesis.” With regard to KEGG
pathway analysis of the downregulated genes, 19 pathways
were enriched, including “bile secretion,” “mineral absorption,”
“renin-angiotensin system,” “cell cycle,” “carbohydrate digestion
and absorption,” and “PPAR signaling pathway.”

Protein-Protein Interaction (PPI) Network
Analysis
After importing the PPI network of DETs, Cytoscape displayed
modules in the default MCODE settings. Genes in these modules
were then assembled for enrichment analysis using DAVID.
Among them, the “metabolic pathways” was identified as the
most significant pathway. Twenty-nine significant pathways were
enriched in KEGG pathways. Based on the STRING database,
the PPI network of 566 nodes and 2,154 protein pairs was
obtained with a combined score >0.7 (Supplementary Table 5).
In total, one module (module 1) with a score >13 was
detected by MCODE. The hub gene ubiquitin A-52 residue
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FIGURE 2 | Cluster analysis of DETs by the FPKM value. The X-axis indicates

the samples in the different groups. The sample on the left is from the 6.35 Trp

group, and the sample on the right is from the 1.85 Trp group. The Y-axis is

the gene cluster across the 1.85 and 6.35 Trp groups. Color from red to blue,

indicated that the log10 (FPKM+1) values were from large to small, red color

indicates high expression level and blue color indicates low expression level.

ribosomal protein fusion product 1 (UBA52) (padj = 0.01911,
log2FC=−2.4374) was identified with Cytohubba and MCODE
(Supplementary Table 6; Figure 4).

Real-Time PCR Validation
The real-time PCR results were consistent with the RNA-seq
data (Figure 5). Eight transcripts were selected, and the RNA-
seq data were further evaluated by real-time PCR experiments.
The relative expression levels of carboxypeptidase A1 (CPA1),
carboxypeptidase A5 (CPA5), chymotrypsin-like (CTRL), and
endoplasmic reticulum resident protein 27-like (Erp27) were
significantly increased in the 6.35 Trp group compared to those
in the control group. In addition, the relative expression levels
of period circadian protein homolog 1-like (LOC109066737),
neuraminidase 3 (NEU3), period circadian regulator 2 (Per2),

and single-stranded DNA binding protein 4 (ssbp4) were
significantly decreased in the 6.35 Trp group compared to the
control group.

Gut Microbial Composition
OTUs were defined as a read sharing 97% nucleotide-sequence
identity (Supplementary Table 7). The number of observed
species and indices of Shannon, Simpson, and Chao1 did not
differ between the 6.35 Trp and control groups (Figure 6).
Compared to the control group, the Simpson index (P < 0.05) in
the 6.35 Trp group was decreased significantly, which indicated
that the bacterial diversity was increased after 6.35 g kg−1 Trp
diets treatment. PCoA is a comparative analysis of the microbial
community composition of different samples (Figure 7). The
unweighted UniFrac distance-based PcoA results showed that the
microbiota compositions of the control group and the 6.35 Trp
group were overt changes.

To identify the significantly different species of gut microbes
between the control and 6.35 Trp groups, we analyzed the
microbial community profiles using LEfSe software (Figure 8).
There were seven significantly different biomarker, with
enrichment of p_Fusobacteria, o_Fusobacteriales, c_Fusobacteria,
g_cetobacterium, and f_Fusobacteriaceae in the 6.35 Trp group
and c_Bacteroidia, and c_Bacteroidetes, in the control group. At
the genus level, compared to the control group, Cetobacterium
was significantly more abundant in the 6.35 Trp group (P
< 0.05). At the phylum level, the abundance of Fusobacteria
increased, but the abundance of Proteobacteria decreased
in the 6.35 Trp group. The Firmicutes /B acteroidetes
ratio was increased compared to that of the control
group (P < 0.05).

DICUSSION

Growth Performance
Trp, an essential amino acid, is important for metabolic
functions in fish (30–32). Some Trp metabolites are also
important mediators to regulate partial physiological functions
in fish (4). Previous studies have reported that different
dietary levels of Trp affect growth performance in many fish,
including juvenile silver catfish, and fingerling Indian catfish
(11, 33). Trp improved hybrid catfish growth performance,
digestive, and absorptive abilities (34). In this study, we
found that the growth performance of ITCC increased as
the dietary Trp levels increased (up to 6.35 g kg−1). This
result supports that optimal dietary Trp could improve the
growth performance and feed efficiency as reported in juvenile
Jian carp (Cyprinus carpio var. Jian) (13), silver catfish (33),
red drum (14), Indian catfish (Ahmed et al., 2012), and
Nile tilapia (35). Analogously, increases in the dietary Trp
concentrations can promote the ADG, and a certain dose-
dependent relationship has been found between dietary Trp and
the growth performance of fishes (36–40). However, another
study showed that dietary supplementation with Trp had
no effects on the growth performance and body proximate
of seabream (Sparus aurata) (41). A possible reason for
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FIGURE 3 | The enriched GO terms of the DETs. The X-axis indicates the number of DETs for each GO term; the y-axis corresponds to the GO terms. *represent the

significantly enriched terms (p < 0.05).

TABLE 2 | The top 10 significantly enriched KEGG pathway of DEGs.

ID KEGG term Corrected P-value

ko00061 Fatty acid biosynthesis 0.0000

ko04974 Protein digestion and absorption 0.0000

ko00650 Butanoate metabolism 0.0001

ko04152 AMPK signaling pathway 0.0001

ko00900 Terpenoid backbone biosynthesis 0.0001

ko04977 Vitamin digestion and absorption 0.0002

ko04973 Carbohydrate digestion and absorption 0.0011

ko00640 Propanoate metabolism 0.0013

ko04975 Fat digestion and absorption 0.0015

ko00140 Steroid hormone biosynthesis 0.0049

this discrepancy may be related to ethnic differences and
different diets.

Trp Improved the Intestinal Morphology of
ITCC
The integrity of the intestine is important for nutrient uptake and
intestinal health (42–44). Generally, digestion and absorption

depend on intestinal growth and development, as well as the
activities of digestive enzymes in fish. The VH and CD are
important indices of the functional capacity of enterocytes, and
the VH: CD ratio affects the nutrient digestibility and absorption
capacity of the intestinal mucosa (45, 46). The improvement
of intestinal morphology was associated with increased nutrient
absorption and growth performance of fish (47). Previous studies
have demonstrated that fish have a special need for Trp in
epithelial structures. Optimal Trp exerts beneficial effects on
maintaining the intestinal structural integrity and intestinal
development of fish (13, 48). In this study, feeding 6.35 g kg−1

Trp diets significantly increased villus height and crypt depth,
which suggests that dietary Trp can influence the morphological
structure of the intestine, whichmight be associated with nutrient
digestion and absorption. Similar results showed that Trp
improves the digestive and absorption capacity of fish (34, 49).

Trp Regulated the Expression of Genes in
the Intestine of ITCC
Regarding the molecular mechanism by which Trp affects
intestinal morphology, pathway enrichment of DEGs
summarizes the complex networks of genes.
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FIGURE 4 | PPI network of differentially expressed genes in the group fed 6.35 g kg−1 Trp diets compared with the control group and two significant modules

identified among the PPI network using the molecular complex detection method with a score of >13. Blue nodes represent the upregulated genes; green nodes

represent the downregulated genes; (A) PPI network of differentially expressed genes in the group fed 6.35 g kg−1 Trp diets compared with the control group; (B)

module 1, MCODE score = 23; (C) protein-protein interaction network of 15 hub genes.

Fatty Acid Biosynthesis
Fatty acid biosynthesis capacity of fish varies among species,
with trophic level hypothesized as a major factor (50). Fatty acid
catabolism is a major source of energy in salmonid fish (51).
In the present study, 6.35 g kg−1 Trp gut samples showed an
upregulated expression of genes enriched significantly in Fatty
acid biosynthesis signaling pathway (ACSL, FADD, ACACA, and

FASN) compared with control group. This indicated that 6.35 g
kg−1 Trp intake further promoted fatty acid biosynthesis in
ITCC. Acetyl-CoA carboxylase (ACACA) and fatty acid synthase
(FASN) are important rate-limiting enzymes that play a critical
role in body weight differences in abdominal adipose tissue of
growing animals (52). FASN plays a crucial role in the process
from lipogenesis and is physiologically modulated by energy
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FIGURE 5 | Comparison of the gene expression levels of RNA-seq with real-time PCR. The right axis represents the expression levels determined by RNA-seq in

FPKM units, and the left axis represents gene expression levels determined by real-time PCR. Bars represent the mean (±SE) of three samples. The black column

indicates the FPKM value; the grey column indicates the real-time PCR using β-actin as a reference gene. Data represent relative mRNA expression of (A) Erp27, (B)

CPA5, (C) CPA1, (D) CTRL, (E) LOC109066737, (F) ssbp4, (G) NEU3, and (H) Per2 determined by quantitative real-time PCR.

FIGURE 6 | Alpha diversity of the gut microbiota in control group and 6.35Trp group. (A) Shannon’s diversity index. (B) Chao1. (C) Observed-species. (D) Simpson.

**p < 0.01 vs. control group by Tukey’s post-hoc test.

balance (53). So, the expression of FASN may be a good non-
invasive indicator to study the role of Trp in growth and in
studies on fatty acid biosynthesis in ITCC. Therefore, studying
the regulation of Fatty acid biosynthesis has great significance for
improving gut health.

Protein Digestion and Absorption
Fish growth is based on the digestion and absorption of nutrients
(54). Fish are known to utilize proteins preferentially to lipids or

carbohydrates as energy sources (55). Amino acids are important
energy sources, satisfying 14–85% of the energy needs of teleost
fish (54). A previous study showed that dietary Trp could
improve the digestion and absorption ability of juvenile Jian carp
(Cyprinus carpio var. Jian) (13). In this work, numerous genes
related to “protein digestion and absorption” were upregulated
in the intestine of fish fed 6.35 g kg−1 Trp diets, indicating that
dietary Trp might influence associated with changed intestinal
function in protein digestion and absorption of ITCC.
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FIGURE 7 | Principal coordinate analysis (PCoA) of the microbial community

composition of the control group and 6.35 Trp group. Horizontal coordinates

indicate one principal component, vertical coordinates indicate another

principal component, and percentages indicate the value of the principal

component’s contribution to sample differences; each point in the graph

represents a sample, and samples from the same group are represented using

the same color. Blue represents the 6.35 Trp group, and red represents the

1.85 Trp group.

AMPK Signaling Pathway
TOR can activate the AMPK signaling pathway and control the
growth response of cells to nutrients, especially amino acids (56).
TOR is a nutrient sensor that can affect cell growth by regulating
of protein synthesis (57, 58). Previous studies have reported that
dietary Trp supplementation increased the expression of TOR
and S6K1 mRNA levels and the phosphorylation level of TOR
and S6K1 in grass carp muscle (59, 60). In this work, dietary Trp
levels (6.35 g kg−1 Trp diet) upregulated the relative expression of
TORmRNA in the intestinal tract, in agreement with the finding
that dietary Trp increased the expression of TOR in hybrid
catfish (34). Conversely, another study showed that dietary Trp
improved young grass carp growth, which may be related to
the downregulation of TOR in the intestine of young grass carp
(36). These results suggest that Trp may activate the AMPK
signaling pathway to coordinate nutrient uptake in fish through
regulation of TOR gene expression. However, the mechanisms
require further study.

Intestinal Microorganism and Tryptophan
Trp plays important roles in maintaining gut microflora and
intestinal health. Deficiency in dietary Trp could alter the gut
microbial community (61). In this study, we found that 6.35 g
kg−1 Trp significantly increased the abundance ofCetobacterium,

and the Firmicutes/Bacteroidetes ratio at the phylum level (P
< 0.05). A study by Liang et al. reported that Trp can increase
intestinal species richness (62). Studies have shown that the
ratio of Firmicutes/Bacteroidetes is related to increased energy
harvesting and growth performance (63–65). Similarly, it was
found that the higher the ratio of the relative abundance of
Firmicutes to Bacteroidetes in grass carp, the faster the growth of
the fish (66). It is worth noting that Trp increased the richness
and diversity of the intestinal microbiota, perhaps partly because
Trp promoted the growth of the intestinal villi, thus increasing
the nutrients available to the intestinal flora (34, 62, 67).

Moreover, Cetobacterium has been identified as an important
component of gut microbiota in freshwater fishes, which is
an indicator of healthy fish (68–71). A previous study found
the effect of diet on the abundance of Cetobacterium in the
intestine of zebrafish (72). Numerous studies have confirmed
the effect of Cetobacterium on the digestion and absorption of
food, and the general growth and development process of fishes
(Yunlong Grouper, common carp, and tilapia) (73, 74). In the
present study, the abundance of Cetobacterium was increased
significantly by 6.35 g kg−1 Trp treatment in ITCC, suggesting
that Cetobacterium might play a crucial role in digestive and
nutritional processes.

In addition, it was also found that in the 6.35 Trp group,
the abundance of Fusobacteria increased after dietary with
6.35 g kg−1 Trp. Fusobacteria is the most dominant phylum
in the fish intestine and it may have a lasting positive
impact on intestinal function (17, 75). Fusobacteria may be
involved in the digestive process of fish by providing a
variety of enzymes (76). Previous studies have shown that
Trp catabolites are absorbed through the intestinal epithelium
and enter the bloodstream, affecting host physiology and
promoting intestinal and systemic homeostasis (31). Thus, the
increase in the abundance of Cetobacterium and Fusobacteria
might indicate the positive effect of Trp in balancing the
gut microbiota, which may be most strongly linked to
health performance.

Overall, our study suggests that dietary 6.35 g kg−1 Trp had
a beneficial effect on gut microbes and regulated the abundance
of gut microbes in ITCC. However, further work needs to
be done determine the effects of Trp on certain beneficial
intestinal bacteria.

CONCLUSIONS

In this study, dietary Trp was found to improve the growth
performance and intestinal health of ITCC. We found that
6.35 g kg−1 Trp altered intestinal gene expression involved
in protein digestion and absorption and the AMPK signaling
pathway in the ITCC gut. In addition, 6.35 g kg−1 Trp
significantly increased the abundance of Cetobacterium and
the Firmicutes/Bacteroidetes ratio in the ITCC gut. However,
more studies are needed to clarify the interaction between host
gene expression and gut microbiota in ITCC fed a diet with
6.35 g kg−1 Trp.
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FIGURE 8 | Linear discriminant analysis coupled with effect size (LEfSe) of the control group and 6.35 Trp group. The LDA value distribution histogram shows species

with an LDA score greater than the set value (set to 4 by default), and the biomarkers with statistically significant differences between groups. The prefixes “p,” “c,”

“o,” “f,” “g,” “s,” and “t” represent the annotated level of phylum, class, order, family, genus, species, and strain. Green represents the 6.35 Trp group, and red

represents the 1.85 Trp group.
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Hypercholesteremia or high cholesterol is one of the important factors leading to

atherosclerosis and other cardiovascular diseases. The application of probiotics with

cholesterol-lowering characteristics has become increasingly popular over the past

decade due to their contribution to human health. This study aimed to evaluate the

probiotic effects of Lactobacillus fermentum ZJUIDS06 and Lactobacillus plantarum

ZY08 on hyperlipidemic golden hamsters. A hyperlipidemic model was established

through a high cholesterol diet in golden hamsters, after which lyophilized Lactobacillus

fermentum ZJUIDS06 and Lactobacillus plantarum ZY08 were orally administered

individually for 8 weeks. The physiological characteristics of golden hamsters and

short chain fatty acid (SCFA) in the colon were assessed by automatic Biochemical

Analyzer and gas choromatograph, respectively. A MiSeq sequencing-based analysis

of the bacterial 16S rRNA gene (V3–V4 region) in the cecum content was performed

to analyze the cecum microbiota. Correlations between sets of these variables

were also investigated using the R package “corrplot.” Results showed that neither

Lactobacillus fermentum ZJUIDS06 nor Lactobacillus plantarum ZY08 inhibited body

weight increase. However, supplementation with Lactobacillus fermentum ZJUIDS06

for 8 weeks increased colon SCFA levels (P < 0.05), decreased serum low-density

lipoprotein, total cholesterol, and triglycerides levels, and also induced changes in the

cecum microbiota of hyperlipidemic golden hamsters. Remarkably, oral administration of

Lactobacillus fermentum ZJUIDS06 increased the relative abundance of Parabacteroides

in the cecum, which served as a biomarker for colon SCFA production and improvement

of serum cholesterol levels. In a word, Lactobacillus fermentum ZJUIDS06 improved

hyperlipidemia in golden hamsters, which correlated with an increase in SCFA levels and

relative abundance of Parabacteroides, indicating its potential importance in functional

foods that can help lower cholesterol.

Keywords: in vivo, probiotic potential, Lactobacillus fermentum, Lactobacillus plantarum, cholesterol-lowering

effects, intestinal microbiota
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INTRODUCTION

Atherosclerosis is a type of cardiovascular disease that has
become increasingly prevalent on a global scale and contributes
to the etiology of multiple diseases, such as coronary heart
disease, cerebral infarction, and peripheral vascular disease
(1–3). The most commonly associated pathogenic factor
for atherosclerosis is the increase in low-density lipoprotein
cholesterol (LDL-C) levels in conjugation with a decrease in
high-density lipoprotein cholesterol (HDL-C) levels (4, 5). The
prescribed use of statin drugs reduces the risk of developing
atherosclerotic cardiovascular disease (6, 7), cardiovascular-
related death, and death in general, by lowering LDL-C levels
(8–10). However, the use of statins on a regular basis has been
associated with multiple adverse effects, including liver damage,
liver necrosis, kidney damage, myopathy, and rhabodomyolysis
(6, 11, 12), asks for the development of alternative agents or
bioactives with cholesterol-lowering characteristics.

The administration of cholesterol-lowering probiotics
has become increasingly popular over the past few decades
due to their generally recognized as safe (GRAS) status
and their contribution to the healthy microbiota of human
mucosal surfaces. To date, a number of cholesterol-lowering
strains have been isolated from feces of healthy people,
fermented dairy products, and pickles, including Lactobacillus
plantarum, Lactobacillus fermentum, Lactobacillus acidophilus,
Lactobacillus casei, Lactobacillus reuteri, Lactobacillus
rhamnosus, Bifidobacterium, and Enterococcus faecium. The
LAB strains previously reported to exhibit the cholesterol-
lowering effect in vivo mainly belong to Lactobacillus and
Enterococcus (13, 14).

The cholesterol-lowering effects of Lactobacillus fermentum or
Lactobacillus plantarum have been reported from both animal
models and human clinical trials. Lactobacillus fermentum
MJM60397 reduced the levels of serum triglycerides (TG)
and LDL-C, and improved gene expression of LDL-R in
livers of male ICR mice after a 7-week intervention period
(15). Consumption of buffalo milk fermented by Lactobacillus
fermentum improved serum lipids and biochemical indexes of
livers in male Wistar rats (16). Lactobacillus plantarum EM
fermented juice reduced the levels of serum TG, total cholesterol
(TC), and LDL-C of Sprague-Dawley rats and improved the
expression of 7 α-hydroxylase and LDL receptors in the rat
liver (17). In addition, Lactobacillus plantarum colonizing the
colon of rats reduced serum alanine aminotransferase (ALT),
aspartate aminotransferase (AST), TC, TG, LDL, very low-
density lipoprotein (VLDL), and the Atherogenic Index under
hypercholesterolemic conditions (18). In human clinical trials,
ingestion of Lactobacillus fermentumME-3 for 4 weeks decreased
serum TG and oxidized-LDL and increased serum HDL-C,
and thus reducing the risk of developing cardiovascular disease
and diabetes (19). Heat-inactivated Lactobacillus plantarum L-
137 reduced the levels of serum TC, LDL-C, AST, and ALT
in overweight people (20). In a human clinical trial, treatment
with live Lactobacillus plantarum Q180 for 12 weeks decreased
postprandial maximum concentrations of TG, LDL-C, Apo B-
100, and Apo B-48 levels (21).

Several mechanisms for cholesterol reduction by lactic acid
bacteria (LAB) have been proposed, such as deconjugation of
bile salts by bile-salt hydrolase (BSH) (22–24), binding and
incorporation of cholesterol to the LAB cellular surface (25–
27), production of short-chain fatty acids (SCFAs) during the
LAB growth (28, 29), and co-precipitation of cholesterol with
deconjugated bile salts (30, 31). Nevertheless, the mechanism for
cholesterol reduction by LAB needs to be studied on a case-to-
case basis and the cholesterol-lowering effects of LAB still need
to be elucidated.

In our previous study, two cholesterol-lowering
probiotics, Lactobacillus plantarum ZY08 and Lactobacillus
fermentum ZJUIDS06, were isolated from baby feces. Both
strains demonstrated cholesterol-lowering effects in vitro
(Supplementary Figure 1), were resistant to acid and bile salt,
and had no antibiotic resistance. However, the in vivo cholesterol-
lowering effects of these two strains were still unknown, and
their effects on the intestine microbial community remained
unclear. Therefore, the objectives of this study were to assess
the effects of Lactobacillus plantarum ZY08 and Lactobacillus
fermentum ZJUIDS06 on serum lipids, SCFA profiles, and gut
microbiota in hyperlipidemic golden hamsters, and thus to
provide deeper insights into the counter- hyperlipidemic effects
of certain probiotics.

MATERIALS AND METHODS

Bacterial Strains, Culture Conditions, and

Gavage Administration
Lactobacillus plantarum ZY08 and Lactobacillus fermentum
ZJUIDS06 (Supplementary Figure 2) were isolated from
breastfed baby (6 months old) feces in Hangzhou, Zhejiang
Province, China. The two strains were grown in MRS
broth (Beijing Land Bridge Technology Co. Ltd., Beijing,
China) and incubated anaerobically at 37◦C for 18 h. In
vitro cholesterol-lowering characteristics for the two strains
(Supplementary Figure 1) were determined following
previously described methods (32). The two strains were
lyophilized (WECARE-BIO Biotechnology Co. Ltd., Jiangsu,
China) and stored at−20◦C until use.

Golden Hamster Experimental
The in vivo experiment was conducted following a previous
study with some modifications (33, 34). In this experiment,
cholesterol (0.1%) and lard (10%) were added to the standard
diet (Supplementary Table 1, Pluteng Biological Technology Co.
Ltd., Shanghai, China) to produce the high cholesterol diet.
Golden hamsters (Mesocricetus auratus, Vital River Laboratory
Animal Technology Co. Ltd., Beijing, China) were fed the high
cholesterol diet to develop the mixed hyperlipidemia model.
Animal care and experimental procedures were approved prior
to initiation (#17426), and the guidelines set by the Animal Care
and Use Committee of Zhejiang University was followed.

Golden hamsters were selected as the animal model for
this study because hamsters synthesize and excrete cholesterol
and bile acids in a manner similar to that of humans,
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FIGURE 1 | Experimental design of animal study.

and they have become a standard model for evaluating the
cholesterol-decreasing efficacy of probiotic strains (34–36).
Male hamsters are considered a better model than females
for developing hyperlipidemia and evaluating the cholesterol-
decreasing efficacy because they are more susceptible to a high-
fat diet induced weight gain (37). Accordingly, male hamsters
were chosen as a model to assess the cholesterol-lowering
effect of LAB in vivo. A flow chart summarizing the aims
of our study can be found in Figure 1. A total of 32 male
golden hamsters, 6 weeks old, were fed a standard diet for
1 week to allow them to adapt to their new environment.
Subsequently, 24 hamsters were fed the high cholesterol diet for
8 weeks, and the other eight hamsters were maintained using a
standard diet for 8 weeks and were considered as the negative
control group (NC group). To initiate the experimental phase,
the 24 hamsters fed the high cholesterol diet were randomly
assigned to the following three groups according to their body
weight: High cholesterol positive control group (HC group),
Lactobacillus plantarum ZY08 intervention group (LP group),
and Lactobacillus fermentum ZJUIDS06 intervention group (LF
group). During the experimental period, golden hamsters in the
NC group andHC group were given 1mL normal saline per 100 g
body weight per day. Hamsters in the LP group were given 1mL
of Lactobacillus plantarum ZY08 suspension (109 CFU/mL) per
100 g body weight per day, while hamsters in the LF group were
given 1mL Lactobacillus fermentum ZJUIDS06 suspension (109

CFU/mL) per 100 g body weight per day. The viable counts of
lyophilized bacteria were enumerated on MRS agar by surface
plating on a weekly basis. Lyophilized bacteria were suspended in
saline and the viable cell counts in the suspension used for gavage
administration were∼109 CFU/mL (35, 38, 39).

Body weight and food intake were measured every week and
blood samples were collected every 2 weeks. After an 8-week
intervention period, all golden hamsters were euthanized, and
dissected before blood, liver, kidney, and intestine tract samples
were collected and frozen−80◦C until analyzed.

FIGURE 2 | Body weights (g) of golden hamsters over time. The body weight

for each golden hamster was measured once a week; each point represents

the mean per group ± SD (n = 8). Statistical analysis was performed using

one-way ANOVA and a Tukey’s test. At each time point, an asterisk (*) symbol

indicates that the mean value was significantly lower than the mean value of

the HC group. NC, negative control group; HC, positive control group; LP,

Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus

fermentum ZJUIDS06 supplemented group. NC, HC, LP, and LF are colored in

green (�), purple (•), orange (N), and blue (�), respectively.

Serum Lipids Determination
Blood samples were collected every 2 weeks from the intraorbital
venous plexus of the golden hamsters using a flat-ending capillary
(0.5mm diameter) tube. The blood was stored at 4◦C overnight
and centrifuged at 3000× g for 10min to harvest the serum
for lipid profiling. The amounts of TC, LDL-C HDL-C, and
TG in the serum were determined by automatic Biochemical
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Analyzer (#3100, Hitachi, Ltd., Tokyo, Japan), according to the
manufacturer’s procedure.

Histological Examination of the Liver
The livers of the golden hamsters were frozen in liquid nitrogen
immediately after dissection. The tissue was covered by an
OCT embedding agent (Tissue-Tek O.C.T. Compound 4583,
SAKURA Finetek USA, Torrance, USA), frozen, and then cut out
using Cryotome E (Thermo Fisher Scientific, Waltham, USA).
A coverslip (Servicebio Technology Co. Ltd., Wuhan, China)
was applied to attach the tissue. Finally, the hematoxylin-eosin
staining was performed, and the section was observed using
an oil immersion lens (Eclipse E100, Nikon, Corp., Tokyo,
Japan) and scanned by Pannoramic MIDI (3DHISTECHTM Ltd.,
Budapest, Hungary).

Determination of SCFA
SCFA in the colon content were determined following a
previously described method with some modification (40). After
dissection, the segmented colon sections were squeezed with
sterile forceps, and the contents were removed and stored in
cryopreservation tubes at −80◦C. The colon contents were
diluted five-fold with ultrapure water and vortexed for 3min.
Next, the suspension was rested for 5min and then centrifuged at
4◦C, 5000× g for 20min. Onemilliliter of supernatant was mixed
with 20 µL chromatogram grade phosphoric acid (Shanghai
Aladdin Biochemical Technology Co. Ltd.), and the mixture was
injected into a chromatographic vial (WondaVial, Shimadzu,
Corp., Kyoto, Japan) through a 0.45µm membrane filter for
gas chromatography.

The gas chromatography machine (Shimadzu, Corp., Kyoto,
Japan) consisted of an AOC-20S auto sampler and a GC-2010
equipped with a flame ionization detector. A SH-stabliwax (#227-
36305-2, 30× 0.25× 0.25, Shimadzu, Corp., Kyoto, Japan) highly
polar column was installed on the GC with nitrogen as the carrier
gas at a flow rate of 3 mL/min. The sample injection volume
was 0.2 µL with a split injection ratio of 50 and an injection
temperature of 200◦C. The ethyl acetate was injected as a blank
solvent between every sample to remove any memory effects. The
initial column temperature was set at 80◦C and held for 1min,
then increased to 170◦C at a rate of 8◦C/min, then immediately
increased to 220◦C at a rate of 20◦C/min and maintained for
4min. The total time was 18.75min. Finally, the content of SCFAs
was calculated according to the SCFA standard curve, which was
calibrated by the external standard method.

Tissue Weight
At the end of the experiment, the adipose tissue surrounding
liver, kidney, and epididymis were collected, washed with
PBS, and dried with clean filter paper. The tissues were then
weighed by using an electronic balance (BSA124, Sartorius, Inc.,
Gottingen, Germany) and recorded.

DNA Extraction and Cecum Microbiota

Analysis
The cecum content usually contains the highest absolute number
and diversity of microorganisms in the gastrointestinal tract (41),

and is thus particularly useful for the analysis of microbiota.
After dissection, the segmented cecum was squeezed with
sterile forceps to remove the content, which was stored in
cryopreservation tubes at −80◦C. DNA from the cecum content
was extracted using the Fast DNA SPIN extraction kit (MP
Biomedicals, Inc., Santa Ana, USA) following the manufacturer’s
protocol. Quantity and quality of the extracted DNA were
measured using the NanoDrop DN-1000 spectrophotometer
(Thermo Fisher Scientific, Inc., Waltham, USA) and agarose gel
electrophoresis, respectively. PCR amplification of the bacterial
16S rRNA genes V3–V4 region was performed using the

forward primer 338F (5
′

-ACTCCTACGGGAGGCAGCA-3
′

) and
the reverse primer 806R (5

′

-GGACTACHVGGGTWTCTAAT-
3
′

) (Personal Biotechnology Co. Ltd., Shanghai, China) (42–44).
Sample-specific 7-bp barcodes were added to the primers for
multiplex sequencing. The PCR components consisted of 5 µL
of Q5 reaction buffer (5×), 5 µL of Q5 High-Fidelity GC buffer
(5×), 0.25 µL of Q5 High-Fidelity DNA polymerase (5 U/µL), 2
µL (2.5 mmol/L) of dNTPs, 1 µL (10 µmol/L) of each forward
and reverse primer, 2 µL of DNA template, and 8.75 µL of
ddH2O. Thermal cycling covered initial denaturation at 98◦C for
2min, followed by 25 cycles including denaturation at 98◦C for
15 s, annealing at 50◦C for 30 s, and extension at 72◦C for 30 s,
with a final extension of 5min at 72◦C. The Agencourt AMPure
Beads (Beckman Coulter, Inc., Indianapolis, USA) were applied
for PCR amplicon purification and a PicoGreen dsDNA Assay
Kit (Invitrogen, Thermo Fisher Scientific, Waltham, USA) was
used for quantification. Based on quantification, amplicons were
gathered in equal amounts, and pair-end 2 × 300 bp sequencing
was performed using the Illlumina MiSeq platform with the
MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co.
Ltd. (Shanghai, China). The sequencing data were uploaded to
the Sequence Read Archive (SRA) of NCBI and can be viewed
with the following accession code: PRJNA727412.

Bioinformatics were applied to the sequencing data using
QIIME2 (45) with slight modifications. Briefly, raw sequence
data were demultiplexed using the demux plugin and then the
primer removed with the cut adapt plugin (46). Sequences were
quality filtered, de-noised, merged, and chimeras were removed
using the DADA2 plugin (47). Mafft (48) was applied to align the
non-singleton amplicon sequence variants (ASVs) and then the
results were applied to construct a phylogeny with fasttree2 (49).
The diversity plugin was applied to estimate the Alpha-diversity
metrics Chao1 (50). The observed species, Shannon (51, 52), and
Simpson (53), and the beta diversity metrics, weighted UniFrac
(54), unweighted UniFrac (55), and Bray-Curtis dissimilarity
were identified. All samples were rarefied to 56,522 sequences.
The classify-sklearn naïve Bayes Taxonomy classifier in feature-
classifier plugin (45) was applied to assign Taxonomy to ASVs set
against the SILVA Release 132 Database (56).

Statistical Analysis
Experiments were performed in biological triplicates. All data
are expressed as means ± SD. Differences between variables
were tested for significance by one-way ANOVA with a Tukey’s
Test (General parameter data) or a Kruskal-Wallis test (Non-
parametric data) using IBM SPSS version 24.0 (International
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FIGURE 3 | Serum lipid levels of golden hamsters. Groups annotated with a, b, c are significantly different with P < 0.05 as determined by one-way ANOVA and a

Tukey’s test. TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; NC, negative control group;

HC, positive control group; LP, Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus fermentum ZJUIDS06 supplemented group. NC, HC, LP, and LF

are colored in green, purple, orange, and blue, respectively.

Business Machines, Corp., Armonk, USA). Differences at P
< 0.05 were considered significant. QIIME2 and R packages
(v3.6.3) were used to analyze the sequencing data. The ASV
table in QIIME2 was used to calculate the ASV-level alpha
diversity indices, such as Chao1 richness estimator, Observed
species, Shannon diversity index, Simpson index, Faith’s PD,
Pielou’s evenness, Good’s coverage, and to visualize box plots.
The richness and evenness of ASVs between the samples were
compared by the generated ASV-level ranked abundance curves.
Bray-Curtis metrics (57), non-metric multidimensional scaling
(NMDS), and unweighted pair-group method with arithmetic
means (UPGMA) hierarchical clustering (58) were applied to
investigate the structural variation of microbial communities
across samples in Beta diversity analysis. PERMANOVA
(Permutational multivariate analysis of variance) (59) and
ANOSIM (Analysis of similarities) (60, 61) in QIIME2 were
applied to assess the significance of differentiation for the
microbiota structure among groups. LEfSe (Linear discriminant
analysis effect size) was applied to detect differentially abundant
taxa around the groups in the default parameters (62). The
correlation between the genus level abundance of cecum

microbiota and SCFA was analyzed by Spearman’s correlation
coefficient and plotted using the R package “corrplot.”

RESULTS

Golden Hamster Body Weights and Daily

Dietary Intake
The body weight for each golden hamster was recorded weekly
and the means for each group were calculated (Figure 2). In the
pre-fed and early intervention periods, the mean values of body
weight were comparable among all groups. However, the mean
body weights for golden hamsters in the positive control group
(HC), Lactobacillus plantarum supplemented group (LP), and
Lactobacillus fermentum supplemented group (LF) were higher
than those in the negative control group (NC) after 6 and 8 weeks
of the experiment. Similar results for body weights were observed
in the three groups fed the high cholesterol diet (HC, LP, and LF).
There was no significant difference in the daily nutritional intake
between all groups.
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FIGURE 4 | Histological staining of liver tissues from hyperlipidemic golden hamsters after 8-weeks of treatment. Arrows indicate the situation of cytoplasm near the

nucleus. Specimens were visualized and image captured using light microscopy (H & E stain, magnification: ×200, Scale bar, 50µm). NC, negative control group; HC,

positive control group; LP, Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus fermentum ZJUIDS06 supplemented group.

Effect of LAB on Serum Lipids
Serum lipids, including TC, LDL-C, HDL-C, and TG were
determined every 2 weeks. Exposing the golden hamsters to a
high cholesterol diet for 2 weeks increased serum TC and LDL-C
levels, indicating that the addition of 0.1% cholesterol and 10%
lard to the feed was suitable for inducing hypercholesteremia.
After 8 weeks, the serum TC, TG, HDL-C, and LDL-C
levels were overall significantly different among all the groups
(Figure 3). Ingestion of Lactobacillus fermentum ZJUIDS06 for
8 weeks reduced serum TC and TG levels in the golden
hamsters fed the high cholesterol diet by 1.97 mg/dL and 3.21
mmol/L, respectively, and reduced serum LDL-C by 44.8%,
while Lactobacillus plantarum ZY08 did not have such an
effect. Ingestion of Lactobacillus fermentation ZJUIDS06 did not
affect the serum HDL-C levels in golden hamsters fed the high
cholesterol diet, while ingestion of Lactobacillus plantarum ZY08
reduced the HDL-C levels.

Liver Histology
Histopathological analysis was performed on the harvested
livers using hematoxylin-eosin staining to assess the effects of
LAB supplementation on hepatocyte steatosis (Figure 4). The
cytoplasm near the nucleus was compact in the hepatocytes of
golden hamsters in the NC group. In the HC and LP group,
a large number of lipid droplets appeared in the cytoplasm
near the nucleus of the hepatocytes. Remarkably, ingestion of
Lactobacillus fermentum ZJUIDS06 reduced the number of lipid
droplets that were present in the cytoplasm near the nucleus of
the hepatocytes.

Effect of LAB on SCFA
The concentrations of acetic acid, butyric acid, and propionic
acid in colon contents of golden hamsters are presented in
Figure 5. The amount of total SCFAs in the NC group was lower

FIGURE 5 | Colon SCFA levels in golden hamsters after 8 weeks of treatment.

Groups annotated with a, b, c differed significantly with P < 0.05 as

determined by one-way ANOVA and a Tukey’s test. AA, acetic acid; PA,

propionic acid; BA, butyric acid; NC, negative control group; HC, positive

control group; LP, Lactobacillus plantarum ZY08 supplemented group; LF,

Lactobacillus fermentum ZJUIDS06 supplemented group. NC, HC, LP, and LF

are colored in green, purple, orange, and blue, respectively.

than that of the HC group. Golden hamsters supplemented with
Lactobacillus fermentum ZJUIDS06 had higher levels of total
SCFAs compared to any other group. Ingestion of Lactobacillus
fermentumZJUIDS06 administration for 8 weeks increased acetic
acid, propionic acid, and butyric acid by 1.06, 0.13, and 0.10
mmol/L, respectively, while ingestion of Lactobacillus plantarum
ZY08 did not have similar effects.
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Effect of LAB on Tissue Weight
Liver and the epididymal fat pad (EFP) are the two major
adipose tissue depots in golden hamsters (63). Therefore, the
liver and epididymal fat pad (EFP) weights were recorded to
assess the effects of LAB on fat accumulation in the hamsters
(Supplementary Table 2). The weights of these organs were
comparable among the HC, LP, and LF groups. The liver and EFP
weight of golden hamsters in the HC, LP, and LF groups were
higher than those in the NC group.

Effect of LAB on Cecum Microbiota
To assess the effects of Lactobacillus fermentum ZJUIDS06
and Lactobacillus plantarum ZY08 intervention on the
cecum microbiota of hyperlipidemic golden hamsters
(Supplementary Figure 3), a MiSeq sequencing-based analysis
of bacterial 16S rRNA (V3–V4 region) in cecum content was
performed. After being spliced and optimized, 27 samples
were delineated into 40,453 OTUs at a 95% similarity level
with distance-based OTUs and richness, and rarefaction
and Shannon index analysis indicating that the sequencing
depth covered rare new phylotypes and most of the diversity
(Supplementary Figure 4).

The caecal microbiota community was first assessed by
analyzing species richness, or the number of species in a
community, and species diversity, which is the number of
species and abundance of each species that live in a particular
location (64) (Figure 6A). The observed species and Chao
indices of the LF group were significantly higher than the other
groups, indicating that the L. fermentum ZJUIDS06 intervention
increased cecal microbiota richness. However, the Simpson and
Shannon indices showed no differences between any of the two
groups, indicating that the LAB intervention did not influence
the diversity of cecal microbiota.

Next, a Multidimensional Scaling (NMDS) analysis was
applied to visualize the differences in community structure
between the groups. NMDS is similar to a Principal coordinates
analysis (PCoA) analysis, but MNDS analysis is decomposed by
dimensionality reduction, and the data structure is simplified,
so that the distribution characteristics of the samples can be
described using a specific distance scale (65). Here, NMDS
analysis revealed a distinct clustering of microbiota composition
between the standard diet group (NC) and the high cholesterol
diet groups (HC, LP, LF) (Figure 6B). The significant separation
between groups was confirmed using an unweighted pair-group
method with arithmetic means (UPGMA) hierarchical clustering
(Figure 6C) which showed the similarity between samples in the
form of a hierarchical tree and the clustering effect by branch
length. An analysis of similarities (ANOSIM) revealed that
the overall microbiota structure differed significantly between
groups (Supplementary Table 3), indicating that the two LAB
interventions induced different shifts in the structure of the
caecal microbiota community.

Finally, discriminant taxonomic markers were identified
with linear discriminant analysis effect size (LEfSe) using
the non-parametric factorial Kruskal–Wallis H-test (Figure 7).
The LEfSe analysis resulted in three parts: The abundance
histogram showed the specific distribution of significantly

enriched species in different groups of the samples (Figure 7A);
The species classification cladogram showed the taxonomic
hierarchical distribution of significantly enriched species from
the phylum to the genus level for each group of the
samples (Figure 7B); the distribution histogram displayed
the LDA value (LDA >2) of significantly different species,
which is used to identify the significantly enriched taxa for
each group and the important species identified (Figure 7C).
Based on the results of the LEfSe analysis, Firmicutes and
Bacteroidetes were the dominant phyla in the cecum of all
groups. The cecum microbiota of golden hamsters fed a high
cholesterol diet was characterized by an increased Firmicutes-to-
Bacteroidetes ratio (Figure 7A). Remarkably, at the genus level,
Lactobacillus fermentum ZJUIDS06 administration increased
the relative abundance of Parabacteroides, Flavonifractor, and
Lactobacillus plantarum ZY08 increased that of Faecalibaculum,
Ruminococcus, and Desulfovibrio.

Correlation Analysis
To demonstrate whether the identified biomarkers were
correlated with serum lipid indexes or cecum SCFAs, we
performed an association analysis using the R package
“corrplot” (Figure 8). At the family level, six of 10 marker
taxa in the NC group, Muribaculaceae, Tannerellaceae,
Atopobiaceae, Bacteroidaceae, Porphyromonadaceae, and
Clostridiaceae, showed negative correlations with serum
lipid indexes (Figure 8A). Three of five marker taxa in
the HC group, Lachnospiraceae, Anaplasmataceae, and
Ruminococcaceae, showed positive correlations with serum
lipid indexes. Only Desulfomicrobiaceae in the LP group
showed a positive correlation with acetic acid with a Spearman’s
correlation coefficient of 0.504. The classes significantly
correlated with serum lipid reduction and Lactobacillaceae and
Bifidobacteriaceae are shown in Figure 8B.

At the genus level, three of the six identified biomarker taxa
from the NC group, Olsenella, Bacteroides, and Muribaculum,
showed negative correlations with serum lipid indexes.
Kineothrix, Dehalobacterium, and Wolbachia from the HC
group, Flavonifractor from the LF group, and Desulfovibrio
from the LP group showed significantly positive correlations
with serum lipid indexes. Interestingly, only Parabacteroides
was enriched in the LF group presenting a negative correlation
with LDL-C, as well as a positive correlation with SCFA levels,
with a Spearman’s correlation coefficient of 0.430 for acetic
acid, 0.534 for pentanoic acid, and 0.416 for butyric acid,
respectively (Figure 8C). In addition, Lactobacillus fermentum
ZJUIDS06 administration increased both the relative abundance
of Parabacteroides (Figure 8D) and the SCFA concentration in
the colon content (Figure 8A).

DISCUSSION

Ingestion of LAB did not affect body weights of hyperlipidemic
golden hamsters, while daily supplementation with Lactobacillus
fermentum ZJUIDS06, at the dosages of 109 CFU per 100 g
body weight for 8 weeks, significantly reduced LDL-C, TC, and
TG levels in the hyperlipidemic golden hamsters. The lack of
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FIGURE 6 | (A) Box plot depicting alpha diversity in the experimental groups of golden hamsters. Groups annotated with a, b significantly differed with P < 0.05,

respectively, as determined by a Kruskal-Wallis and Dunn’s test. (B) NMDS based on Bray-Curtis distance. (C) Clustering tree depicting the samples clustering

according to their similarity. NC, negative control group; HC, positive control group; LP, Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus

fermentum ZJUIDS06 supplemented group. NC, HC, LP, and LF are colored in green (�), purple (•), orange (N), and blue (�), respectively.

a decreasing body weight effect following LAB administration
in golden hamsters may be related to the feeding methods
used. In previous studies where golden hamsters were exposed
to unpredictable chronic mild stress or LAB administration,
ingestion of probiotics significantly decreased the body weight
gain (66–68). However, in the studies where feeding was
unrestricted but monitored, probiotic intervention had no
effect on body weight gain (38, 39, 66, 69), which was
consistent with our findings here. Remarkably, Lactobacillus
fermentum ZJUIDS06 exhibited cholesterol-lowering effect while
Lactobacillus plantarum ZY08 did not have such effect. The
variation in cholesterol-lowering effect between these two
strains may relate to their different interactions with the
host, and still needs to be further elucidated (70). The
observation that the reduction of LDL-C, TC, and TG levels
by Lactobacillus fermentum ZJUIDS06 in hyperlipidemic golden
hamsters positively correlated with the levels of colon SCFAs,
indicated that oral administration of Lactobacillus fermentum
ZJUIDS06 may reduce serum lipids by inducing increased
colon SCFAs. The effects of SCFAs on cholesterol metabolism
in cellular models, hyperlipidemic animal models, and in
human clinical trials have been well-documented (citation).
Previously, butyrate was found to increase the activity of the
liver X receptor ABCG5 and G8 expression and to decrease

NPC1L1 expression in Caco-2 cells (71). Concentration changes
of SCFA indirectly activated ApoA-I expression with PPARα

transactivation, increased transcription of PPARα and CPT1 and
decreased transcription of KEAP1 in HepG2 cells (29). The
dietary supply with SCFAs decreased serum lipids and promoted
fecal excretion of bile acids in hyperlipidemic hamsters through
up-regulation of SREBP2, LDLR, and CYP7A1 expression in the
liver (28) and reduced the serum lipids in freshly weaned pigs
by up-regulating the expression of hepatic FAS, CPT-1α, and
SREBP-1 (72). Accordingly, the increase in colon SCFAs observed
in this study may relate to the decrease in the serum lipids in
hyperlipidemic golden hamsters. However, the role of SCFAs in
mediating serum lipids still needs to be elucidated.

In previous reports, the cholesterol-lowering intervention
strategies used in hyperlipidemic rodents increased the relative
abundance of Lactobacillus or Bifidobacteria and decreased
the ratio of Firmicutes to Bacteroides (39, 73–75). However,
interventions used in this study did not have such effects
(Figure 8B). The discrepancy between our research and other
reports may relate to variations in the intestinal segments or
animalmodels (41). Remarkably, in this research, Parabacteroides
was the key symbiotic genus negatively correlated with LDL-
C and positively correlated with colon SCFAs. Species of
Parabacteroides have been reported as symbiotic bacteria that
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FIGURE 7 | (A) Caecum microbial composition of golden hamsters at the phylum level. (B) Taxa Lefse cladogram. (C) LDA Score (LDA >2). Groups annotated with

letters a, b were significantly different with p < 0.05 as determined by a Kruskal-Wallis test and FDR correction. NC, negative control group; HC, positive control

group; LP, Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus fermentum ZJUIDS06 supplemented group. NC, HC, LP, and LF are colored in green,

purple, orange, and blue, respectively.
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FIGURE 8 | (A) Heat map of Spearman’s correlation coefficients between serum lipid indexes, colon SCFA, and marker taxa at the family level (f_bacteria). (B) The

relative abundance of taxa at the family level that had a significantly negative correlation with the serum lipid indexes including Lactobacillaceae and Bifidobacteriaceae.

(Continued)
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FIGURE 8 | (C) Heat map of Spearman’s correlation coefficient between serum lipid indexes, colon SCFA, and marker taxa at the genus level (g_bacteria). (D) The

relative abundance of taxa at the genus level that had a significantly negative correlation with serum lipid indexes. Symbols * and ** represent P < 0.05 and <0.01,

respectively. NC, negative control group; HC, positive control group; LP, Lactobacillus plantarum ZY08 supplemented group; LF, Lactobacillus fermentum ZJUIDS06

supplemented group; NC, HC, LP, and LF are colored in green, purple, orange, and blue, respectively. TC, serum total cholesterol; TG, serum triglyceride; LDL, serum

LDL-C; HDL, serum HDL-C; AA, acetic acid in colon content; PA, propionic acid in colon content; BA, butyrate acid in colon content.

can alleviate obesity and metabolic dysfunction in mice (76).
Parabacteroides goldsteinii relates to the anti-obesity effects
of polysaccharides isolated from Hirsutella sinensis and water
extract of Ganoderma lucidum mycelium in high-fat-diet
(HFD) fed mice (77, 78). Oral treatment of HFD fed mice
with live P. goldsteinii reduced obesity and was associated
with increased adipose tissue thermogenesis. P. goldsteinii
is a novel probiotic bacterium that may be used to treat
obesity and associated metabolic disorders (78). These findings
provide evidence that ingestion of Lactobacillus fermentum
ZJUIDS06 may reduce serum lipids by enriching the commensal
bacteria Parabacteroides.

Our results show that the oral administration of Lactobacillus
fermentum ZJUIDS06 was not only positively correlated
with Parabacteroides, but also with increased levels of
SCFAs. The results of previous studies have found that some
strains of Parabacteroides can produce SCFAs. For example,
Parabacteroides acidifaciens sp. nov. ferments glucose into
acetate acid, propionate, isobutyrate, and isopentanoate in vitro
(79). However, the effects of Parabacteroides on in vivo SCFAs
production remain inconclusive. Only one study found that oral
administration of mice with alive Parabacteroides distanonis
did not affect the level of acetate acid, propionate, isobutyrate,
isopentanoate, and pentanoic acid in feces, but increased the
level of jejunal succinic acid (76). Taken together, the correlation
between Parabacteroides and in vivo SCFAs production still
deserves further validation.

In conclusion, uptake of Lactobacillus fermentum ZJUIDS06
and Lactobacillus plantarum ZY08 did not prevent body weight
gain in golden hamsters fed on a high cholesterol diet. However,
oral administration of live Lactobacillus fermentum ZJUIDS06
in hyperlipidemic golden hamsters significantly increased colon
SCFAs, and decreased the serum levels of LDL-C, TC, and
TG, without affecting serum HDL-C, thus improving the colon
SCFAs and serum lipid profiles. Both probiotics significantly
altered the cecum microbiome, and the reduction of serum
lipids following administration of Lactobacillus fermentum

ZJUIDS06 was positively correlated with the relative abundance
of Parabacteroides, which are commensal intestinal bacteria
with probiotic characteristics. Our results give rise to a deeper
understanding of the serum cholesterol-decreasing effects of
certain probiotics.
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Inhibiting NLRP3 Inflammasome
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and Derived Metabolites in
LPS-Treated Mice
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Background: The pathogenesis of sepsis-associated encephalopathy (SAE) is

complicated, while the efficacy of current treatment technologies is poor. Therefore, the

discovery of related targets and the development of new drugs are essential.

Methods: A mouse model of SAE was constructed by intraperitoneal injection of

lipopolysaccharide (LPS). LPS treatment of microglia was used to build an in vitro

model of inflammation. Nine-day survival rates, behavioral testing, transmission electron

microscopy (TEM), immunohistochemical (IHC), immunofluorescence (IF), and ELISA

were performed. The expression levels of Occludin, Claudin 5, NLRP3, caspase-1,

and ASC genes and proteins were detected by RT-qPCR or Western blot.

Caspase-1 P10 (Casp-1 P10) protein expression was detected. 16S rDNA sequencing

and gas chromatography-mass spectrometer (GC-MS) were used to analyze the gut

microbiota and metabolism. Flow cytometric experiment and Cell Counting Kit-8 (CCK8)

assay were performed.

Results: NU9056 improved the survival rate of mice and alleviated LPS-induced

cognitive impairment, anxiety, and depression in vivo. The tight junctions were

thickened via NU9056 treatment. Further, the mRNAs and proteins expression levels

of Occludin and Claudin 5 were up-regulated by NU9056. NU9056 increased the

expression level of DCX. The expression levels of Iba-1, NLRP3, IL-1β, ASC, and

Casp-1 P10 were down-regulated by NU9056. The composition of the gut microbiota

changed. Kyoto Encyclopedia of Genes and Genomes data predicted that the effects

of NU9056 might be related to apoptosis and tight junction pathways. NU9056

up-regulated the concentration of acetate, propionate, and butyrate. NU9056

significantly reduced LPS-induced apoptosis of microglia, the average fluorescence

intensity of ROS, and the release of IL-1β and IL-18, while improving cell viability in vitro.
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Conclusions: NU9056might effectively alleviate LPS-induced cognitive impairment and

emotional disorder in experimental mice by inhibiting the NLRP3 inflammasome. The

therapeutic effects may be related to gut microbiota and derived metabolites. NU9056

might be a potential drug of SAE prevention.

Keywords: NU9056, gut microbiota, NLRP3 inflammasome, derivative metabolites, sepsis-associated

encephalopathy

INTRODUCTION

Sepsis is one of the leading causes of death in intensive care units
(ICU) worldwide and often causes neurological disorders, such
as sepsis-associated encephalopathy (SAE). SAE is characterized
by pro-inflammatory and anti-inflammatory imbalance, multiple
organ dysfunction, severe nervous system disorder, and cognitive
and mental dysfunction (1). Although progress has been made
in drug therapy and surgical treatment, and age-standardized
morbidity and mortality rates have been declining, patients with
SAE are still severely. They have a high mortality rate (2).
Knowledge of the pathogenesis of sepsis is incomplete, and
the discovery of SAE-related targets and the development of
corresponding drugs remain crucial goals.

Blood-brain barrier (BBB) damage is closely associated with
neuronal damage in SAE (3). Destruction of the BBB is also
accompanied by the activation of the NLR family pyrin domain
containing 3 (NLRP3, previously known as NACHT, LRR, and
PYD domain-containing protein 3) inflammasome (4). The
NLRP3 inflammasome is mainly composed of an intracellular
sensor, NLRP3, an adaptor ASC and an effector caspase-1
(5). The NLRP3 inflammasome plays a vital role in neuro-
inflammatory diseases, like Alzheimer’s and Parkinson’s disease
(6). Related inhibitors, such as the NLRP3 inhibitor MCC950
and the caspase-1 inhibitor VX765, can significantly reduce the
neuro-inflammatory damage caused by SAE (7, 8).

Intestinal flora and metabolic disorders are also major factors
in the deterioration of SAE. Maintaining metabolic homeostasis
contributes to the effective treatment of SAE (9, 10). Probiotics,
such as Clostridium butyricum, may improve the cognitive
impairment of SAE mice by regulating the gut microbiota (11).
Related reports have indicated that the gut microbiota of NLRP3-
deficient mice can improve depression by regulating astrocytes
(12). The NLRP3 inflammasome is also a sensor of metabolic
stress (13). Thus, inhibition of the NLRP3 inflammasome may
have the potential for SAE treatment by regulating gutmicrobiota
and metabolism.

The KAT5 (also known as Tip60), H4K16 histone
acetyltransferase, is present in hypoxia-reoxygenation
macrophages. The overexpression of KAT5 and myocardin-
related transcription factor A (MRTF-A) synergistically
activate the pro-inflammatory factor-induced nitric oxide
synthase (iNOS) (14). NLRP3 self-aggregation and complete
inflammasome activation require acetylation (15).

NU9056 is a specific inhibitor of KAT5 (16) related to the
inhibition of NLRP3 inflammasome (15). However, relatively
little is known regarding the underlying mechanism. In the

present study, we investigated whether NU9056 has a significant
therapeutic effect on SAE in vivo and in vitro and the main
possible reasons for these effects.

MATERIALS AND METHODS

Animal Model
Ninety-five, 12-week-old C57BL/6J mice weighing 25–30 g were
randomly divided into a control group, a lipopolysaccharide
(LPS) group, and an NU9056 (LPS+NU9056, L. Nu) group.
This study was approved by the Institutional Animal Care
and Use Committee of the Third Xiangya Hospital, Central
South University (No: LLSC (LA) 2018-035). The mice were
purchased from Hunan Slack Jingda Experimental Animal Co.,
Ltd. Laboratory. The animals were adaptively fed for 7 days from
the date of purchase. They were reared at room temperature
(25 ± 2◦C). The relative humidity was ∼55%. Alternating 12 h
cycles of light and dark were used. Mice had free access to
food and water. LPS-treated mice received an intraperitoneal
injection of LPS (10 mg/kg, cat# L2880, Sigma). Control mice
were injected with the same amount of normal saline. NU9056
(5 mg/kg, cat#4903, TOCRIS) was intraperitoneally injected
twice, 30min before and 24 h after LPS injection. Sixteen
hours after intraperitoneal injection of LPS, blood was collected
transcardially. The supernatant was separated and collected. The
experiment was performed immediately. Finally, the remaining
samples were stored at −80◦C. According to the process shown
in Supplementary Figure 1, the brains and feces from the end of
the colon were collected. A portion of the samples were fixed and
tested, and the remainder were stored at−80◦C. Another 43mice
were randomly divided into three groups with the same grouping
and treatment methods as well as before. The animal survival
rate and behavioral experiments were carried out. The mice were
euthanized by intraperitoneal injection of sodium pentobarbital
150 mg/kg.

Cell Culture and Treatment
BV2 cells (cat# ZQ0397, Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd.) were cultured in DMEM (cat#
C11995500BT, Gibco), supplemented with 10% fetal bovine
serum (cat# 10099141, Gibco), 100 IU/mL penicillin, and
100µg/mL streptomycin sulfate (cat# C0222, Beyotime
Biotechnology). The cells were placed in a cell culture incubator
in an atmosphere of 5% CO2 at 37

◦C. Cells were divided into the
control group, LPS, and L. Nu groups. The cells in the control
group were treated with the same volume of solvent as LPS in
the culture medium. The cells in the LPS group were pre-treated
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with a volume of solvent equivalent to the NU9056 volume for
30min and followed by the addition of 1µg/mL LPS and culture
of the cells for 24 h. The cells of the L. Nu group were pre-treated
with NU9056 (10µM) for 30min prior to the same treatment
with LPS.

Survival of Animals and Behavioral Testing
The mice were observed daily for their survival. Animal behavior
experiments included an open field test (OFT), novel object
recognition (NOR), elevated plus maze (EPM), and mouse tail
suspension test (TST). The tests were performed as described
previously (7) and are briefly described below.

OFT

The open-field box was 40 × 40 × 40 cm. The total distance
traveled in five min was analyzed using Smart Junior software
(version 3.0; Panlab, Spain).

NOR

Each mouse was placed in a square space of 40× 40× 40 cm and
underwent familiarization and discrimination. Eachmouse could
explore 10min in the field in the familiarization phase with two
identical objects (A1 and A2) located opposite and equidistant
positions. Twenty-four hours later, each mouse was returned
to the open field where one of the familiar objects (A2) was
replaced by a novel object (A3). In the discrimination phase, each
mouse could explore objects for 10min, and the time of exploring
each object was recorded. Preference indexes of training and test
were analyzed.

EPM

The plus-maze height of 50 cm included a central square, two
open arms, and two closed arms. The two closed arms were
30 cm in length and 5 cm in width and enclosed by walls with
a height of 15 cm. Open arms had no walls. Mice were placed
in the central square facing one of the open arms and allowed
to explore individually for 5min. The total time spent in open
arms was calculated using the Smart Junior software (version 3.0;
Panlab, Spain).

TST

The mice were fixed with the tip of their tail on a horizontal
scaffold at the height of 50 cm with the head down. Next, the
duration of immobility was recorded for 6min by the Smart
Junior software (version 3.0; Panlab, Spain).

Transmission Electron Microscopy (TEM)
As previously mentioned (17, 18), the samples were fixed in 2.5%
glutaraldehyde for 2 h. The samples were washed three times
with phosphate-buffered saline (pH 7.2–7.4). The samples were
exposed to 1% osmium tetroxide for 1.5 h and then dehydrated.
The samples were infiltrated using Poly/Bed 812 resin. TEM
was performed using a model H-7700 transmission electron
microscope (Hitachi).

TABLE 1 | All primer sequences were used in the study.

Gene Sequences (5
′

-3
′

)

Occludin F:GTTAAGGCACGGGTAGCACT

R:TACTTCTGTGACACCGGCAC

Claudin F: GTTAAGGCACGGGTAGCACT

R: TACTTCTGTGACACCGGCAC

NLRP3 F: CCTCTTTGGCCTTGTAAACCAG

R: TGGCTTTCACTTCAATCCACT

ASC F: CAGAGTACAGCCAGAACAGGACACT

R: AAGCATCCAGCACTCCGTCCAC

Caspase-1 F: ACAAGGCACGGGACCTATG

R: TCCCAGTCAGTCCTGGAAATG

β-actin F: ACATCCGTAAAGACCTCTATGCC

R: TACTCCTGCTTGCTGATCCAC

Quantitative Reverse
Transcription-Polymerase Chain Reaction
(RT-qPCR)
RNA was extracted from tissues and cells using TRIzol
(Invitrogen) according to the manufacturer’s instructions. Next,
the extracted RNA was reverse-transcribed into cDNA. The
sequences of the target genes were searched using NCBI, and
the primers were designed using Primer 5 software (Premier).
The primer sequences for each gene were shown in Table 1. The
relative expression of each target gene was calculated using the
2−11Ct method with β-actin as the internal reference.

Western Blot
Total proteins in each group of tissues were extracted and
denatured. After sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, the proteins were transferred to nitrocellulose
membranes. The membranes were incubated overnight at 4◦C
with primary antibodies to Occludin (1:2,000, cat# 27260-1-
AP, Proteintech), Claudin5 (1:2,000, cat# ab131259, Abcam),
NLRP3 (1:1,000, cat# ab263899, Abcam), ASC (1:1,000, cat#
AG-25B-0006-C100, Adipogen), Casp-1(1:1,000, cat#24232, Cell
Signaling Technology), and β-actin (1:5,000, cat# 60008-1-Ig,
Proteintech). The membranes were then exposed to secondary
antibody horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (1:5,000, cat# SA00001-1, Proteintech) or HRP
goat anti-rabbit IgG (1:6,000, cat# SA00001-2, Proteintech) was
incubated for 90min at room temperature. β-Actin was used as
an internal control. After ECL color exposure, the protein bands
were analyzed using an Odyssey infrared imaging system (Li
cor Biosciences).

Immunohistochemistry (IHC)
Tissue sections were first deparaffinized and heat-repaired for
antigen retrieval and for other routine treatments. The sections
were incubated in 3% H2O2 for 25min to remove endogenous
peroxidase activity and blocked in 3% BSA for 30min at room
temperature. The primary antibody doublecortin (DCX, cat#
4604S, Cell Signaling Technology) diluted 1:500 was added
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and incubated overnight at 4◦C. The sections were rinsed in
phosphate-buffered saline and incubated with goat anti-rabbit
secondary antibody (100 µL; cat# PV-9000, ZSGB-BIO) at
room temperature for 50min. Subsequently, the avidin-biotin-
peroxidase complex (ABC Elite Kit, Vector Laboratories) was
added at room temperature. Positive expression was visualized
using enhanced 3,3

′

diaminobenzidine.

Immunofluorescence (IF)
Tissue sections were first deparaffinized and heat-repaired for
antigen retrieval and for other routine treatments. The cell
slides were fixed and permeabilized by routine processing. The
primary antibodies Iba1 (1:100; cat# 10904-1-AP, Proteintech)
and NLRP3 (2µg/ml; cat# PA5-79740, ThermoFisher) were
incubated overnight at 4◦C. The next day, goat anti-rabbit IgG
(1:200; cat# SA00013-2, Proteintech) was incubated at 37◦C for
90min. In addition, a 4

′

,6-diamidino-2-phenylindole (DAPI)
working solution was used to stain the nucleus for 10min.
Finally, buffered glycerol was used to mount the slides, and
the samples were stored in the dark and observed under a
fluorescence microscope.

ELISA
Serum and cellular supernatants were collected. ELISA detection
kit for interleukin (IL)-18 (cat# CSB-E04609m) was purchased
from Cusabio Biotech Co., Ltd. ELISA detection kits, including
IL-1β (cat#88-7013-77) and IL-6 (cat# 88-7064-77), were
purchased from eBioscience. The concentrations of IL-1β, IL-
6, and IL-18 were determined according to the manufacturer’s
instructions. A microplate reader (MB-530, Shenzhen Huisong
Technology Development Co., Ltd.) was used to measure the
optical density (OD) value of each well at 450 nm within
5min after the termination of the reaction. The sample
concentration was determined using a regression equation of the
standard curve.

16S rDNA Sequencing Analysis
DNA was extracted following the stool genomic DNA kit
instructions (cat# DP328-02, TIANGEN). The concentration
of DNA using the dsDNA HS Assay Kit (cat# 12640ES76,
Shanghai Yisheng Biotechnology Co., Ltd.) was measured. 16S
rDNA sequencing was performed using a NovaSeq PE250
device (Illumina). Raw data were obtained and subjected to
unlinking, filtering, deduplication, base correction, and removing
the chimera sequence to obtain a valid sequence (clean data) for
subsequent analysis. Sequence data were assessed using Qiime
2 (Qiime2-2020.2) and R software (4.0.2). Based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) gene function
spectrum data, the conversion calculation of the total metabolic
function of the flora was performed and analyzed via KEGG
differentiation pathway analysis.

Fecal Short-Chain Fatty Acid (SCFA)
Detection
The concentration of SCFA consisting of acetate, propionic,
isobutyric, butyric, isovalerate, and valerate were measured via
gas chromatography-mass spectrometry (GC-MS) using a model

5977 B apparatus (Agilent). An appropriate amount of feces was
added to 300 µL of normal saline containing 37.3µg/mL d7
isobutyric acid and magnetic beads and homogenized at 60Hz
for 60 s. After centrifugation, acidification, extraction, and other
treatments, the samples were analyzed using GC-MS with a
DB-WAX capillary column (30m × 0.250mm × 0.25µm) and
99.999% helium as the chromatographic carrier gas at a flow rate
of 1 mL/min. The temperature of the injection port and auxiliary
heater was 250 and 260◦C, respectively. The oven temperature
was programmed to start at 50◦C and was increased at different
rates. Finally, the temperature was increased to 240◦C at a rate
of 15◦C/min and maintained for 5min. The scanning range was
33–300 Da. The concentration of SCFA was quantified based on
the peak area of the total ion current.

Flow Cytometric Experiment
The cells were collected after the abovementioned treatment.
An Annexin V-FITC apoptosis detection kit (cat# KGA108,
Nanjing KGI) was used to treat the cells according to the
manufacturer’s instructions. Apoptosis rates were analyzed using
a flow cytometer (A00-1-1102, Beckman). The cells were treated
with 10µM of 2′,7′-dichlorofluorescein diacetate (DCFH-DA;
cat# S0033S, Beyotime Biotechnology) and incubated at 37◦C
for 20min. The fluorescence intensity of reactive oxygen species
(ROS) was measured using flow cytometry.

Cell Counting Kit-8 (CCK8) Assay
Cells in the logarithmic growth phase were digested and counted.
They were seeded in a 96-well plate at a density of 5 × 103

cells/well using 100 µL per well, with five replicate wells in each
group. After 24 h, the cells were processed according to the above
groups. The assay was performed according to themanufacturer’s
protocol. OD450nm was measured on a microplate reader (Bio-
Tek). The average value was calculated, and the survival rate
curve was plotted.

Statistical Analyzes
Statistical analyzes were performed using GraphPad Prism 8
software (GraphPad Software). Unpaired t-tests were used to
determine the statistical significance between the two groups.
Three or more groups were determined using a one-way analysis
of variance. Data are expressed as mean ± standard deviation
(SD). Significance was indicated by a P < 0.05.

RESULTS

NU9056 Improved Survival Rate and
Relieved Cognitive Dysfunction and
Emotional Disorder in LPS-Induced Mice
In order to identify the effects of NU9056 on LPS-induced
mice, a survival analysis was conducted. The results found
that the survival percent in all of the animals in the control
group was 100% during the 9 days in the study, suggesting
they were normal. In contrast, the animals in the LPS group
began to die the next day and continued to die on days 2–6,
with an eventual survival rate of 60%. In the L. Nu group, the
survival curve was relatively flat compared to the LPS group,
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and the eventual survival rate was 87% (Figure 1), suggesting
that NU9056 has noticeable therapeutic effects in the LPS-
induced mice. To verify the impact of NU9056 on cognitive and
emotional dysfunction, OFT, NOR, EPM, and TST behavioral
experiments were performed according to the experimental
shown in Supplementary Figure 1. The OFT experiment results
showed that there was no significant difference in the total
distance moved by the mice in each group 5 days after LPS
injection (Figure 1B). The results of the NOR experiment
indicated that the preference index of training in the mice among
the groups was not different for the left and right objects. In
the testing phase, NU9056 increased the exploration index of
the novel object induced by LPS in mice (Figures 1C,D). In
the EPM experiment, the time in the open arms of the mice
in the LPS group was significantly reduced compared with that
in the control group, while the time for the mice in the L. Nu
group increased significantly compared with that in the LPS
group (Figure 1E). The TST results showed that the immobility
duration of the L. Nu group markedly lower than that of the LPS
group (Figure 1F). The collective results indicated that NU9056
reversed cognitive dysfunction and emotional disorder of mice in
the LPS group.

NU9056 Might Inhibit Microglia Activation
and Protect From BBB Damage by
Downregulating the NLRP3 Inflammatory
Pathway in the Mice Treated With LPS
TEM revealed that the tight junctions of the LPS group showed
local thinning, indicating that the tight junctions and BBB were
damaged. Compared with the mice in the LPS group, the tight
junctions of the mice in the NU9056 group became thicker,
and the structure tended to be normal, indicating that the
BBB function was protected (Figure 2A). RT-qPCR andWestern
blot were used to explore the BBB function and molecular
pathways related to NU9056. The expression levels of genes
and proteins, including Occludin and Claudin 5 in the L. Nu
group, were significantly higher than those in the LPS group
(Figures 2B,C). To further verify the effects of NU9056 in LPS-
induced mice on newborn brain neurons, IHC was performed.
The results indicated that the L. Nu group reversed the LPS-
induced decrease in the expression level of DCX, suggesting that
NU9056 has a potential therapeutic effect in mice with SAE
(Figure 2D). Altogether, NU9056 protected BBB and newborn
neurons’ function from damage in vivo.

To validate whether NU9056 activated hippocampal
microglia, in vivo IF was performed. Compared with the control
group, NU9056 reversed the abnormal activation of Iba-1
and NLRP3 in the hippocampus of mice stimulated with LPS
(Figures 3A,B). In contrast to the LPS group, the expression level
of the serum inflammatory factor IL-1β in the L. Nu group was
significantly reduced, while there was no significant difference
in IL-6 levels (Figure 3C). Moreover, in the hippocampus of
mice, related inflammation and pyrolysis pathway indicators,
the expression levels of NLRP3 and ASC genes and proteins
were abnormally activated, and that of Casp-1 splicing body P10
protein was significantly increased. However, NU9056 reversed

the above process (Figures 3D,E). In addition, the results
suggested that NU9056 might inhibit the abnormal activation of
microglia and inflammation induced by LPS by down-regulating
the NLRP3 inflammatory pathway.

NU9056 Affected Fecal Microbiota in
LPS-Induced Mice
To further identify whether the effects of NU9056 in alleviating
SAE were related to the gut microbiota, 16S rDNA sequencing
was performed. The rank-abundance graph showed that as
the sequencing depth increased, the read abundance gradually
increased and finally tended to be flat, indicating that each
group of samples’ species richness and uniformity were eligible
(Figure 4A). The operational taxonomic unit (OTU) species
annotation Venn diagram indicated that in terms of overall
species diversity, the species abundance of the L. Nu group
decreased (Figure 4B). The results of an OTU core species
annotation Venn diagram suggested that compared with the
control group, the endemic species clusters of the LPS group
were up-regulated, while that of the L. Nu group tended to be
similar to the normal group (Figure 4C). We then analyzed the
alpha diversity of the samples among the groups. Compared with
the LPS group, the Shannon, Simpson’s, and J indices of the L.
NU group decreased significantly, indicating that biodiversity
was reduced (Figure 4D). The beta diversity results of the
samples demonstrated that the degree of dispersion between LPS
groups was greater, whereas it was significantly reduced after
NU9056 treatment (Figure 4E). Subsequently, we analyzed the
changes in fecal microbial abundance at the phylum and genus
levels. At the phylum level, compared with the LPS group, the
relative abundance of the Verrucomicrobia phylum in the L.
Nu group showed an upward trend (Figure 4F). At the genus
level, the abundance of the Akkermansia genus in the phylum
Verrucomicrobia in the L. Nu group was notably higher than that
in the LPS group (Figure 4G). The above results suggested that
the mitigation effects of NU9056 might be related to the diversity
and structural changes in the gut microbiota.

To further distinguish the function of changes caused by
changes in species abundance, KEGG pathways were used for
functional predictions. The results of data analysis at the level
of the Class predicted a changing trend of cellular processing
pathway enrichment in the L. Nu group (Figure 4H). Compared
to the control group, the apoptosis signaling pathway in the LPS
group was significantly enriched. In addition, the tight junction
and signaling pathways regulating the pluripotency of stem cells
in the L. Nu group displayed a trend of enrichment. The L. Nu
group was less enriched in the apoptosis pathway than the LPS
group (Figure 4I). These findings indicated that the therapeutic
effects of NU9056 might be involved in inhibiting apoptosis,
promoting tight junctions, and signaling pathways regulating the
pluripotency of stem cells.

NU9056 in LPS-Induced Mice Might Be
Associated With SCFA
Changes in the gut microbiota are often closely associated
with metabolism. Therefore, we further studied the effects of
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FIGURE 1 | NU9056 improved survival rate and relieved cognitive and emotional dysfunction in LPS-induced mice. (A) The 9-day survival rate of mice was

determined. Twelve of twenty mice of the LPS group survived, 13 of 15 mice of the L. Nu group survived. (B) The total distance moved by each group of mice was

detected in the OFT experiment. (C,D) The preference index of training and test were recorded in the NOR experiment. (E) The time in open arms was detected in the

EPM assay. (F) The duration of immobility of the mice was analyzed using the TST experiment. *P < 0.05; ns, not significant; n = 8–20 mice/group.

NU9056 on SCFAs. GC-MS revealed that in contrast with
the LPS group, the concentrations of acetate, propionate, and
butyric markedly increased, while the overall concentrations of
isobutyrate, isovalerate, and valerate were reduced and showed
no evident change trend in the L. Nu group (Figure 5). These
results suggested that the alleviating effects of NU9056 in LPS-
induced mice might be associated with SCFA.

Gut Microbiota Was Related to SCFA and
Inflammatory Factors in LPS-Induced Mice
The above results indicated that the effects of NU9056 may
be related to the gut microbiota, SCFA, and inflammatory
factors. To analyze the correlation among them, the Spearman
correlation coefficient algorithm was used (Figure 6). The
heatmap revealed that the concentration of acetate was
negatively correlated with Alloprevotella (r = −0.51, P =

0.036), Parabacteroides (r = −0.55, P = 0.021), and Bacteroides
(r = −0.60, P = 0.029), and positively correlated with
Lachnoclostridium (r = 0.54, P = 0.041). Propionate was
negatively correlated with Bacteroides (r = −0.55, P = 0.036)
and Escherichia-Shigella (r = −0.52, P = 0.048). Butyrate

was positively correlated with Akkermansia (r = 0.54, P =

0.042), but negatively correlated with Alloprevotella (r = −0.57,
P = 0.029) and Roseburia (r = −0.53, P = 0.047). The
inflammatory factor IL-1β was significantly positively correlated
in Alloprevotella (r = 0.55, P = 0.035), Bacteroides (r = 0.79,
P = 0.001), and Escherichia-Shigella (r = 0.76, P = 0.002). The
inflammatory factor IL-6 was significantly positively correlated
with Bacteroides (r = 0.70, P = 0.005) and Escherichia-Shigella
(r = 0.59, P = 0.023). The inflammatory factor IL-6 was
significantly negatively associated with Roseburia (r = −0.66,
P = 0.009), Lachnoclostridium (r = −0.54, P = 0.041), and
Lachnospiraceae_NK4A136_group (r =−0.67, P = 0.008).

NU9056 Inhibited Apoptosis and
Inflammation of Microglia in vitro
The above results showed that NU9056 had therapeutic effects
on LPS-induced mice. Subsequently, we wanted to verify its
protective effects in vitro further. We detected the apoptosis
rate and ROS levels in each group of cells. Compared to that
in the LPS group. The apoptosis rate and average fluorescence
intensity of BV2 cells in the L. Nu group were markedly lower
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FIGURE 2 | NU9056 protected BBB, and newborn neurons function from damage in vivo. (A) The morphological changes of the tight junctions of the hippocampus in

the mice were observed using TEM. The arrow points to a tight junctions structure. (B,C) The expression levels of Occludin and Claudin 5 genes and proteins in the

mouse hippocampus were detected using RT-qPCR and Western blot. (D) The DCX expression level of newborn neurons in the brain tissue of mice was observed

using IHC. *P < 0.05.
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FIGURE 3 | Continued

(Figures 7A,B). The CCK8 results revealed that the cell viability
of the L. Nu group was remarkably higher than that of the
LPS group (Figure 7C). We further tested the inflammatory
factors. ELISA results revealed that NU9056 suppressed the
LPS-induced expression of IL-1β and Il-18 (Figure 7D). The
collective results suggested that NU9056 also inhibited apoptosis
and inflammation in microglia in vitro.

DISCUSSION

SAE occurs in 70% of patients admitted to the ICU, which
might be related to abnormal activation of microglia, brain
inflammation, neurotransmitter dysfunction, and other causes
(19). In this study, the mitigation effects of NU9056 on
LPS-stimulated mouse models of behavioral disorders, brain
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FIGURE 3 | NU9056 might inhibit microglia activation and inflammation by inhibiting the NLRP3 inflammatory pathway in vivo. (A,B) The expression level of Iba-1 and

NLRP3 in hippocampal microglia of mice were detected using IF; (C) the concentrations of IL-1β and IL-6 in the serum of mice were tested using ELISA; (D,E) genes

or proteins expression levels of NLRP3, ASC, Casp-1, and Casp-1 P10 in the hippocampus of mice were analyzed by RT-qPCR or Western blot. *P < 0.05; ns, not

significant.

damage, abnormal activation of microglia, brain inflammation,
and BBB function were investigated. NU9056 remarkably
improved the survival rate of LPS-stimulated mice, relieved

cognitive dysfunction, anxiety, and depression, reduced DCX
expression, hindered abnormal activation of microglia, reduced
neuroinflammation, protected BBB function, and affected the
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FIGURE 4 | NU9056 affected the fecal microbiota in LPS-induced mice. (A) Rank-abundance graph. (B) Venn diagram of the number of common and unique OTUs

in each group. (C) Venn diagram of the number of common and unique core species OTUs in each group. (D) The alpha diversity of gut microbiota in each group was

analyzed using 16S rDNA sequencing, consisting of (1) Observed OTUs, (2) Chao1 index, (3) ACE index, (4) Shannon index, (5) Simpson’s index, and (6) J index. (E)

Principal component analysis of the similarity of samples among groups. (F) Variation in the relative abundance of samples in each group at the phylum level. (G)

Variation in the relative abundance of samples in each group at the genus level. (H) KEGG pathways predictions of functions of gut microbiota at the class level. (I)

KEGG pathways predictions of enrichment of each group in apoptosis, tight junction, and signaling pathways regulating the pluripotency of stem cells. *P < 0.05.

composition of the gut microbiota. In addition, we validated the
results of the LPS-induced inflammation model in vitro. The
collective findings indicate that NU9056 treatment might have
effectively alleviated damage in the LPS model mice by inhibiting
the NLRP3 inflammasome to some extent.

The NLRP3 inflammasome is activated in the central nervous
system, which can cause many neuroinflammatory diseases

(20). The widely accepted view is that NLRP3 binds to ASC
after activation and then binds to Casp-1. The active Casp-
1 rapidly cleaves pro-IL-1β and pro-IL-18 to mature IL-1β
and IL-18, respectively. Subsequently, IL-1β is released outside
the cell, causing inflammation (21). IL-6 is another common
inflammatory factor. Typically LPS induces an increase in
the concentration of IL-6 (22). As an NLRP3 inhibitor, the
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FIGURE 5 | NU9056 in LPS-induced mice might be associated with SCFA. GC-MS determination of the concentration of SCFA consisting of acetate, propionic,

butyric, isobutyric, isovalerate, and valerate in the stools of mice. *P < 0.05; ns, not significant.

therapeutic effects of MCC950 on diabetic stroke rats were
similar to those of NU9056 in the treatment of LPS-induced
mice (23). In this study, we determined the concentrations of
IL-1β and IL-6 in the blood of mice in each group in vivo.
NU9056 could markedly downregulate the concentration of IL-
1β without significantly affecting the IL-6 level in the blood. This
was consistent with the research of Zhao et al. (15). NU9056
attenuated the release of IL-1β and IL-18 in vitro. This might
be explained by the fact that NU9056 is a specific inhibitor of
KAT5. It may have an anti-inflammatory effect by inhibiting the
activation of NLRP3 inflammasomes. However, the downstream
pathway of NLRP3 inflammasome may be mainly IL-1β and IL-
18 (21). Therefore, NU9056 has no significant effect on IL-6
inflammatory cytokines.

Microglia, BV2 cells, are permanent immune cells in the
brain and play an essential role in regulating inflammation

in the brain (24). NOD-like receptor protein 3 (NLRP3) was
also widely expressed in the cells (25). BV2 cells are often
used to study the BBB function, inflammation, NLRP3 pathway,
etc. (25, 26). Therefore, BV2 cells have been studied in vitro.
Due to funding limitations, NU9056 has not been studied on
other cells, such as astrocytes and neural cells. We will further
explore NU9056 in microglia, astrocytes, neural cells, and other
cellular mechanisms related to neuroinflammation in future
studies. In addition, abnormal activation of microglia increases
ROS levels abnormally and causes apoptosis in brain tissue
(20). The present study results also showed that NU9056 could
reverse LPS-induced activation of microglia to a certain extent.
Activation of TLR4-NF-kB in LPS-induced BV2 cells has been
reported in many papers (27, 28). If NU9056 could block the
TLR4-NF-kB pathway simultaneously, it would be an essential
basis for the possible action of NU9056 on other inflammatory
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FIGURE 6 | Gut microbiota was related to SCFA and inflammatory factors in LPS-induced mice. *P < 0.05.

diseases. But due to the funding and time, we did not do that.
Future studies will further investigate whether NU9056 can
inhibit different inflammatory pathways other than NLRP3, such
as TLR4-NF-kB.

BBB damage was involved in the occurrence and development
of many neuroinflammatory diseases, including SAE. Therefore,
many therapeutic drugs related to neurological diseases have
the effect of protecting BBB (29). Our research revealed that
NU9056 could alleviate the BBB damage of LPS-induced mice.
The result of TEM found that the tight junctions become thicker;
additionally, the BBB-related proteins Occludin and Claudin
5 also have an upward trend, suggesting that NU9056 has a
relieving effect on BBB. It further illustrated the great potential
of NU9056 as a treatment for SAE.

SAEs have been well-established to cause severe cognitive
impairment (30). DCX is a classic marker of newborn neurons
(31). Furthermore, in depression-likemodel mice, treatment with
ghrelin increased the expression level of DCX (32). Consistent
with these findings, we observed that the decrease in the
expression level of DCX in the LPS model was reversed by
NU9056, suggesting that NU9056 has the potential to protect
newborn neurons and further alleviate cognitive impairment.

The cognitive ability of mice has been assessed through
OFT, NOR, and other behavioral experiments (33). Liao et al.
reported that S100A9 could contribute to the learning and
memory impairment of experimental sepsis mice (34). In our

study, different behavioral experiments were performed in mice
treated with LPS and NU9056. The same animals were used for
different behavioral experiments. The reality is that a behavioral
experiment such as NOR often takes several hours. After a
long period of the behavioral experiment, mice showed unstable
mood and abnormal performance. The circadian rhythm also
affected the mice’s behavior. In addition, there may be some
influence between different behavioral experiments. With these
factors in mind, in our experiment, the mice were tested by
OFT, NOR, EPM, and TST behavioral experiments on days 5,
6, 7, 8, and 9 after LPS modeling. OFT detected the recovery
of activity ability of mice in each group. The total movement
distance of the three groups of mice within a certain period of
time was the same, which meant that their activity ability had
returned to a consistent level. This could avoid the deviation
of subsequent behavioral tests due to differences in activity
ability (35, 36). Then, according to the size of the behavioral
stimuli, NOR, EMP, and TST were performed to detect the
memory, anxiety, and depression of the mice, respectively. In
NOR, EMP, and TST experiments, NU9056 showed the effects of
improving memory ability and alleviating anxiety and depression
in sepsis mice.

Increasing evidence has shown that inflammation, BBB
function, and cognitive dysfunction in SAE mice provide
a key link to gut microbiota and metabolism (9). The
NLRP3 inflammasome plays a crucial role in coordinating host
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FIGURE 7 | NU9056 inhibited apoptosis and inflammation of microglia in vitro. (A) Apoptosis rate in each group was detected using flow cytometry. (B) The average

fluorescence intensity of each group was measured using flow cytometry. (C) Cell viability was tested using CCK8 assay. (D) The IL-1β and IL-18 release were

estimated using ELISA. *P < 0.05.
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physiology and shaping the peripheral and central immune
and inflammatory responses of central nervous system diseases
(37, 38). The “microbiota-gut-brain axis” view has been posited,
discussed, and has become a hot research topic (39). Therefore,
we speculate that the therapeutic effects of NU9056 may
be related to the gut microbiota. Akkermansia has been
studied recently as a probiotic with great potential. In cancer
treatment, Akkermansia has great potential to combine with
programmed death-1 immunotherapy to enhance its efficacy
(40). Akkermansia has also been proven to be metabolically
beneficial in obese and diabetic mice (41). In the present
study, after NU9056 treatment, the abundance of Akkermansia
in mice was significantly increased, suggesting that NU9056
might attenuate SAE by regulating the gut microbiota. The
KEGG prediction results indicated that NU9056 could reduce
the accumulation of the apoptosis pathway in the model
mice and increase the enrichment of tight junctions and
signaling pathways regulating pluripotency of stem cells.
This also illustrated the possibility of using NU9056 to
alleviate SAEs.

SCFAs have been the main fermentation metabolite of
anaerobic bacteria in the gut. SCFAs are the main fermentation
metabolites of anaerobic bacteria in the gut. Moreover, they
have been considered as potential mediators of the influence of
gut microbiota on intestinal immune function (42). The SCFA
results revealed that acetate, butyrate, and propionate levels
were reduced in patients with encephalitis (43). In the present
study, NU9056 notably reversed the LPS-induced decrease in the
concentrations of acetate, propionic acid, and butyrate. Due to
economic and experimental limitations, its specific effects have
not been deeply explored. In future studies, we will investigate
the detailed mechanism of NU9056 as a potential SAE treatment.
In view of previous studies, in vivo and in vitro experiments
have shown that there is no significant difference between the
NU9056 without LPS treatment group and the control group
in function and NLRP3 pathway experiments (15, 44, 45).
Therefore, in that design, NU9056 was not set without LPS
treatment group. Considering the rigor of the experiment, we
will set the NU9056 without LPS group in the future study to
further study whether NU9056 has any effect on normal animals
or cells.

SAE is an acute disease. Patients with SAE may have acute
changes in consciousness, which is an important cause of death
(19). LPS was used to establish a model that induced acute
inflammation in mice, and the inflammatory indicators change
significantly during 0–72 h (46). In the acute kidney injury
study, inflammatory cytokines such as IL-1β, IL6, and TNF-
α were measured in mice 16 h after intraperitoneal injection
of LPS (47). Therefore, ELISA was performed at 16 h after
modeling in the study. Many studies have shown that BBB
markers were detected 24 h after modeling (24). Therefore,
the indicators of BBB included Occludin and claudin-5, and
the samples were collected 1 day after LPS modeling in the

electron microscope experiment. The subsequently affected
pathways often take a certain amount of time, so we chose
3 days to study pathways. Due to fund limitations, we did
not conduct experiments on the changes of inflammatory
indicators and pathway indicators over time. In future studies,
we will collect blood and tissues at different time points for
further research.

CONCLUSION

NU9056 might effectively alleviate the cognitive impairment,
emotional disorder, inflammation, and BBB dysfunction
of the experimental SAE by inhibiting the NLRP3
inflammasome. In addition, the therapeutic effects of NU9056
on experimental SAE may be related to the gut microbiota and
derived metabolites.
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Chenpi is a kind of dried citrus peel fromCitrus reticulata, and it is often used as traditional

Chinese medicine to treat dyspepsia and respiratory tract inflammation. In this study,

to determine which way of chenpi treatment plays a better effect on the prevention of

obesity in healthy mice, we conducted 16S ribosomal RNA (rRNA) gene sequencing for

intestinal microbiota and gas chromatography-mass spectrometry detector (GC/MSD)

analysis for short-chain fatty acids (SCFAs) of female rats fed with either chenpi decoction

or chenpi powder-based diet (n = 10 per group) for 3 weeks. Chenpi powder (CP) group

significantly reduced abdominal adipose tissues, subcutaneous adipose tissue, and the

serum level of total triacylglycerol (TG). At a deeper level, chenpi powder has a better

tendency to increase the ratio of Bacteroidetes to Firmicutes. It alters theMuribaculaceae

and Muribaculum in intestinal microbiota, though it is not significant. The concentrations

of acetic acid, valeric acid, and butyric acid increased slightly but not significantly in the

CP group. Chenpi decoction just reduced perirenal adipose tissues, but it shows better

antioxidant activity. It has little effect on intestinal microbiota. No differences were found

for SCFAs in the chenpi decoction (CD) group. The results indicated that chenpi powder

has a better effect in preventing obesity in mice. It can provide a basis for the development

of functional products related to chenpi powder.

Keywords: chenpi powder, chenpi decoction, intestinal microbiota, short chain fatty acids, different treatment

methods

INTRODUCTION

Dried citrus peel (chenpi) is the mature dry pericarp of Citrus reticulata. As a traditional Chinese
medicine, it has a good effect on treating dyspepsia and improving respiratory tract inflammation.
Chenpi contains many active components, such as essential oil (1), flavonoid (2), pectin (3),
insoluble fiber (4), and so on. Citrus peel essential oils may ameliorate hypercholesterolemia and
hepatic steatosis by modulating lipid and cholesterol homeostasis, and most of them have good
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antimicrobial and antioxidant activities (5, 6).
Polymethoxyflavones, a kind of flavonoid from citrus peel,
have anti-obesity, anti-hyperglycemic, and antiviral activities;
meanwhile, it may effectively prevent the progression of
metabolic syndrome (7–10). Pectin polysaccharide has in vitro
intestinal immunomodulatory activity (11). In addition to the
abovementioned active substances, pure chenpi powder also
contains a large amount of dietary fiber. The composition
and activity of intestinal microbiota and the production of
short-chain fatty acids (SCFAs) were affected by dietary fiber
(12). Meanwhile, the production of SCFAs (in particular, acetate,
propionate, and butyrate) is closely related to intestinal health
and function (13).

Intestinal microbiota are microorganisms colonized in the
human digestive tract, which is closely related to age, obesity, and
inflammation (14–16). In recent years, the study on intestinal
microbiota is a hot spot. Diet has different effects on intestinal
microflora. More and more evidence shows that intestinal
microflora is closely related to metabolism, host gene expression,
and other factors (17–19). Chenpi has been proven to have a
modulation effect on the composition of intestinal microbiota
species, the abundance of microbiota, fecal SCFAs, intestinal
barrier function, and gastrointestinal inflammation (20–22).

Obesity as a thorny issue worldwide is caused by many
factors. Obesity can cause a series of complications, such as
hypertension, hyperlipidemia, metabolic diseases, and increasing
organ burden (23, 24). Several studies have observed the effects
of extracts or natural products on intestinal microorganisms,
SCFAs, glucose metabolism, and body weight of healthy mice
model (25, 26). Looking for natural products that can alleviate
and treat obesity is a healthy and safe method. Although there
are some studies on the effect of reducing weight and lipid of
chenpi, there is no study on which way of chenpi treatment can
play a better effect. In this experiment, we observed the effect
of the chenpi on healthy mice. Traditionally, chenpi was infused
with boiling water to extract their effective components such
as “decoction.” In this study, we added chenpi to the normal
diet of mice in two forms, both chenpi decoction and chenpi
powder. This study aimed to investigate the modulation effect
of two different types of chenpi on the accumulation of adipose,
intestinal microbiota, antioxidant capacity, and SCFAs to unvail
their potential application for obesity prevention, which may also
provide a basis for the use of chenpi as a kind of anti-obesity food
in the food industry.

MATERIALS AND METHODS

Mice and Housing
Forty four-week-old C57BL/six female mice (Tianqin
Biotechnology Company, Changsha, China) were housed
in a controlled room with a 12 h/day lighting cycle during the
experimentation. Food and drinking water were freely available
to mice. Following 1 week of acclimation, mice (n = 10) were
randomly grouped to control (C), chenpi decoction (CD), control
powder (P), chenpi powder (CP). They were all provided with a
normal diet. The normal diet contained 54.9% corn, 5.6% casein,
18% soybeanmeal, 6.5% beer yeast, 0.7% lard, 0.8% bean oil, 0.5%

salt, 1.4% fishmeal, and 1% premixture. The difference between
granulated (C) and powder (P) groups is whether granulation is
carried out. In the CD group and CP group, chenpi decoction and
chenpi powder, respectively, were added to the normal diet. The
body weight, food intake, and water intake were recorded once
a week. After 3 weeks of administration, blood samples were
collected by orbital bleeding. Liver, abdominal adipose tissues,
subcutaneous adipose tissues, and perirenal adipose tissues were
weighed and collected. Fecal samples were collected by 16S
ribosomal RNA (rRNA) sequencing and analysis of SCFAs. The
experimental protocol was approved by the Animal Care and
Use Committee of Hunan Agricultural University.

Preparation of Chenpi Decoction and
Chenpi Powder
Chenpi was purchased from Jiangmen Xinhui tangerine peel
village market limited company, Guangdong Province. The
variety of chenpi is red Pericarpium Citri Reticulatae, which is
made by traditional sunlight drying. According to the traditional
decocting method, 10 g chenpi was crushed into a coarse powder
and 200ml of water was added and boiled over 95◦C for 30min.
The filtrate was filtered out and then added 20 times of water
to decoct again in the same way. The filtrate was combined,
evaporated, and concentrated to 10ml and stored at 4◦C. The
concentration of chenpi decoction was 1 g/ml. CD group were
administered 0.2 ml/day chenpi decoction by gavage. The mice
in the C group were given distilled water at the same time. After
grinding and sieving, the chenpi powder was sealed in vacuum
and stored at 4◦C. The CP group were given 0.2 g/day chenpi
powder in the diet.

Histopathological Observation
Paraformaldehyde solution in 4% was used to fix adipose tissues.
Then, they were dehydrated by ethanol solution, embedded,
and prepared. The subcutaneous adipose tissue was stained with
H&E. Images were obtained using a Nikon Eclipse E100 Upright
optical microscope from Nikon Corporation, Japan (27).

Biochemical Analysis
The serum concentration of total cholesterol (TC), total
triacylglycerol (TG), high-density lipoprotein cholesterol (HDL-
C), and low-density lipoprotein cholesterol (LDL-C) were
determined by using Kehua biological automatic biochemical
analyzer. Biochemical kits were purchased from Shanghai Kehua
Bio-Engineering Co., Ltd (Shanghai, China) (28).

Measurement of Hepatic Malondialdehyde
(MDA) and Superoxide Dismutase (SOD)
Levels
About 0.5 g of each liver tissue was homogenized in 4.5ml frozen
normal saline and then centrifuged and collected supernatant
at 2,000 rpm for 10min at 4◦C for measurements. All these
biochemical markers were measured using kits purchased
from the Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Coomassie Brilliant Blue was used to determine the
concentration of protein (27). Each sample has a parallel sample.
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FIGURE 1 | Chenpi alleviated the accumulation of adipose in mice (n = 9–10). (A) The body weight in 3 weeks (g); (B) the relative weight of liver to body weight; (C)

abdominal adipose tissues to body weight ratio (%); (D) subcutaneous adipose tissues to body weight ratio (%); and (E) perirenal adipose tissues to body weight ratio

(%). * P < 0.05; ** P < 0.01; and ns P > 0.05.

16S Ribosomal RNA (rRNA) Gene
Sequencing for Microbiota Profiling
Total genomic DNA was extracted from fecal samples and stored
at −20◦C using the DNA kit according to the instructions
for 16S rRNA gene pyrosequencing. Paired-end sequencing
was performed on the Illumina MiSeq platform (29). The V3-
V4 regions were amplified using a specific primer with the
barcode by thermocycler PCR system. In summary, α-diversity,
β-diversity, and principal coordinate analysis (PCoA) were
calculated and generated by Quantitative Insights Into Microbial
Ecology (QIIME). The measurement was repeated three times
for each sample. The online platform of Majorbio Cloud (http://
www.majorbio.com/) was used to analyze data (30, 31).

Detection of SCFAs
A total of 100mg feces were dissolved in 0.9ml water, then
mixed, and then centrifuged at 13,200 g force for 10min at
4◦C. A 1 µl supernatant of each sample was injected into
the inlet for gas chromatography-mass spectrometry detector
(GC/MSD) analysis. The levels of acetic, propionic, butyric,
valeric, isobutyric, and isovaleric acids in SCFAs were measured
using 8890B-5977B GC/MSD (Agilent Technologies Inc. CA,
USA) (32, 33). The measurement was repeated three times for
each sample.

Statistical Analysis
The statistical analyses were completed using IBM SPSS Statistics
26.0. The t-test was performed to determine the difference
between groups. Values of P < 0.05 mean statistically significant.

RESULTS

Chenpi Alleviates Accumulation of Adipose
in Mice
To determine the anti-obesity effect of chenpi on mice, body
weight, liver, abdominal adipose tissues, subcutaneous adipose
tissues, and perirenal adipose tissues were weighed. Chenpi
treatment has a tendency to regulate body weight, but the
difference was not significant (P > 0.05) (Figure 1A). Liver
weight has basically no change in every group (Figure 1B).
Weight of abdominal adipose tissues and subcutaneous adipose
tissue was significantly reduced at 0.13 and 0.15% in the CP group
compared with the P group (P < 0.05) (Figures 1C,D). Perirenal
adipose tissues were significantly reduced in CD (P < 0.05)
compared with the C group (Figure 1E). Serum concentrations
of lipids were analyzed (Figure 2) to find out that chenpi
powder can significantly reduce the serum level of TG by 24%
compared to the P group (P < 0.05) (Figure 2B) but had no
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FIGURE 2 | Chenpi adjusted serum concentrations of lipids. Concentrations of total cholesterol (TC) (A), total triacylglycerol (TG) (B), high-density lipoprotein

cholesterol (HDL-C) (C), and low-density lipoprotein cholesterol (LDL-C) (D) in serum (n = 8–10). * P < 0.05; ns P > 0.05.

FIGURE 3 | The observation of subcutaneous adipose tissues by H&E staining of four treatment groups (×400).

remarkable effect on the serum levels of TC, LDL-C, and HDL-
C. These items showed no significant changes in the CD group
compared to the C group. The histopathological observation of

adipose tissues showed that the CP group exhibited a strong
inhibitory effect on the enlargement of adipocytes compared with
the P group, while the difference was not significant in other
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groups (Figure 3). To sum up, compared with chenpi decoction,
supplementation of chenpi powder in the diet significantly
alleviated accumulation of lipid and serum TG metabolism, and
it reduced the relative weight of abdominal adipose tissue and
subcutaneous adipose tissue.

Chenpi Enhanced Antioxidant Capacity in
the Liver
In order to test the antioxidant capacity of each group, the MDA
index and SOD index of the liver were detected. The content of
MDA was decreased in the CD group compared to the C group,
while the content of MDA in the CP group was 1.35 nmol/mg
higher than that of the P group (P< 0.05) (Figure 4). The activity
of SOD was increased marginally in the CD group compared to
the C group (P > 0.05).

Chenpi Modulated the Structural
Composition of Intestinal Microbiota
Intestinal microbiota were known as a key factor in modulating
obesity. Thus, to investigate whether chenpi influences the
intestinal microbiota of mice, 16S rRNA sequencing was tested.
We analyzed the composition and difference of intestinal
microflora in different diet groups.

Microbial diversity and richness were evaluated by α-diversity
and β-diversity. PCoA plot was applied to evaluate overall
differences in β-diversity in unweighted UniFrac distance for
the sample set (34, 35). As shown in Figure 5, different diets
have strong effects on the gut microbial composition revealed by
a clear separation among four groups. Shannon and Simpson’s
indexes evaluated the diversity of the microbiota. ACE and
Chao indexes described the richness of the microbiota (36). As
shown in Figure 6, the CD group exhibited a higher richness
of microbiota evidenced by the increased ACE and Chao
indexes compared to C (P > 0.05) (Figures 6C,D) but with
no significant difference. Simpson’s index in the CP group
significantly increased, but other indexes reduced.

As shown in Figure 7, there were differences in microbial
composition among the four groups at phylum, family, and

genus levels. Firmicutes and Bacteroidetes are the two majorities
at the phylum level. CD group had a 51% higher ratio of
Firmicutes to Bacteroidetes compared with the C group (P >

0.05) (Figures 7A, 8A). However, the CP group had a lower
abundance of Firmicutes (P = 0.07) and a higher abundance of
Bacteroidetes (P= 0.06) compared with the P group (Figures 7A,
8B). The difference is not significant. The dominant genera are
Muribaculaceae, Lactobacillaceae, and Lachnobacterium at the
family level. The relative abundance of Lactobacillaceae in the
CD group is higher than in the C group (p > 0.05) (Figures 7B,
8C). The relative abundance of Muribaculaceae in two powder
groups is higher than in two decoction groups (Figure 7B).
The relative abundance of Muribaculaceae increased in the CP
group compared with the P group (P = 0.086) (Figures 7B, 8D).
Similar alterations were observed for norank_f_Muribaculaceae,
Lactobacillus, and Lachnospiraceae _NK4A316_group at the
genus level (Figures 7C, 8E). The relative abundance of
Muribaculaceae (p= 0.09) andMuribaculum increased in the CP
group compared with the P group (P = 0.08) (Figure 8F).

Chenpi Changed the Content of SCFAs
in Feces
The content of SCFAs of feces is closely related to intestinal
health. Here, the contents of acetic, propionic, butyric, valeric,
isobutyric, and isovaleric acids were tested by GC/MSD.
On the whole, the content of SCFAs in the two powder
groups was higher than that in the decoction groups. There
was no difference in the concentration of any SCFAs in
feces in the CD group when compared with the control
group. The group that consumed chenpi powder had higher
concentrations of SCFAs than the P group, especially acetic,
valeric, and butyric acids, but the difference was not significant
(Figure 9).

DISCUSSION

We present the results of a study investigating the effects of
different supplementation treatments with chenpi on various

FIGURE 4 | The content of hepatic malonaldehyde (MDA) (A) and superoxide dismutase (SOD) (B) in liver (n = 8–10). * P < 0.05; #P < 0.05; and ns P > 0.05.
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health parameters, microbial composition, and content of SCFAs.
In healthy mice, chenpi supplement changed the accumulation of
fat. In particular, chenpi powder can effectively reduce the weight

FIGURE 5 | Principal coordinate analysis (PCoA) and plot analysis of different

treatment groups (n = 10).

of abdominal adipose tissues, subcutaneous adipose tissue, and
the serum level of TG. Other studies also have shown that
chenpi can reduce the gain of body weight, organ weight,
and accumulation of lipid (37). Obesity is closely related to
hyperlipidemia, and reducing the content of serum triglyceride
can effectively alleviate hyperlipidemia (38). There was no
significant change in body weight and liver weight in our study,
perhaps because the feeding time was not long enough. The effect
of chenpi on the antioxidant activity of the liver was analyzed.
MDA is the most frequently measured biomarkers of lipid
peroxidation and oxidative stress that is considered hazardous
to health (39). Oxidative damage can lead to a decrease in the
content of SOD (40, 41). Here, the decoction of chenpi shows
stronger antioxidant activity, which might be explained as more
antioxidants are released from chenpi after decoction treatment
using a high temperature (42).

Chenpi and its main active substances can affect the
composition and richness of intestinal microorganisms.
Hesperidin can increase the proportion of Lactobacillus in
healthy mice. Citrus polymethoxyflavones can greatly enrich
the bacterium Bacteroides in high-fat diet (HFD) mice (43–45).
The abundance of Proteobacteria and the ratio of Firmicutes
to Bacteroidetes were decreased by the chenpi extract in HFD
mice. Although the addition of chenpi supplement did not
significantly increase the abundance and diversity of intestinal
microbiota in our study, it shows that chenpi powder has

FIGURE 6 | Shannon (A), Simpson’s (B), ACE (C), and Chao (D) indexes in α-diversity analysis. * P < 0.05; ns P > 0.05 (n = 10).
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FIGURE 7 | Compositions of microbiota at the phylum (A), family (B), and genus levels (C) (n = 10).

a better tendency to increase the ratio of Bacteroidetes to
Firmicutes. This may be because the decoction does not extract
the active ingredients of chenpi very well and contains fewer

ingredients than chenpi powder. Although active compounds
such as hesperidin, naringenin, and nobiletin can be detected
in the water decoction of chenpi, some components cannot
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FIGURE 8 | Bar plots of Welch’s t-test at the phylum, family, and genus levels (n = 9–10). (A) C group and CD group at the phylum level. (B) P group and CP group at

the phylum level. (C) C group and CD group at the family level. (D) P group and CP group at the family level. (E) C group and CD group at the genus level. (F) P group

and CP group at the genus level. *P < 0.05.

be fully and effectively extracted because of their poor water
solubility (46). A study showed that the water solubility
of 5-demethylnobiletin and hesperidin in chenpi was low
(47, 48). ACE and Chao indexes reduced in the CP group.
This may be related to the reduction in harmful bacteria.
Studies show that the abundance of Bacteroidetes was reduced
by 50%, but Firmicutes was increased about 18% (49, 50), the
abundance ratio of Bacteroidetes to Firmicutes will decrease in
fat mice compared to lean mice (51, 52), and our results are
consistent with them. In the control group, Muribaculaceae,
Lactobacillaceae, and Lachnospiraceae are the dominant strain
at the family level. Chenpi powder increased the abundance
of Muribaculaceae significantly at family and genus levels. A
high abundance of Muribaculaceae is associated with longevity
in mice (53). Chenpi decoction can increase the abundance
of Lactobacillaceae that are intestinal beneficial bacteria (54).
It has correlation coefficients between bacterial abundances
and serum lipid oxidative. The correlations between the
abundance of Lactobacillaceae, serum TG, and MDA levels
were negative (55). Chenpi increased intestinal beneficial

bacteria and reduced microbial abundance associated with
obesity. Chenpi powder is more outstanding in the regulation of
intestinal microbiota.

The content of SCFAs is closely related to the diet structure.
Chenpi contains not only many active ingredients but also a
lot of dietary fiber. A fiber-rich diet can increase the content
of SCFAs in mice. Dietary fiber can be fermented by colonic
microbiota to produce SCFAs. Many studies have shown that
a diet rich in dietary fiber can change the content of SCFAs.
Passion fruit peel can increase the concentrations of butyrate
and acetate in cecal content (56). Salami with citrus fiber
increased the production of acetate, propionate, and butyrate
(57). Dietary fibers from papayas promoted the production
of SCFAs (58). Intestinal microorganisms are closely related
to SCFAs. Lachnospiraceae plays an important role in the
production of butyrate (59, 60). Muribaculaceae are helpful
to the production of propionate (61). Escherichia coli could
produce acetic acid (62). No significant changes in SCFAs
were observed in our study, perhaps due to our shorter
feeding cycle.
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FIGURE 9 | The effect of chenpi on short-chain fatty acids (SCFAs) in the feces (n = 9–10). (A) Acetic acid, (B) propionic acid, (C) isobutyric acid, (D) butyric acid, (E)

isovaleric acid, and (F) valeric acid.

In conclusion, daily consumption of chenpi has a certain effect

on reducing weight and lipid. Compared with chenpi decoction,

chenpi powder has a better effect in preventing obesity. Chenpi

powder may be developed as supplementary functional food to

prevent obesity in the future. In this study, we focused on the

effect of different treatment methods of chenpi on healthy mice

to predict the preventive effect on obesity. In the future, a high-
fat model would be established to observe this effect in depth.

It is our next direction to research study to develop a variety of
popular chenpi functional foods.
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Ruminants are mostly herbivorous animals that employ rumen fermentation for the

digestion of feed materials, including dairy cows. Ruminants consume plant fibre as

their regular diet, but lack the machinery for their digestion. For this reason, ruminants

maintain a symbiotic relation with microorganisms that are capable of producing

enzymes to degrade plant polymers. Various species of microflora including bacteria,

protozoa, fungi, archaea, and bacteriophages are hosted at distinct concentrations for

accomplishing complete digestion. The ingested feed is digested at a defined stratum.

The polysaccharic plant fibrils are degraded by cellulolytic bacteria, and the substrate

formed is acted upon by other bacteria. This sequential degradative mechanism forms

the base of complete digestion as well as harvesting energy from the ingested feed.

The composition of microbiota readily gets tuned to the changes in the feed habits

of the dairy cow. The overall energy production as well as digestion is decided

by the intactness of the resident communal flora. Disturbances in the homogeneity

gastrointestinal microflora has severe effects on the digestive system and various

other organs. This disharmony in communal relationship also causes various metabolic

disorders. The dominance of methanogens sometimes lead to bloating, and high sugar

feed culminates in ruminal acidosis. Likewise, disruptive microfloral constitution also

ignites reticuloperitonitis, ulcers, diarrhoea, etc. The role of symbiotic microflora in the

occurrence and progress of a few important metabolic diseases are discussed in this

review. Future studies in multiomics provides platform to determine the physiological

and phenotypical upgradation of dairy cow for milk production.
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INTRODUCTION

Nearly 200 species of ruminants were identified till date, and
among them, six were domesticated (1). Dairy cow was the
most studied. Earlier studies provide insights into the knowledge
of their digestive metabolism. Ruminants (mostly herbivores)
employ foregut fermentation that allows them to digest cellulosic
materials from plants. But during evolution, vertebrates lost
the ability to produce enzymes that degrade cellulose and
other complex polysaccharides (2). The ruminants rely upon
a symbiotic relationship with microorganisms to digest such
compounds. The microbiota produces enzymes to break the
complex compounds into simpler molecules for easy absorption
by the intestine. To carry out this, the host system has to
provide an optimal environment and substrate for the survival
of microflora. Thus, a commensal relationship is maintained
where the host organism provides the substrates and maintains
the environment required for the survival of the organism. In
return, the microflora offers the nutrients required for the host
organism (3).

The physiology and structure of the ruminant digestive system
evolved billion years ago to ensure the effective digestion of
cellulosic materials and various polysaccharides (4). The potency
of the system lies in its design where the ingested feed material
experiences a prolonged interaction with microflora (5). The
ruminant stomach is a quadra compartmental digestive sac
composed of the rumen, reticulum, omasum, and abomasum.
Rumen internal environment is partitioned into different sacs by
reticulo-ruminal fold in which the ingested food enters the rumen
and then the reticulum (Figure 1). The rumen is lined with
papillae, whereas the reticular epithelium forms a honeycomb
structure. Feed consumed is directed toward the rumen through
the reticulum (6). Reticulorumen (collective chamber of rumen
and reticulum) stores the feed consumed for rumination and
interaction with microflora. The feed is chewed to mix it with
saliva and then swallowed. The ingested feed is then transferred
to the anterior reticulorumen. Saliva is crucial for ingestion
as well as rumination. It contains phosphate, potassium, and
sodium bicarbonate in high concentrations to buffer the acids
generated during fermentation. The reticulorumen appears to
be a multifunctional fermentation sac with sizes varying from
cattle (35–100 L) and sheep (3–5 L) (7). The physicochemical
parameters of the rumen are described in Table 1 (9–13). The
host organism maintains the environment of rumen through
various mechanisms. The atmosphere in the reticulorumen is
mostly anaerobic with carbon dioxide (65%), methane (27%),
nitrogen (7%), and hydrogen (0.2%) (14, 15). Along with these,
traces of O2, H2S, and CO are also present. This gas composition
is due to the rigorous fermentation in the rumen by resident
microflora. The ingested feed is regurgitated to facilitate proper
fermentation through interaction with microflora, a process
called rumination.

Rumination helps in increasing the surface area and
decreasing the size of the feed particles, thereby promoting
proper fermentation (16–18). In continuation, after the
degradation of feed particles into smaller compounds, the
feed is passed into the following chamber omasum. Omasum

plays the role of a filter through which lesser size (<2mm)
particles can freely pass through (19). Then the digested fodder
moves to abomasum, the true stomach. The abomasum has a
distinct enzyme component lysozyme that attacks the cell walls
of bacteria (20, 21). In abomasum, the digestion of bacterial
proteins as well as digesta is done in a similar fashion as the
other non-ruminants (17). Host genetics also play a crucial
role in deciding the fate and constitution of rumen microflora,
which in turn has an effect on fermentation and the products
(22). The maintenance of the rumen environment is crucial
for the host to digest the feed and survive (23). This process
in turn effects the ability of the dairy cattle to produce milk.
The constitution of microflora is very important for all the
above reasons. Deviation of the constitution of microflora or
intrusion of infective organisms through feed, environmental,
and other factors leads to disturbances in the metabolism of the
host. This leads to diseases, and the regulation of such process
is mandatory. Present review throws light on the roles of gut
microbes in the health and metabolic diseases of ruminants.

WHAT IS THE NEED OF MICROFLORA?

Ruminants feed on plants that are the sources of complex
polysaccharides, viz., hemicellulose, cellulose, and lignin (24).
However, due to the lack enzymatic system to degrade
polysaccharides, they employ microflora that are capable of
hydrolyzing these compounds in the gut for energy generation
(25). These commensal microbes utilize the feed consumed by
the host for survival, thereby establishing a healthy symbiotic
relationship. The microbial population is habituated in the
reticulorumen compartment. The reticulorumen environment
is strictly anaerobic. It comprises dense and diverse microflora
with eukarya (fungi and protozoa), archaea (methanogens), and
bacteria at concentrations of 104, 106, and 1010, respectively
(26). These bacterial populations seem to be very sensitive and
can be influenced by little changes in the rumen environment.
Fermentation by the rumen microflora is a complex process in
which microorganisms act in coordination to generate simpler
compounds that are easily metabolized by the host (27). The
polysaccharides are metabolized into two simpler forms. The
former one is the proteins required for bacterial cell wall synthesis
and the later form is the volatile fatty acid (VFA), which are
end products of fermentation (28, 29). VFA plays a crucial role
in ruminant metabolism and acts as a source of host energy.
They participate in vital pathways such as fatty acid synthesis and
gluconeogenesis. Recent findings indicate that VFA holds ∼70%
of plant polysaccharides energy content (30, 31).

MEMBERS OF MICROBIAL CONSORTIUM

Primarily rumen is hosted by various microorganisms that assist
the host organism in the digestion of complex polysaccharides
of the dairy cow. The infants derive basal flora from
the environment, feed consumed, partners, etc. The early
gut microflora is developed from breast feeding (43%) and
environment (28%), whereas non-breastfed lambs receive from
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FIGURE 1 | Ruminant digestive system, microflora and metabolic diseases in ruminants.

vagina (46%) and air (31%) (32). The first floor of the rumen of
neonates is colonized by enterococcus and streptococcus species
which transform the gut environment to anaerobic (33). This
helps in the recruitment of strict anaerobes in the gut to maintain
the anaerobic ambience. Facultative anaerobes and aerobes are
present in very less quantities, approximately 100-fold lesser in
comparison with anaerobic organisms. The digestive capability
of the dairy cow is directly proportional to the existing rumen
microflora activity. Most of the organisms present in the rumen
are non-culturable, whereas the culturable biota were studied in
all aspects (34, 35).

The constitution of gut microbiota varies with the host,
indicating a solid environmental-driven specificity of the host.
The microbial composition of the feces in twins was more
similar than in siblings (36). This implies the involvement of host
genetics in deciding the individual gut microflora. Individuals
also vary in fungal and archaeal compositions. The choice and
development of gut microflora hence is a collaborative play of
host genetics as well as environment. It is an ardent fact that the
physiology of the individual has a strong relationship with gut
microbial development. Apart from this, microflora differs from
section to section in gut regions. Strict segregation of microflora

between digestive and epithelium starts in the early stages of the
life of a calf. Themethanogenic composition also differs down the
gastrointestinal tract. In neonatal calves the phylum Bacteroides is
predominant, whereas in adult animals the phyla Prevotella and
Bacteroidetes are abundant. Studies indicate that the microflora
of 21-day-old calves has Prevotella (15.1%) and Bacteroidetes
(15.8%), implying a starter-feed-driven rumen microbiome
development during maturation. Methanogens and cellulolytic
members were observed at 3–4 days of age, and this population
is similar to that of matured mammals. Cellulolytic flora is
present in 1-day individuals, indicating their importance in the
ruminant system. Surprisingly, the rumen microflora of 14-day-
old calves harbors more profuse yet ephemeral microorganisms
in comparison with adult organisms. Metagenomic studies
indicate that archaea (0.6–4%), eukarya (1.5%), and bacteria
were present in ascending order of magnitude, with bacteria
contributing 95% of the coding sequence.

Bacteria
Bacteria occupies the major portion of gut microflora, and
their presence is crucial for the health of the dairy cow. They
aid in the fermentation and degradation of plant polymers by
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the secretion of various enzymes (37, 38). Rumen contains
about 1 × 103 bacteria/mL, and this consortium is complex in
terms of functionality and taxon identification. The communal
interaction of various bacteria enables the breakdown of the
ingested fiber. The identification of these bacteria and their
unique functionality has become the focal point of many studies.
With the advancement of next generation sequencing technology,
microbiological techniques, culture free approaches, and genetic
engineering it has become easier to step forward in studying the
role of commensal flora in host metabolism. Gene sequencing
helped to identify and classify bacteria based on 16 s rRNA and
physicochemical properties. The predominant microflora in the
rumen are Proteobacteria, Bacteroidetes, and Firmicutes. In a
study, Prevotella has also been identified with 42–60% of rRNA
composition in two lactating cows. The coordinated metabolism
of themicroflora in which themetabolic product of one organism
acts as a substrate for the other allows the sequential digestion
of plant polymers (39, 40). The bacterial consortium is highly
complex, and hencemost of the bacteria are uncultured. The flora
which are dominant and have a specific role in themetabolism are
covered here so far.

The cell wall of a plant is comprised of a hemicellulose
matrix with embedded cellulose fibers in it. The initial
degradation of this matrix is carried out by a particular
taxon of bacteria that secretes cellulolytic enzymes (24, 25).
In general, bacteria contribute to most of the xylanase and
endoglucanase activities in the rumen. These degrade the
cellulose into smaller oligo/disaccharides which are then acted
upon by other organisms. The first order cellulolytic bacteria
includes Ruminococcus flavefaciens, Ruminococcus albus, and
Fibrobacter succinogenes. Also, Butyrivibrio fibrisolvens is present
in a lesser extent in comparison with the above said organisms.
Apart from these, other uncultured bacteria can also act upon
the substrate to degrade cellulose fibers. Some organisms like
Cellulosilyticum ruminicola H1, from the rumen of Yak, also
have the capability to produce lignocellulolytic enzymes. On the
other hand, coculturing of some organisms implicated negative
interaction and decreased enzyme efficiency (41). This inhibition
is found to be an effect of the bacteriocins secreted as a part of
the defense mechanism and competition for the substrate (42).
For instance, R. flavefaciens and R. albus secrete bacteriocins in
competition for cellulose (43, 44). Non-cellulolytic bacteria also
secrete bacteriocins and are supposed to be tough competitors
for different substrates in a rumen environment (45, 46).

The end products of cellulolytic bacterial interaction act as
substrates for different microflora that start further degradation
of such compounds. Other important polymers, such as starch,
are hydrolyzed by Selenomonas ruminantium, Succinomonas
amylolytica, Butyrivibrio fibrisolvens, Streptococcus bovis,
Ruminobacter amylophilus, and Prevotella species, whereas
pectin is degraded by Lachnospira multiparus and Succinovibro
dextrinosolvens. Besides, the constitution of bacteria changes
with the type of feed consumed by the host (5, 47, 48). Animal
feeding differs in various places. High fiber feed is rich in
cellulose whereas high grain feed is packed with starchy material.
This influences the type of bacteria required to digest the
material consumed and has a strong impact on microflora

TABLE 1 | Physicochemical properties of the rumen.

Parameter References

Temperature 39◦C (optimal), vary in between 38–41◦C (2, 8)

pH ∼6.5 (buffered in the range of 5.5–7.0)

Dry content Maintained constant around 10–20%

Osmolality 250–400 mOsmol/Kg (increases with the feed

intake)

Redox potential Lies within the range of −150 to −350mv

Gaseous

composition

CO2 (65%), CH4 (27%) are the major gases

produced by fermentation. N2 (7%), O2 (0.6%)

H2 (0.2%) are present in traces.

constitution in the gut environment (49, 50). Sugar and starch
fermenters constitute most of the rumen bacteria. Maximum
energy is extracted from the plant polysaccharides as the end
products of bacterial fermentation serve as substrate to many
other organisms. Megasphaera elsdenii acts upon lactate (end
product of bacterial fermentation) and Veillonella alcalescens
utilizes succinate, acetate, and hydrogen (51, 52).

Recent metagenomic studies on gut microflora of various
mammalian species revealed that in ruminant and herbivore
microflora the anabolic pathways for the synthesis of amino acids
(AAs) are more prevalent in comparison to carnivores. This is
because the diet of a carnivore would be rich in protein, and
therefore the constitution of gut microbiota is chosen to be more
proteolytic. In the point of herbivores, the diet is fiber rich, and
carbohydrate is the core source of energy (53). Hence in the
microbiota of rumen, the AA synthesis pathways are commonly
seen. Indeed, a certain cellulolytic activity some organisms also
exhibit potent proteolytic activity, such as B. fibrisolvens, P.
ruminicola, S. ruminantium, and R. amylophilus. P. ruminicola
exhibits deaminase and proteolytic activities and produces higher
amounts of ammonia (NH3) in the rumen. This activity is
considered to be crucial as the rumen environment has lesser
protein and ammonia that act as nitrogen sources for AA and
protein synthesis (54). Other classes of bacteria include sulfate-
reducing bacteria that assist in the reduction of sulfate to H2S.
In addition, it has to be noted that the rumen microbiota is fine-
tuned depending upon the dietary changes to assist degradation
and fermentation of various complex compounds. They also have
communal relations with each other and with the host to ensure
their survival as well as maximum energy production. They also
play a role in supplying VFAs and proteins to the host organism.
Disturbances in concentrations of microbiota sometimes have
a heavy impact on the host system and may lead to diseases.
Different types of bacteria are listed in Table 2.

Archaea
Anaerobic methanogens make up most of the archaea
constituting ∼0.6–3.3% of the total rumen microbiota (65).
Major archaea members of rumen microbiota are listed in
Table 3. Metagenomic studies and 16 s rRNA sequencing
analyses revealed the presence of archaea in the rumen
environment. Studies revealed that about 3.6% of microbiota
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TABLE 2 | Gut bacteria in ruminants (mostly rumen).

Bacteria type Bacterial species Gram staining End products References

Cellulolytic Fibrobacter succinogens Negative Acetate, Formate, Ethanol, propionate (55–60)

Ruminococcus flavefaciens Positive

Ruminococcus albus Positive

Clostridium longisporum Positive

Eubacterium cellulosolvens Positive

Clostridium cellobioparum Positive

Butyrivibrio fibrisolvens Negative

Hemi cellulolytic Eubacterium xylanophilum Positive Acetate, Formate, Ethanol, propionate (55–60)

Eubacterium uniformis Positive

Prevotella ruminicola Negative

Lipolytic Anaerovibrio lipolytica Negative Acetate and propionate (61)

Pectinolytic Treponema saccharophilum, Negative Acetate and formate (62)

Lachnospira multiparus Positive

Proteolytic Prevotella sp. Negative Amino acids, nitrogen (63)

Ruminobacter amylophilus, Positive

Clostridium bifermentans Positive

Amylolytic Prevotella ruminicola Negative Formate, propionateand Acetate (64)

Streptococcus Bovis, Positive

Ruminobacter amylophilus Positive

Saccharolytic Succinivibrio sp. Negative Lactate, Acetate, Fumarate, Succinate (55–60)

Lactobacillus sp. Positive

Bifidobacterium ruminantium Positive

Tanninolytic Streptococcus Caprinus Positive Lactate, Acetate, Fumarate, Succinate (62)

Eubacterium oxidoreducens Positive

Ureolytic Megasphaera elsdenii Negative Ammonia and CO2 (55–60)

in rumen exhibited autofluorescence, a distinctive property
exhibited by methanogenic bacteria (71). Methanogens, as
the name indicates, generate methane (CH4) either by the
reduction of CO2 or by the hydrolysis of acetate to CH4

and CO2. Most of the ruminal methane is produced via
the reduction of CO2 rather than dissimilating acetate. The
process of CO2 reduction requires electrons which come from
various sources, including methylamine, methanol, formate,
and hydrogen produced as metabolic intermediates (72, 73).
Archaea are clustered under Euryarchaeota and are classified
as Methanomicrobiales, Methanosarcinales, Methanococcales,
Methanobacteriales, and Methanopyrales. Most of the ruminant
methanogens fall under one of the three categories identified.
They are ordered as Methnaomicrobiales < Methnaomicrobium
and Methanobacteriales (14.9%) < Methanobrevibacter (61.6%).
Apart from this, another set of uncultured ruminal archaea
were categorized under rumen cluster C (RCC). A study
on the ruminal archaea community of red deer, cattle, and
sheep disclosed the fact that their composition is maintained
throughout different species. They are more conserved when
compared to the bacterial members. The dominant archaea
species stood same in all the rumens. Species belonging to
Methanobrevibacter is found to be dominant in rumen. About
26.5% of the total archaea is occupied by members of RCC
(55, 66).

Methane production by various archaea is mediated
by cytochrome in few methanogens, whereas alternative
complexes mediate this process in some methanogens. The
genus Methanosarcinales comprises of methanogens and has
the capability to grow on a wide range of substrates. Hydrogen
concentration in the environment plays a crucial role in the
production of methane. Cytochrome-based methanogens
have higher growth yields when compared with non-
cytochromic methanogens. Non-cytochromic methanogens
need lesser hydrogen concentration to produce methane
whereas cytochromic methanogens need about 10-fold higher
concentrations of hydrogen for the optimal growth. This is the
reason for the presence of non-cytochromic methanogens in
higher concentrations in the rumen. Hydrogen utilization by
methanogens is crucial as it decreases the pressure, allowing
the conversion of endergonic metabolic reactions to exergonic
reactions. This makes bacterial fermentation energetically
favorable (74). Hydrogen consumption by methanogens stands
as a good example of the symbiotic relationship between
methanogenic and cellulolytic bacteria, wherein the hydrogen
produced by the latter is consumed by the former for its survival.
Coculturing of rumen methanogens and ruminal fungus has
a heavy influence on cellulolytic and fermentation activities.
Hydrogen transfer among methanogens and other microflora
in rumen is best described by coculturing methanogens with
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TABLE 3 | Various microflora in rumen.

Organism Species Mode of action References

Archaea Methanobacterium formicicum, Methanobacterium bryantii, Methanobrevibacter

ruminantium, Methanobrevibacter smithii, Methanomicrobium mobile,

Methanosarcina barkeri, Methanoculleus olentangyi

Strictly anaerobic and

produce methane from CO2

and H2.

(65, 66)

Protozoa Entodinium bovis, Entodinium bubalum, Entodinium bursa, Entodinium caudatum,

Entodinium chatterjeei, Entodinium parvum, Entodinium longinucleatum, Entodinium

dubardi, Entodinium exiguum, Epidinium caudatum, Isotricha prostoma, Isotricha

intestinalis, Dasytricha ruminantium, Diplodinium dendatum, Diplodinium indicum,

Oligoisotricha bubali, Polyplastron multivesiculatum, Eremoplastron asiaticus,

Eremoplastron bubalus

Lignocellulosic digestion

and degradation of complex

compounds to reducing

sugars

(67)

Bacteriophages Methanobacterium phage Ψ M1, Methanobacterium phage Ψ M10,

Methanobacterium phage Ψ M100, Methanothermobacter phage Ψ M100,

Methanobacterium phage ΨM2

Strictly anaerobic and

produce methane from CO2

and H2.

(3)

Fungus Piromyces communis, Piromyces mae, Piromyces minutus, Piromyces dumbonicus,

Piromyces rhizinflatus, Piromyces spiralis, Piromyces citronii, Piromyces

polycephalus, Anaeromyces mucronatus, Anaeromyces elegans, Caecomyces

communis, Caecomyces equi, Caecomyces sympodialis, Cyllamyces aberensis,

Cyllamyces icaris, Neocallimastix frontalis, Neocallimastix patriciarum, Neocallimastix

hurleyensis, Neocallimastix variabilis, Orpinomyces joynii, Orpinomyces intercalaris

Act upon lignin and cellulose

fibers to and forms Formate,

Succinate, Hydrogen,

acetate and lactate.

(68–70)

protozoa. Even though archaea and bacteria fall prey to protozoa,
methanogens get habituated inside and help in the generation
of energy by consuming the hydrogen produced during the
metabolism (74–76). Hydrogen consumption by methanogens
forms the root of symbiosis with other microbiota in the
rumen for maximal energy production (77–79). The commensal
interactions of methanogens with protozoa and other rumen
microbiota facilitate the complete degradation of complex plant
polymers. The methane production is directly related to the
amount of fodder and hemicellulose degradation (80–82). About
19% of the total energy of the feed is lost during the production
of methane gas by methanogens. The commensal interaction
of methanogens with other microbiota in the rumen enhances
energy production to a maximum extent. But the gas production
has a hinderance effect on the overall energy harvested
from the ingested feed.

Protozoa
Protozoa are unicellular organisms bound by pellicle or cuticle
in the rumen. They are the simplest forms of eukaryotes found
in the universe (Table 3). Most of the protozoa are parasitic as
they feed on microorganisms, organic matter, and cell debris.
Ciliates are more prevalent in ruminant gut in comparison
with several flagellate species. Ciliates are subcategorized into
Vestibuliferida and Entodiniomorphida with 25 genera. Protozoa
in the rumen have specialized functions tuned to survive in a
rumen environment (83, 84). Most of the protozoa are anaerobic,
but very few species are supposed to sequester oxygen. Oxygen
sequestration from the environment is advantageous to the host
as it maintains the anaerobic ambience of the reticulorumen.
This also helps in the survival of strict anaerobes and promotes
the digestive degradation. Various complex carbohydrates viz.,
lignocellulose, starch, and sugar are consumed by protozoa for
energy production. Around 50% of the total biomass in the
rumen is composed of protozoa. Degradation of fats, proteins,
and carbohydrates is facilitated by direct engulfing (85). The

lignocellulosic digestion capacity by protozoa is presumed to be
the result of lateral gene transfer from the bacteria they engulf
(86). Protozoa prey on selective species of bacteria, and the reason
for feeding on particular bacteria is not clearly understood (87–
89). Ciliates play a crucial role in fermentation and plant fiber
degradation. The products obtained as a result of protozoan
fermentation are found similar to that of bacteria. In contrast
to bacteria, protozoa divide at a much slower rate (15–24 h). To
overcome the washing out of protozoa before division, they tend
to reside in the lower layers of the rumen. Many methanogens
reside on the protozoan surface for H2. Hydrogen gas is produced
is used for the reduction of CO2 to methane. Methanogens
residing on protozoa account for around 9–25% of total rumen
methane (77, 90). Protozoa are capable of engulfing and store
more starch at once, which decreases acid production by lowering
pH (91).

Protozoa (holotrich) produces pectin esterase, invertase,
amylase, and polygalactouronase to degrade plant sugars and
fibers. Protozoa also produce cellulolytic and hemicellulolytic
bacteria in lower quantities compared with that of
entodiniomorphids. Ciliates in the rumen secrete proteolytic
enzymes, resulting in the production of AAs and ammonia. The
type of engulfed microbiota decides the nitrogen metabolism
of the protozoa. Generation of nitrogenous compounds in
turn influences the recycling of nitrogen. Rumen ciliates also
influence ammonia as well as VFA production. The symbiosis
of protozoa and rumen bacteria were investigated and showed
that the presence of rumen protozoa effected the bacterial
composition in rumen. Absence of protozoa has a positive
effect on the growth of cellulolytic and hemicellulolytic bacteria.
Lambs with no protozoan population showed increased growth
of wool as much as 10% when compared to lambs with
rumen protozoa. No proper effect of protozoa on methane
production is observed. Variations in the composition of
digested material in both omasum and abomasum are observed
in defaunated and faunated animals. It is an ardent fact that
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protozoa influence many processes in the metabolism of host
(92–94).

Fungi
Rumen is a repository of anaerobic fungi with an explicit capacity
of lignocellulose degradation. Fungi contribute to 20% of the
overall microbiota in the rumen. They are deliberate members
of plant fiber degradation. Fungi also exhibit proteolytic activity.
In the fungal structure, polycentric or monocentric thallus is
observed, and the zoospores are polyflagellate or uniflagellate.
Asexual life cycle of anaerobic fungi is mostly observed (95).
Most of the fungi are not present alone in the rumen of the
animals but are vividly present along the digestive tract. Fungal
species were also isolated from the feces and saliva of the dairy
cow. Domestic animals host Chytridiomycetes for assisting
their digestion. These organisms occupy about 8% of total
ruminal microbiota in the animals fed on forage, which allows
more retention in the rumen (45). But in the case of high grain
diets, fungal population decreases. Enzymes secreted by fungal
cultures degrade lignin, hemicellulose, starch, and cellulose (33).
In addition, fungi are strict anaerobes, and hence carbohydrate
fermentation is the sole source of energy production. Fungi are
devoid of cytochromes and mitochondria that are coplayers
of oxidative phosphorylation. Despite that, they contain
Hygrogenosomes that facilitate the generation of energy.
Hydrogenosomes are mitochondrial derivatives that occurred
during evolution, and they are not only confined to fungal
genera. Various anaerobic eukaryotes and trichomonads are also
found to contain this organelle. Hydrogenosomes differ from
conventional mitochondria by possessing pyruvate/ferredoxin
reductase instead of dehydrogenase. They also provide room for
ATP production and pyruvate conversion.

Commensal interplay of fungi and bacteria is a well-studied
concept. In vitro studies were carried out to understand the
degradative dynamics of fungi when cocultured with cellulolytic
bacteria. Cellulose degradation capacity of the fungi increases
manifold with Megasphera elsdenii, Selenomonas ruminantium,
and Viellonella alcalescens. Xylan consumption is increased by
coculturing Neocallimastix frontalis with cellulolytic bacteria
like Selenomonas ruminantium, Prevotella ruminicola, and
Succinivibrio dextrinosolvens (Table 3). On the other hand,
coculturing with Streptococcus brevis or Lachnospira sp. has a
negative effect on xylan degradation. R. flavefaciens, and R. albus
coculturing with fungi have shown adverse effects on cellulolytic
activity. These bacteria release a polypeptide into the broth that
has detrimental effects on cellulolytic activity of the fungus.
The fungal activity in the degradation of cellulosic materials is
considered minimum than that of bacteria. This might be due
to their larger doubling time, inhibition by bacteria, competition
for substrates, and decreased retention. Nevertheless, they exhibit
remarkable activity in the degradation of lignocellulosic material,
as the rhizoids pervade the cell wall of plants and make it easily
accessible by the rest of the rumen microbiota (96).

Bacteriophages
Bacteriophages are obligate parasites and play a crucial role
in rumen microbiota. Bacteriophages infect bacteria and lyse

them after their replication (Table 3). Through lysis, the
overall bacterial population is maintained in the host digestive
environment. Bacterial lysis releases bacterial proteins that act
as precursors of AA synthesis (97). Bacteriophages are found
to vary with the organism, i.e., they are specific for a particular
organism. This may be used by the researchers to destroy a
particular genus of microbes from the rumen environment. Very
little information is known about the bacteriophages infecting
protozoans, methanogens, and archaea. It was identified that
siphophages are capable of infecting methanogenic bacteria. The
knowledge about the enzymatic profile and genetic makeup of
rumen phages is limited and yet to be explored to manipulate the
rumen environment (98).

METABOLIC DISORDERS IN RUMINANTS

Disturbances in the homogeneity of gastrointestinal microflora
have severe effects on the digestive system and various organs.
This disharmony in the communal relationship also causes
various metabolic disorders, including bloat, ruminal acidosis,
hypoglycemia, diarrhea, ulcers in gastrointestinal (GI) tract, and
retivuloperitonitis (Figure 1).

Bloat
The rumen tympany, also called as bloat, is associated with a
condition in which excess gas is accumulated in the rumen. This
is observed in animals fed with higher quantities of grains or
forages (99), which can be categorized into free gas and frothy
bloat. Free-gas bloat is associated with pathological/physical
problems hindering gas release from the stomach of the
dairy cow. Esophagus obstructions (external particles cloths
and fruit material, etc.), cysts, blisters, tumors, thoracic or
cervical enlargement, reticular dysfunction, and hypocalcemia
are major conditions affecting gas belching (100–102). Frothy
bloat is the result of feed ingestion, which continuously produces
froth that cannot be easily expelled from the stomach. Testing
with a stomach tube helps in figuring the type of bloat. If
the causative agents are physical obstructions, they have to
be removed manually to ensure the gas expulsion. Frothy
bloat contains both hydrophobic and hydrophilic properties.
The foam is the result of partial digestion of polymeric
compounds including, lipopolysaccharides, fatty acids, glycans,
and glycolipids. Presence of these partially digested compounds
increases rumen viscosity and hinders gas removal. Gaseous
distension exerts pressure on the nearby organs causing edema,
pain, organ failure, and death. Several practices that are employed
to treat free bloat and frothy bloat include using a stomach tube
to remove gas and partially digested feed, anti-foaming agent
administration, and the placement of fistula or cannula (103).

Apart from physical factors, the microbiota in the rumen also
contribute to the development of gas. Gas is generated as a result
of methanogenic bacterial action upon various substrates. This
methane, hydrogen, and CO2 gases produced in excess when left
unattended by downstream flora results in the accumulation of
gas in the stomach. The hydrogen gas produced as a part of
methanogen metabolism also has to be addressed. It is a well-
known fact that the rumen environment is highly anaerobic.
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But excess CO2 can cause subtle changes in the rumen. CO2

can be reduced by methanogens to generate methane and/or
as such CO2 in excess can cause tympany. It is nevertheless
necessary to attend to the excess production of these gases to
maintain ruminal microbial harmony. Hence to maintain the
environment, probiotics can be used to replenish the rumen flora.
Treated and high fiber feed also helps in relieving the stress
caused by methanogenic bacteria (104).

Ruminal Acidosis
Ruminal acidosis is caused by the consumption of more
fermentable carbohydrate-rich feed material than grainy feeds
(105, 106). Molasses, sugar beets, potatoes, and cereal grains
result in acidosis. Fermentation of such compounds result in
higher amounts of lactic acid production and hence pH of rumen
is drastically reduced (107, 108). Due to this, many gram-negative
bacteria are destroyed releasing endotoxin into the rumen. All
these results in low pH, accumulation of fluid, disturbance of
microbiota, and partial digestion. Low pH and acid production
have destructive effects on the inner epithelium of the stomach
causing ulcers as well as mucosal inflammation. Drastic fall in pH
also inhibits the cellulolytic bacteria but enhances propionate-
producing bacteria in the rumen. Rumen microbiota alteration
leads to improper metabolism which can cause liver dysfunction,
lung-related diseases, and can also lead to death (109–111).

Hypoglycemia
Hypoglycemia is a disorder observed when the rate of glucose
uptake is very less in comparison to the rate of utilization
(112, 113). Vitamin B12 plays a key role in the synthesis
of glucose from propionate, and its deficiency is also related
to the occurrence of hypoglycemia. In new-born calves and
lambs in a cold environment, hypoglycemia leads to death.
Gluconeogenesis does require NADH and ATP apart from
substrates made available in the ruminant environment. For this
reason, an organism depends primarily on dietary carbohydrates
for glucose rather than synthesis. Deficiency in glucose supply
caused hypoglycemia in all the animals. On the other hand,
hypoglycemia is also seen in animals whose diet is rich
in inhibitors of fatty acid beta oxidation in the kidney
and liver. Required amounts of AAs, fatty acids, ambience,
and vitamins have to be provided for treating hypoglycemia
(114–116).

Most of the fed polysaccharides should be degraded to
glucose for energy production. Disharmony in the activity
of rumen microbiota contributes to impaired degradation
of polysaccharides that in turn affects glucose turnover.
Proper diet at regular intervals with the maintenance of
a favorable environment and supplementing cellulolytic
bacteria may also address this issue in less severe conditions
(117, 118).

Ulcers in GI Tract
Ulcers in the dairy cow are more common in the duodenum and
abomasum. They are often observed in cows and buffaloes than
in sheep (119, 120). Ulcers are mostly associated with improper
feed intake, over grazing stress, microbial infection, and

malnutrition. These occur in concomitance with other diseases,
viz., salmonellosis and blue tongue (Clostridium perfringens
abomasitis). Over usage of non-steroidal antiinflammatory drugs
can also cause ulcers. Perforating ulcers are generally more
infectious and have adverse effects on the epithelium of
gastrointestinal tract than non-perforating ulcers (121).

The disruption of the outer epithelium of gastrointestinal
tract is caused by acid production and can be alleviated by
the administration of probiotics containing lactic acid bacteria.
Antihistamine with iron injection can also reduce the pain and
bleeding in adult ruminants (122).

Reticuloperitonitis
Reticuloperitonitis, also called as traumatic reticulitis or
hardware disease, is mainly observed in cattle with unsystematic
feeding (123, 124). Indiscriminate feeding habits of dairy cow
leads to the disturbances in the harmony of rumen microbiota.
Continuous feeding deters bacterial revival and causes improper
digestion which may lead to bloat and ruminal acidosis. It is a
noncontagious disease which if not properly observed causes
devastating effects. Proper dietary consumption at regular
intervals will enable bacterial resurgence and revival. Usage of
probiotic syrups, administration of antibiotics, and digestive
aids may help in the initial stages and rumenotomy is suggested
during severity index (125).

Diarrhea
Diarrhea is a severe problem prevalent in young calf. It is
associated with various symptoms including disturbance of
electrolyte balance, dehydration, and weakness. The reason for
the disease varies with geographical location, type of feed, type
of infection, and host metabolic issues. In most of the time, the
disease occurrence is multifactorial. Pathogens namely, bacteria,
virus, parasites, and protozoa can trigger infection. Infection
by bacterial diarrhea includes Enterobacter sp. mycobacterium
paratuberculosis, Clostridium perfringens, Salmonella sp. as well
as Staphylococcus. Rotavirus and adenoviruses contribute to viral
infections. Trichonema sp. and Strongylus sp. are major parasites
infecting the gastrointestinal tract of the dairy cow. Nonetheless,
Trichomonas sp., Entamoeba sp., and Giardia sp. contribute to
protozoan infection. Infection of the ruminant flora by either
of the above species causes disturbance in the homogeneity
and functionality, culminating in disease. Malabsorption or
hypersecretion of fluids into the gut usually results in the
secretion of excessive fluid from the intestine. Severe outflux
of fluids with salts leads to weakness. Things to be observed
to treat diarrhea are suppressing the infection and adjusting
physiological imbalance. This allows eradication of the causative
agent helping in faster recovery. Usage of antibiotic drugs will
also help in wiping out the existing infection andmaintaining the
functional role of microflora (126).

ROLE OF MULTIOMICS IN DAIRY COW

Gut microbiota plays a crucial role in ruminant digestion as
well as energy production. Hence it is essential to study the
genomic environment to predict the changes that cause genetic
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and metabolic disorders. But it is difficult to isolate and study
the genome of a particular flora in the consortium. For this
reason, the whole genome of the consortium is studied under
the branch metagene “omics”. The complete genome of the
gut microflora, termed as gut microbiome, is obtained by
sequencing methodologies and omics approaches (127). The
identity of the microbiome is determined by general sequencing
protocols, whereas “omics” determine the actual functionality of
the microbiome present in rumen. Omics approaches embrace
metabolomics, metaproteomics, metatranscriptomics, and
metagenomics. The relationship between host and microbiota is
well-studied by omics approaches. For instance, metagenomics
approaches revealed that Bacteroidetes is energetically less
favorable to the host in comparison to Firmicutes. The action
of Firmicutes increases nutrient availability to the host, which
culminated in obesity.

Role of omics in the physiology and functionality of
livestock is an area which is yet to be explored. Many omics-
related approaches succeeded in finding the relation between
microbiome composition and livestock production (128). These
studies also helped in revealing taxonomical differences in
the ruminal microenvironment of the organisms based on
the dietary changes and environmental variations (22, 129).
Recent studies on profiling microbiome of the rumen in a
large sample set (>700) revealed a diet-dependent relationship
between the host and microflora. The type of feed ingest decides
the flora in the rumen (130). In depth analysis of the rumen
microbiome using omics approaches helps in identifyingmarkers
that decide the variability in feed efficiency in cattle. Omics-
based studies also help in assessing colonization patterns in the
dairy cow.

CONCLUSIONS AND FUTURE
PERSPECTIVES

In the last few decades, the role of GI microbiota in health
and disease has become the focal point of many studies.
Involvement of gut microbiota in digestion and various diseases
in humans is well-studied. However, in the case of dairy cows,
the underlying mechanisms of host–microbial interactions are
yet to be uncovered. The interaction of rumen or gut microflora
is purely symbiotic in which one organism benefits the others.
The higher organisms lost the capacity to degrade plant cell wall
and other materials during evolution to use it as a source of
energy. Hence, ruminants employed microorganisms to digest
plant materials and in turn provided them nutrients required for
survival. Several types of microorganisms reside in the rumen
and gut of the dairy cow. These organisms are from all the
main groups such as bacteria, protozoa, archaea fungi, and
bacteriophages. Composition of rumen microbiota varies with
the geographical location and type of regular feed. However,
the dominant strains in the rumen environment are always

conserved. Surprisingly, the microbiota adapts to the feed intake
and changes its constitution to meet the requirement of the
host. Bacteria occupy a major part of the ruminal microflora.
Microorganisms are adopted in such a way that most of the

energy is extracted from the provided substrate. Collaborative
action of various species of organisms helps in proper digestion
and energy production. The end product of one organism acts
as a substrate for the secondary organism. In this manner, the
degradation of the plant fiber is carried out to harvest maximum
energy from the ingest.

To understand the metabolic disease of dairy cow, many
factors have to be taken into consideration. This should start
with the type of feed, interval of feed, grazing area, and response
of the ruminant system to various drugs. Rumen microflora
are the crucial role players in the digestion as well as energy
generation for the dairy cow. Hence, it is nevertheless necessary
for a dairy cow to maintain the ambience in the GI tract
to ensure the proper symbiotic relationship with the resident
bacteria. Infection by pathogens can lead to disharmony in the
commensalism of the bacteria that culminates in various diseases.
Prior identification of the infection, proper care, and treatment
are required to rescue the organism. Preventive measures
like proper ingest, probiotic supplementation, and vaccination
protect the organisms from infections, thereby increasing the
productivity. In depth analysis of microbiome using omics
approaches helps in attaining knowledge about gut microbial
mechanisms and functional activities at various conditions. Also,
the variations in the gut microbiome have a strong impact on the
phenotypic definition and physiology of the host. Gut microbiota
has an influence on the health and productivity of dairy cow.
Future studies in multiomics provide a platform to determine the
physiological and phenotypical upgradation of the dairy cow for
milk production.
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This study aimed to investigate the relationship between maternal dietary fiber intake

and piglet health. Multiparous sows were randomly assigned to two groups and fed

diets without inulin (control group, n = 20) or 1.6% inulin (1.6IN group, n = 20).

The results indicate that 1.6IN prevented the prolonged farrowing duration of sows

(P < 0.05) and shortened the average piglet birth interval (P < 0.1). In addition, 1.6IN

decreased the percentage of the piglet born weak and the percentage of the piglet with

hyperthermia after birth (P < 0.01). Compared with the control group, the 1.6IN group

had a lower concentration of urea nitrogen in the colostrum, and also prevented diarrhea,

increased litter gain, survival rate, and average daily gain for suckling piglets (P < 0.05).

Furthermore, 1.6IN decreased the relative abundance of Firmicutes, Cyanobacteria,

and Streptococcus; increased the relative abundance of Bacteroidetes, Desulfovibrio,

Paludibacter, CF231, and Prevotella. Overall, this study showed that maternal fiber

nutrition during pregnancy regulated the health of offspring, and the response of the

maternal intestinal microbes played an important role in intervening in the phenotype of

sows and neonatal piglets.

Keywords: inulin, sow, piglet, health, gut microbiota

INTRODUCTION

In the intensive pig industry, sows suffered from both endogenous oxidative stress and exogenous
stress induced by environmental and management factors, which led to serious adverse reactions
on their offspring, such as prolonged birth intervals, low birth weight, and diarrhea (1). These
adverse reactions dramatically increased the risk of non-infectious death in neonatal piglets (2).
Fortunately, intestinal microbiota has become an important window for regulating the health
of sows and their neonatal piglets because of its close relationship with immunity, metabolism,
nutrient digestion, and hormones (3–5).

Feeding functional dietary fiber during pregnancy, especially soluble dietary fiber (SDF), has
become a key nutritional strategy for improving reproductive performance in sows, based on its
significant regulatory effect on intestinal microbiota (1, 6). As a typical SDF, inulin-type fructans
are a mixture of polymers and oligomers, which are composed of fructosyl units linked by β (2
→ 1) glycosidic bonds (7). In previous studies, inulin has been proven to increase the abundance
of probiotics, such as Bifidobacterium and Lactobacillus, in the intestine in human or mouse
experiments (8–10). Zhou et al. (11) confirmed that inulin inhibited the weight gain of pregnant
sows caused by high-fat diets and improved the BMI distribution of newborn piglets (11). The

211

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.716723
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.716723&domain=pdf&date_stamp=2021-08-09
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:maxiaokang@hunau.edu.cn
https://doi.org/10.3389/fnut.2021.716723
https://www.frontiersin.org/articles/10.3389/fnut.2021.716723/full


Li et al. Maternal Microbes Affecting Neonatal Health

previous study also confirmed that sows fed with inulin increased
birth weight and pre-weaning survival for piglets (12); however, it
is still necessary to understand the relationship between maternal
dietary fiber intake and piglet health.

Therefore, this study aimed to investigate the relationship
between maternal dietary fiber intake during late pregnancy
and piglet health. Phenotypes of sows and piglets, as well as
serum markers and intestinal flora of sows, were analyzed to
provide some microbial mechanistic insights into the application

TABLE 1 | Feedstuff ingredients and nutrient composition of experimental diets.

Items Control 1.6IN Lactation diet

Ingredients, %

Corn 56.00 56.00 65.00

Soybean meal 8.00 8.00 20.00

Fermented soybean meal 5.00 5.00 5.00

Soybean oil 1.00 1.00 2.00

DDGSa 2.00 2.00 0.00

Soybean hull 16.00 15.20 0.00

Rice bran 8.00 7.20 3.60

Inulinb 0.00 1.60 0.00

Salt 0.45 0.45 0.50

L-Lys 0.00 0.00 0.20

D-Met 0.00 0.00 0.10

Dicalcium phosphate 1.18 1.18 1.20

Calcium carbonate 1.37 1.37 1.40

Mineral-vitamin pre-mixc 1.00 1.00 1.00

Total 100.00 100.00 100.00

Nutrient composition

ME of DM, MJ/kg 11.97 11.93 12.94

Crude protein, % 13.98 13.95 17.23

Crude fiber, % 8.18 8.09 2.63

Calcium, % 0.92 0.92 0.88

Phosphorus, % 0.54 0.51 0.58

Total dietary fiber, % 26.61 27.51 16.46

aDDGS, distillers dried grains with soluble.
b Inulin contains 94% DM, 89.8% inulin, 3.2% monosaccharide, <0.2% crude protein and

ash, average monomeric units = 13.
cProvided per kg of diet: Cu, 10mg (as CuSO4·5H2O); Fe, 110mg as ferrous sulfate; Mn,

35mg (as MnO2 ); Zn, 65mg as zinc sulfate; I, 0.6mg as potassium iodide; Se, 0.3mg as

selenium selenite; vitamin A, 7,200 IU; vitamin D3, 1,500 IU; vitamin E, 30mg; vitamin K,

1.2mg; 1mg, thiamin; 2mg, riboflavin; 1mg, pyridoxine; and 0.015mg, cobalamin.

FIGURE 1 | Experimental design of this study.

of inulin to a typical gestation diet of sows for improving neonatal
health and performance.

MATERIALS AND METHODS

Ethics Statement
The protocol of this study was approved by the Institutional
Animal Care and Use Committee of College of Animal Science
and Technology, Hunan Agricultural University (Changsha,
China) and was conducted in accordance with the National
Institutes of Health (Changsha, China) guidelines for the care
and use of experimental animals (No. 43321809). The inulin
was provided by Sensus (RG Roosendaal, The Netherlands) with
90% purity.

Experimental Animals, Diets, and Sample
Collection
A total of 40 Landrace × Yorkshire second parity sows were
selected for this experiment. All the sows were fed with the same
standard diet from mating to gestation d80. Then, they were
allocated to one of two treatments randomly as a single factorial
experimental design after balancing their backfat thickness and
body weight. The sows were fed with two different diets: a basic
diet based on corn and soybeanmeal (control group, n= 20), and
a diet that included 1.6% inulin (1.6IN group, n = 20). During
gestation from d80 to d109, the sows in each group were fed a
daily ration of 3.3 kg dry matter (DM) with their respective diets
containing 11.94 ± 0.03 MJ ME/kg. Then, the sows were moved
from the gestation pens to the farrowing rooms on day 109 ± 1
of gestation and kept in individual stalls (2.2× 0.75m). The sows
were offered 3 kg DM of the same lactation diet containing 13.7
MJ ME/kg DM (Table 1) and were fed two times a day before
farrowing. From the 1st day postpartum until weaning, the sows
of both treatments were fed ad libitum with the same standard
lactation diet (Table 1). All the sows had free access to water
during the whole experimental period. The experimental design
of this study was shown in Figure 1.

Colostrum samples (30ml) were collected from the third,
fourth, and fifth pairs of mammary glands of sows (eight sows per
diet group) on the farrowing day. Then, the colostrum samples
were immediately frozen at −20◦C until further analysis. Fresh
fecal samples were collected from the sows (eight sows per group)
on day 109 ± 1 of gestation and day 18 of lactation. Then, the
fecal samples were stored at−80◦C until further analysis.
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Performance Measurement
The birth time of each piglet was recorded, which was
used to calculate farrowing duration and average piglet
birth interval (APBI). After farrowing, the rectal temperature
of each piglet was recorded with a digital thermometer
(Xiaomi Co. Ltd, Beijing, China, with a display resolution
of 0.01 and ± 0.1◦C accuracy) and weighed before suckling.
Piglets weighing <800 g were recorded as born intrauterine
growth retardation (IUGR); otherwise, they were regarded as
born effective.

Cross-fostering was kept within diet treatments to adjust litter
size to about 12.86± 1.2 piglets per sow and average body weight
to about 1.8 ± 0.7 kg per litter within 48 h after parturition.
During lactation, mortality of each piglet was recorded, and
the occurrence of diarrhea was visually assessed and evaluated
by individual scoring of the consistency of the feces from
9.00 a.m. to 4.00 p.m. each day by trained observers blind to
the treatments according to the method of Marquardt et al.
(13). The diarrhea rate (%) was calculated as [(the total number
of piglets with diarrhea within a treatment)/(total number of

FIGURE 2 | Distribution of (A) farrowing duration and (B) average piglet birth interval of sows. N = 20 for the control group and 1.6IN group. Significance was

analyzed by chi-squared test.

FIGURE 3 | (A–C) Relationship between birth weight and birth body temperature of piglets and (D,E) effects of dietary inulin on the birth weight and birth body

temperature of newborn piglets. N = 295 and 291 for the control group and 1.6IN group, respectively. A Chi-square test was conducted to judge whether (D) low

birth weight improved or (E) distribution of birth body temperature of newborn piglets changed.
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experimental piglets × total observational days)] × 100. At
weaning (lactation d18), the number of piglets was recorded to
calculate the weaning survival rate, and the litter weight was
also recorded to calculate the litter gain and the average daily
gain (ADG).

Analysis of Colostrum Composition
The colostrum samples of sows in each group were
separately analyzed for the concentrations of fat,
protein, lactose, urea nitrogen (UN), and total DM
using Milko-Scan FT 120 (Foss Electric, Hillerford,
Denmark). Somatic cell count (SCC) was measured
using FOSS MATIC 5000 (Foss Analytical A/S,
Hillerod, Denmark).

DNA Extraction, PCR Amplification, Library
Preparation, and Sequencing
DNA was extracted from fecal samples of sows using a Stool
DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing, China).
The V4 hypervariable region of the bacterial 16S rRNA gene
was amplified by PCR, where the forward primer was 550F:
5′-GTGCCAGCMGCCGCGGTAA-3′ and the reverse primer
was 806R: 5′-GGACTACHVGGGTWTCTAAT-3′. For each fecal
sample, a 10-digit barcode sequence was added to the 5′ end of
the forward and reverse primers. The sequences were clustered
into operational taxonomic units (OTUs) at a similarity level
of 97% to generate rarefaction curves and to calculate the
richness and diversity indices. OTUs representing <0.005% of
the population were removed, and taxonomy was assigned using
the Ribosomal Database Project (RDP) classifier. The relative
abundance of each OTU was counted at different taxonomic
levels. OTU-level alpha diversity indices were calculated using
the OTU table in QIIME. β-diversity was assessed by principal
component analysis (PCoA) based on the Bray–Curtis distance.
Bioinformatics analysis was mainly performed using QIIME
(v1.7.0) and R packages (v3.2.0).

Analysis of Fecal Short-Chain Fatty Acids
The concentration of SCFAs in feces was analyzed using a gas
chromatographic method, as described by Bosch et al. (14).
Briefly, approximately 1.5 g of feces was first homogenized

in 1.5ml of deionized water. The samples were centrifuged
at 15,000 × g at 4◦C for 10min. Supernatants (1ml each)
were then acidified with 25% metaphosphoric acid at a 1:5
ratio (1 volume of acid for 5 volumes of the sample) for
30min on ice. The sample was injected into a GC 2010 series
gas chromatograph (Shimadzu, Kyoto, Japan) equipped with
a CP-Wax 52 CB column 30m × 0.53mm i.d. (Chrompack,
Rotterdam,Netherlands). The injector and detector temperatures
were 75 and 280◦C, respectively. Total SCFAs were determined
as the sum of analyzed acetate, propionate, and butyrate. All
procedures were performed in triplicate.

Analysis of Serum Marker in Sows
Venous blood from the ear margin of the sow on the day of
parturition was used to separate serum. Serum markers, such
as malondialdehyde (MDA), total antioxidant capacity (TAOC),
superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px), lipopolysaccharide (LPS), and lactate were determined
using commercial kits by following the instructions of the
manufacturer (Nanjing Jiancheng Co. Ltd., Nanjing, China).

Statistical Analysis
Litter gain, survival rate, piglet ADG, diarrhea rate, serum
marker, SCFA composition, α-diversities index, and relative
abundance were tested for normality and were then analyzed by
an unpaired t-test (SPSS 21.0, IBM, Armonk, NY, United States),
using each sow as an experimental unit. Data were presented
as means ± SEM except that confidence limits were given in
brackets instead of SEM values for data of relative abundance
at phylum. A chi-square test was performed to analyze the
percentage of sows that had a prolonged farrowing duration
or prolonged average piglet birth interval and to analyze the
percentage of piglets born weak or with hyperthermia after birth.
Statistical significance was declared when P < 0.05.

RESULTS

Farrowing Duration of Sows and Average
Piglet Birth Interval
The results of dietary inulin on farrowing duration and APBI
are shown in Figure 2. Compared to the control group, 1.6IN

FIGURE 4 | Effects of dietary inulin on the piglet performance during lactation. (A) litter gain at weaning; (B) average daily gain (ADG) of each piglet; (C) survival rate at

weaning; (D) diarrhea rate during lactation. Significance was analyzed by an unpaired t-test.
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decreased the percentage of sows whose farrowing duration
was longer than 240min (P = 0.011) and trend to decreased
percentage of sows whose APBI was longer than 20min
(P = 0.089). In addition, 1.6IN also increased the percentage
of sows whose APBI was shorter than 10min on a trend
(P = 0.095).

Performance of the Piglet
As shown in Figure 3, the birth weight and birth body
temperature of a total of 586 piglets from two groups were
recorded.When the two groups were analyzed together, there was
no significant relationship between the body temperature and
weight of newborn piglets; however, when the two groups were
analyzed separately, there was a significant linear relationship

TABLE 2 | The effect of dietary inulin on colostrum composition of sows.

Items Control 1.6IN P-value

Fat, % 5.35 ± 1.01 4.48 ± 0.43 0.448

Protein, % 17.55 ± 1.08 17.72 ± 0.78 0.901

Lactose, % 4.24 ± 0.19 4.13 ± 0.16 0.667

DM, % 35.31 ± 1.00 34.49 ± 0.91 0.556

UN, mmol/L 66.60 ± 5.69 51.9 ± 2.87 0.042

SCC, L 3,997.00 ± 2,581.00 795.00 ± 259.00 0.271

between piglet body temperature and weight. The control group
has a higher slope and intercept, which suggests that the
piglets of the control group may have a higher average body
temperature, which is more pronounced in high birth weight
piglets. In addition, it could be observed that the birth body
temperature of piglets was mainly enriched at 36.5–38.5◦C.
Therefore, piglets with body temperatures lower than 36.5◦C and
higher than 38.5◦C are judged as hyperthermia and hypothermia,
respectively. A Chi-square test was conducted to confirmwhether
dietary inulin improved IUGR or prevented hyperthermia or
hypothermia in newborn piglets (Figure 3). The results show that
1.6IN decreased the percentage of the piglet in IUGR (P < 0.05)
and the percentage of the piglet in hyperthermia (P < 0.01).

The piglet performance from cross-fostering to weaning is
presented in Figure 4. Compared with those in the control group,
the piglets in the 1.6IN group had higher litter gain and survival
rate at weaning (P < 0.01), and 1.6IN also increased piglet ADG
and decreased diarrhea rate during lactation (P < 0.05).

Colostrum Composition
The results of dietary inulin on colostrum composition are shown
in Table 2. The colostrum from the 1.6IN group had a lower
concentration of UN compared with the control group (P <

0.05); however, there was no difference in fat, protein, lactose,
DM, and SCC between the two groups (P > 0.05).

FIGURE 5 | Effects of dietary inulin on the serum markers of sows (A) malondialdehyde, MDA; (B) total antioxidant capacity, TAOC; (C) superoxide dismutase, SOD;

(D) glutathione peroxidase, GSH-Px; (E) lipopolysaccharide, LPS; (F) lactate. Significance was analyzed by an unpaired t-test.
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FIGURE 6 | (A) Venn diagram exhibits the shared and unique operational taxonomic units (OTUs) between two groups and (B) principal component analysis (PCoA)

based on genus level, each point represented one sample, blue points from the control group and red points from the 1.6IN group. (C) Simpson index; (D) Chao1

index; (E) Shannon; (F) ACE index. Significance was analyzed by an unpaired t-test.

Serum Marker of Sows
The results of dietary inulin on a serummarker of sows are shown
in Figure 5. The colostrum from the 1.6IN group had higher
levels of TAOC, SOD, and GSH-Px compared with the control
group (P < 0.05); however, there was no difference in MDA and
lactate between the two groups (P >0.05).

OTU Partition and Microbial Diversity
Analysis
There were means of 4,432 and 4,554 OTUs from the control
group and the 1.6IN group, respectively, and there were 3,009
common OTUs between the two groups (Figure 6A). There
was no difference in α-diversity, such as Shannon index, Chao1
index, Simpson index, and ACE index between the two groups
(Figure 6), indicating that bacterial richness was not affected by
dietary inulin. Themicrobial communities in all the samples were
analyzed and compared by the PCoA (Figure 6B). The first two
components accounted for 61.7% variation; however, no great
variation could be observed between the control group and the
1.6IN group (P = 0.09).

Taxonomic Composition Analysis
The results of phylum distribution are shown in Figure 7.
Taxonomic assignment of the OTU identified 15 phyla in
the fecal samples of sows in this study. Nine phyla (average

relative abundances >0.1% in at least one group) were
chosen for significance analyses, suggesting that the top two
phyla, Firmicutes and Bacteroidetes, were dominant in the
fecal samples of sows with >90% total relative abundance.
Compared with the control group, 1.6IN decreased the relative
abundance of Firmicutes, Cyanobacteria, and the ratio of
Firmicutes/Bacteroidetes (P < 0.05) and increased the relative
abundance of Bacteroidetes (P < 0.05). At the family level, 1.6IN
increased the relative abundance of Prevotellaceae (P < 0.01) but
increased the relative abundance of Ruminococcaceae (P < 0.05).

To identify the specific bacterial taxa among the groups, we
compared the fecal microbiota by using LEFSE analysis. The
results showed 25 different OTUs between the two groups, 10
OTUs were highly abundant in the 1.6IN group and 15 OTUs
in the control group (Figure 8). At the family level, a great
abundance of Ruminococcaceae, BS11, YS02, Streptococcaceae,
Mogibacteriaceae in the control group, and a great abundance
ofDesulfovibrionaceae and Paraprevotellaceae in the 1.6IN group
was found. At the genus level, a great abundance of CF231,
Paludibacter, Prevotella, andDesulfovibrio in the 1.6IN group and
Streptococcus in the control group was observed.

Fecal SCFA Composition
The results of microbial metabolite SCFAs are shown in
Table 3. There was no difference in the concentration of acetate,
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FIGURE 7 | Taxonomy composition of the bacterial communities at (A) the phylum level and (B) the family level (average relative abundance >0.001 at least one

group). Significance was analyzed by an unpaired t-test. *P < 0.05; ** P < 0.01.

propionate, butyrate, and total SCFAs (P > 0.05); however, 1.6IN
increased the ratio of acetate in the total SCFAs significantly
compared with the control group (P < 0.05).

Correlations Between Gut Microbiota and
Colostrum Composition, Newborn Body
Index of Piglets, and Serum Marker of
Sows
A Spearman correlation analysis was performed to evaluate
the potential link between alterations in gut microbiota
composition and colostrum composition, newborn body
index of piglets, and serum marker of sows (Figure 9). The

concentration of fat, DM, and UN was negatively correlated
with the phylum Bacteroidetes (P < 0.05). In addition, the
UN concentration was also negatively correlated with the
genus Prevotella and CF231 (P < 0.05), and the concentration
of UN and SCC was positively correlated with the genus
Streptococcus (P < 0.05). Firmicutes and Bacteroidetes were
negatively and positively correlated with the median body
weight (MBW) of newborn piglets (P < 0.05). Furthermore,
lipopolysaccharide (LPS) was negatively correlated with
Cyanobacteria and positively correlated with Proteobacteria
and Desulfovibrio (P < 0.05), respectively, and Cyanobacteria
also was negatively correlated with TAOC, SOD, and GSH-Px
(P < 0.05).
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FIGURE 8 | LefSE analysis of colonic microbiota between two dietary groups.

LDA scores are calculated for characteristics at the OTU level, and if the value

for the LDA score is >3, it means there is a significant difference.

TABLE 3 | The effect of dietary inulin on SCFA composition in the feces of sows.

Items Control 1.6IN P-value

Concentration, umol/g

Acetate 93.54 ± 5.38 99.76 ± 2.38 0.315

Propionate 31.31 ± 1.76 29.97 ± 1.35 0.561

Butyrate 14.12 ± 1.51 13.14 ± 0.83 0.585

Total SCFAs 138.96 ± 6.94 142.88 ± 3.55 0.627

Ratio, %

Acetate 67.2 ± 0.86 69.84 ± 0.70 0.038

Propionate 22.73 ± 1.42 20.97 ± 0.75 0.299

Butyrate 10.07 ± 0.76 9.18 ± 0.48 0.349

DISCUSSION

Because of specific physiological conditions and feeding
procedures, pregnant sows are exposed to a series of inevitable
problems, such as weight gain during pregnancy, constipation,
and prolonged farrowing duration (15). Affected by the above
physiological problems from their mothers, newborn piglets
often die of low birth weight and poor viability before weaning
(2, 15). Birth weight depends on nutritional status and placental
transport function during late gestation, while viability is closely

related to birth weight and farrowing duration, and may be
reflected in the body temperature (16, 17).

Previous studies have suggested that dietary fiber was
conducive to shortening the farrowing duration and improved
piglet birth weight (12, 18, 19). In this study, 1.6%, the dose with
the best improvement effect, was selected as the inulin dosage
from the previous study (12). The results of this study showed
that 1.6IN reduced the percentage of sows whose farrowing
duration was >240min and that APBI was >20min. 1.6IN also
reduced the percentage of IUGR in the piglet and improved the
survival rate before weaning. The reason for these results may
be that inulin improved the antioxidant capacity and energy
metabolism for sows, which were consistent with the results of
previous studies (5, 12, 20).

The body temperature of the piglet during birth and the
diarrhea rate before weaning were selected as indicators for
judging the health of the piglet. It has been reported that body
temperature during birth as an indicator affects survival and
growth performance due to which unnormal body temperature
is considered to be associated with increased mortality (21, 22).
Hypothermia indicated lack of suckling capacity and subsequent
growth retardation, whereas hyperthermia may be caused by
inflammation, and it means that piglets consume too much-
stored energy and oxygen to provide heat, and it may lead
to decreased digestive enzyme activity, and cause diarrhea and
reduced growth rate (23, 24). In this study, there was no
difference between the two groups in the percentage of piglets
whose body temperature was lower than 36.5◦C, whereas the
percentage of piglets with body temperature higher than 38.5◦C
was significantly reduced in the 1.6IN group. In addition, 1.6IN
also reduced the rate of diarrhea and increased the ADG of
the piglets, indicating that the preventive effect of 1.6IN on
hyperthermia helped to relieve diarrhea of suckling piglets. It
was reported that an improvement in intake of the maternal SDF
on the antioxidant capacity and the inflammation in the colon
of piglets were observed via regulation of the community of gut
microbiota, which could explain the results of body temperature
in piglets reasonably (12).

Breast milk is the most important source of nutrients,
energy, and immunologically active substances for piglets before
weaning. In previous studies, dietary fiber in the late gestation
could affect the colostrum composition for sows, so this study
determined the concentration of fat, protein, lactose, DM, UN,
and SCC in colostrum (18, 25). The results showed that 1.6IN
did not affect fat, protein, lactose, and DM in colostrum, which
meant that there was no difference in the nutritional content
of colostrum between the two groups; however, six samples
from the control group had elevated UN (P < 0.05) and SCC
concentrations (P > 0.05), which are important indexes for
judging milk quality or mastitis (26, 27). The diarrhea rate of
piglets in the control group was also significantly higher than that
in the 1.6IN group, which also may be caused by low-quality milk
from the inflamed breast.

Increasing research focuses on the interactions among diet,
gut microbiota, and the host (4, 28). The results of this study
have shown that Firmicutes and Bacteroides dominate at the
phylum level, which can reachmore than 90% relative abundance
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FIGURE 9 | Heatmap of the Spearman’s r correlations between the gut microbiota significantly modified by different diets treatment and colostrum composition,

newborn body index of piglets, and serum marker of sows. ABW, average body weight; MBW, median body weight; ABT, average body temperature; MBT, median

body temperature. Significance and correlation coefficient was analyzed by Spearman’s correlation analysis. *P < 0.05; ** P < 0.01.

of the total gut microbiota of sow. The ratio of Firmicutes to
Bacteroides (F/B) has been judged to be an important index
for affecting the energy metabolism of mammals, which was
usually related to energy deposition in humans, mice, and pigs
(29, 30). 1.6IN reduced the F/B ratio, affecting the median
body weight (MBW) of newborn piglets from correlation results,
indicating that the sows fed diet with dietary inulin deposited
less energy under the same calorie intake, and the undeposited
part may be allocated to the development of the fetus, which
was potentially causal with the reduction in the rate of low birth
weight (11).

Furthermore, the control group also had a higher relative
abundance of Streptococcaceae and Mogibacteriaceae, which
contained lots of common conditional pathogens (31, 32).
In particular, Streptococcus, one of the core strains in milk,
and parasitizing in the breast potentially, was identified
as a higher relative abundant species in the control group
(33). In previous studies, Streptococcus has usually shown
a high correlation with mastitis of cows (34). In this study,
the relative abundance of Streptococcus also showed a
positive correlation with the concentration of UN and SCC
in colostrum, which suggested the potential connection
between Streptococcus and sow mastitis. Therefore, the
reduction of Streptococcus may be the key reason for 1.6IN
to reduce UN and SCC in colostrum; however, the results
did not confirm whether the Streptococcus translocated
into the sow breast from the intestines, which required
further research.

The physiological status of sows largely determined the
health of offspring piglets. Six blood markers that reflect
the health status of sows were tested in this study, wherein
MDA, SOD, TAOC, and GSH-Px reflected antioxidant
capacity (12), LPS reflected intestinal barrier function (35),
and lactate reflected the degree of anaerobic respiration

of sows during farrowing (36). The results showed that
inulin increased the concentrations of SOD, TAOC, and
GSH-Px in the serum of sows, suggesting an improvement
in antioxidant capacity, which was consistent with previous
studies; however, inulin also increased the concentration of
LPS, suggesting a reduction in intestinal barrier function
of sows.

Two phyla, closely related to serum markers, deserved our
attention. Proteobacteria include many common opportunistic
pathogens, such as Escherichia coli and Desulfovibrio
(37). Desulfovibrio was increased in the 1.6IN group. It
can reduce the sulfur-containing substance to produce
hydrogen sulfide that irritates mucosa, causing decreased
barrier function, and increased serum LPS concentration
(38, 39); however, the tolerance of pig immune cells to
LPS stimulation has been previously reported (40), and we
have not identified a significant stress response in sows and
their offspring. Therefore, we have reservations about the
negative effects of LPS in sows. Cyanobacteria, containing
bacteria that produced natural toxins, were found to be
significantly higher in the control group (41). A characteristic
increase in intestinal Cyanobacteria on progeroid mice has
been reported by previous studies (42). The results of
correlation analysis also showed that Cyanobacteria were
negatively correlated with TAOC, SOD, and glutathione
peroxidase (GSH-Px). Therefore, we speculated that dietary
inulin may improve the antioxidant capacity of sows by
downregulating the relative abundance of Cyanobacteria in the
gut microbiota.

In research on dietary fiber, SCFAs were thought of as a
“bridge” in the diet–gut microbiome-host metabolism axis (43).
Acetate (C2), propionate (C3), and butyrate (C4) are the most
abundant, representing more than 90% of the SCFAs present
in the colon. The majority of SCFAs are absorbed by colonic
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epithelial cells, and only 5–10% is excreted in the feces. SCFAs
can regulate fat synthesis and cholesterol in the liver, and stabilize
blood glucose by triggering glucagon secretion and increasing
satiety (44). SCFAs regulate intestinal inflammation in sows
and inhibit fat deposition in sows, which has the potential to
be a beneficial intervention for positive pregnancy outcomes
(5). Results align with those obtained by Marquardt et al.
(13) and Zhou et al. (11) who did not detect any significant
effects of inulin inclusion on the concentration of SCFA and
its constituents in feces of sows during late gestation; however,
the feces sample from 1.6IN had a higher acetate ratio in total
SCFAs. The relative abundance of acetate-producing bacterium
Prevotella and CF231 was also higher in the 1.6IN group, which
provided a reasonable explanation for the results of acetate
ratio (29, 45).

CONCLUSION

This study verified the beneficial effect of inulin as a
functional fiber in the nutrition of sows in late pregnancy,
not only in the reproductive performance of sows but
also in the survival of newborn piglets. Overall, this study
showed that maternal fiber nutrition during pregnancy
regulated the health of offspring, and the response of
the maternal intestinal microbes played an important
role in intervening in the phenotype of sows and
neonatal piglets.
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Lumbar disc herniation (LDH) is a common cause for low back pain. In this study, we

aimed to explore the effects of a specific Lactobacillus paracasei (L. paracasei), L.

paracasei S16, on the symptoms of LDH using a mouse model of LDH. The results

showed that L. paracasei S16 treatment improved the behavior, increased the cell

proliferation, and decreased the apoptosis in LDH mice. Moreover, L. paracasei S16

treatment alleviated the aberrant inflammation response in the LDH mice, which is

characterized by the decreased anti-inflammatory cytokines, increased pro-inflammatory

cytokines, and decreased percentage of Th1 and Th2 cells and Th17/Treg ratio. 16S

rRNA sequencing results showed that the LDH mice treated with L. paracasei S16

have higher relative abundance of Lachnospiraceae and Ruminococcaceae and lower

abundance of Lactobacillaceae than mice in the LDH group. Additionally, the serum

metabolites involved in the linoleic acid metabolism, alanine. aspartate, and glutamate,

glycerophospholipid, and TCA cycle were significantly decreased and the metabolite

involved in purine metabolism was significantly increased after the L. paracasei S16

treatment in the LDH mice. These results showed that administration of L. paracasei

S16 can improve inflammation response, alter gut microbiota, and modulate serum

metabolomics in a mouse model of LDH.

Keywords: lumbar disc herniation, Lactobacillus paracasei, inflammation, gut microbiota, serum metabolomics

INTRODUCTION

lumbar disc herniation (LDH) is one of the common spinal diseases and affects around 9%
population worldwide (1). It has been well established that LDH is highly associated with the
inflammation (2). For example, herniated disc tissue has increased levels of proinflammatory and
regulatory cytokines, such as interleukin 1β (IL-1β), IL-4, IL-6, IL-12, tumor necrosis factor α

(TNF-α), and interferon-γ (IFN-γ) (3–5). Further, these cytokines can activate the differentiation
of lymphocyte. T helper 1 (Th1), Th2, and Th 17 lymphocytes plays an important role in activating
inflammation, while Treg cell involves in preventing inflammation (6, 7). It has been demonstrated
that patients with LDH have increased levels of circulating and disc Th17 and IL-17, which may
contribute to pain (8).

Recent studies have shown that the Lactobacillus paracasei (L. paracasei) treatment can alleviate
inflammation-related disorders by modulating the production of anti- and pro-inflammatory
cytokines (9, 10). Furthermore, clinical studies also revealed the important role of L. paracasei
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supplementation in ameliorating inflammation in humans
(11, 12). Mechanically, L. paracasei can act as a probiotic
to improve gut microbial composition (13, 14). Increasing
evidence has demonstrated that the gut microbiota is highly
associated with the host inflammatory response. For example,
the gut microbiota can influence the development of chronic
inflammatory disorders by regulating the T cells function
(15). However, whether the L. paracasei can alleviate aberrant
inflammation in LDH mice by modulating the gut microbiota
is unclear.

In this study, we investigated whether L. paracasei exert anti-
inflammatory effects via modulating T cell function and gut
microbiota in the mice with LDH. To test this hypothesis, we
examined the effects of specific strain of L. paracasei, L. paracasei
S16, on the behavior and the production of inflammatory
cytokines in LDH mice. In addition, we also analyzed the
gut microbiota and serum metabolomics to further explored
the mechanism.

MATERIALS AND METHODS

Reagents, Mice, and Ethics
The Lactobacillus paracasei S16 was purchased from Hangzhou
Hongsai biopharmaceutical Co., Ltd. (Zhejiang, China). The
male Balb/C mice (20–15 g) were purchased from the Envigo
(Indianapolis, USA). Mice were maintained in a 12 h-light/dark
cycle and free access to diet and water. All procedures used in
this experiment were approved by Changzheng Hospital Ethics
Committee (No. 2020-0073).

Mice and Surgery
The mice were divided into 4 groups (n = 12/group). The mice
in the Sham and LDH groups were received 0.1mL PBS, and
the mice in the Sham + Probiotic and LDH + Probiotic groups
were received 0.1mL of 109 CFU/ml L. paracasei S16 via oral
gavage for 4 weeks starting 1 week before the establishment of
LDH. A LDH model was established as a previous study (16).
Briefly, the mice were anesthetized with intraperitoneal injection
of ketamine/xylazine. The lumbar 4-L (L4-L5) disc of mice in the
Sham and Sham + Probiotic group were only exposed without
puncturing laterally, while the L4-L5 dic of mice in the LDH and
LDH +Probiotic groups were punctured laterally. At the post-
operation day (POD) 28, blood samples were collected by orbital
blooding. Serum was obtained by centrifugation of the blood
samples at 1,000 g for 15min under 4◦C and stored in aliquots
at−80◦C.

Measurement of Mechanical Allodynia and
Thermal Hyperalgesia
The mechanical allodynia and thermal hyperalgesia were tested
as reported previously (17). Briefly, the mechanical allodynia was
measured by the incidence of foot withdrawal responding to non-
noxious mechanical indentation of each hind paw using a probe
with an 0.5mm2 polypropylene tip. The thermal hyperalgesia was
defined by the foot withdraw latency to heat stimulation.

Immunohistochemistry
Dorsal root ganglia (DRG) samples were fixed in 4%
paraformaldehyde overnight at 4◦C. After embedding in
paraffin, serial sections of 4µm thickness were cut and treated
with periodic acid to blocked the endogenous peroxidase. After
incubated with the primary antibodies (Cyclin, Proteintech, USA;
Ki67, Abcam, UK; PCNA, Proteintech, USA) at 4◦C overnight,
the sections were incubated with secondary antibodies for 30min
at 37◦C. The images of the stained sections were captured by
fluorescence microscope.

Western Blot Analysis
The protein expression of Cyclin, Ki67, PCNA, Foxp3, IFN-γ,
IL-2, IL-4, IL-5, IL-12, IL-17A, TGF-β, and IL-10 in the L4-L5
DRG were determined by Western blot (WB) analysis. Briefly,
the samples were lysed in 0.1mL lysis buffer and the lysate
were centrifuged at 12,000 rpm for 15min at 4◦C. The proteins
were transferred onto polyvinylidene difluoride membranes and
blocked with 5% non-fat milk in tris-Tween-buffered saline
buffer (20mM tris, pH 7.5, 150mM NaCl, and 0.1% Tween 20)
for 1.5 hour and then incubated with the primary antibodies
(Proteintech, USA; Abcam, UK) at 4◦C overnight, followed by
incubation with a goat anti-mouse IgG or a goat anti-rabbit
IgG (Proteintech, USA) for 1 h at room temperature. Western
blot bands were scanned and analyzed with Alpha Imager
2200 software (Alpha Innotech Corporation, CA, USA). Protein
expression was normalized against β-actin.

Terminal Deoxynucleotidyl Transferase
Dutp Nick end Labeling (TUNEL) Assay
Cellular apoptosis was measured using the TUNEL assay kit
according to the manufactures’ instruction (Shanghai Yeasen
biotech Co., Ltd., China).

Flow Cytometric Analysis of T Cell Subsets
To determine the Th1, Th2, Th17, and Treg cells in mice, flow
cytometric analysis was performed on isolated DRG cells using
CD4, Foxp3, IL-17A, TGF-β, and IL-4 antibodies as reported
previously (18). Briefly, the cells suspension was transferred into
1mL phosphate buffer saline (PBS) and centrifuged at 350 g for
5min. After centrifugation, the supernatant was removed and
the cells were resuspended with 500µL fixation/permeabilization
then centrifuged at 350 g for 5 mice after standing at room
temperature for 30min. The resuspension was repeated for
twice. The cells were then incubated with monoclonal antibodies,
including CD4-FITC, FOXP3-PE, IL-17A-PE, IL-4-PE, and IFN-
γ-PE antibodies (eBiosciences, San Diego, California, USA)
at dark for 30min. After washing with PBS, the cells were
resuspended in 150 µL PBS and then tested by using Beckman
counter flow cytometer (USA). The data were analyzed using
FlowjoX software. The lymphocytes were gated by FSC and
SSC. CD4+IL-17A+, CD4+IL-4+, CD4+ IFN-γ+, and CD4+

FOXP3+ lymphocytes were identified as Th17, Th2, Th1, and
Treg respectively.
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Measurement of Serum Inflammatory
Cytokines Levels
The levels of Foxp3, IFN-γ, IL-2, IL-4, IL-5, IL-12, IL-17A,
TGF-β, and IL-10 in serum were measured by applying
a manual enzyme-linked immunosorbent assay (ELISA)-
based spectrophotometric approach involving the use of
corresponding assay kits (Wuhan Huamei Bioengineering Co.,
Ltd, Wuhan, China).

16S rRNA Gene Sequencing
Fecal DNA was extracted using the QIAamp DNA Stool Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. DNA concentration and purity were monitored
on 1% agarose gels. The V3-V4 region of the bacterial
16S ribosomal RNA gene was amplified using a specific
primer (314F, 5′-CCTACGGGNGGCWGCAG-3′; 805R, 5′-
GACTACHVGGGTATCTAATCC-3′). Amplicons were detected
using 2% agarose gels electrophoresis and purified using the
AxyPrep DNA gel extraction kit (Axygen Bioscience, CA,
USA). After quantified and purified, paired-end sequencing was
performed using an Illumina MiSeq instrument (Illumina, San
Diego, CA, USA) at Shanghai Weihuan Bio-Pharm Technology
Co. Ltd. (Shanghai, China) according to standard protocols.
Raw sequencing data were deposited into the NCBI Sequence
Read Archive (SRA) database associated with BioProject ID
PRJNA729635. The sequences were analyzed and assigned
to operational taxonomic units (OTUs; 97% identity), and
chimeric sequences were identified and removed usingUCHIME.
Taxonomy was assigned to OTUs using the naïve Bayes classifier
and q2-feature-classifier plugin against the SILVA-132-99 gene
database, with a confidence threshold of 70%. Alpha diversity
was analyzed using QIIME 2 (version 2.4), which included the
calculation of observe, Chao1, ACE, Shannon, and Simpson
indices. Beta diversity was estimated by computing the Bray-
Curits distance among samples and visualized using Principal
Co-ordinates Analysis (PCoA). The “VeenDiagram” package of
R software and jvenn were used to produce Veen diagrams.

Metabolomics Profiling of Serum Samples
The metabolomic process including sample preparation,
metabolites extraction and detection, data processing and
analysis. Briefly, 80 µL cold methanol was added to 20 µL
serum. The mixture was vortexed for 1min and then incubated
at 4◦C for 20min. After centrifuging at 12,000 rpm for 10min,
the supernatant was collected, dried, and then resuspended
for further analysis. A ACQUITY ultra-high-performance
liquid chromatography system coupled to ABSciex Triple TOF
5600 (ABSciex, Franmingham, MA, USA) and an electrospray
ionization source was used to tested the metabolomics profiling.
Raw LC-MS data were analyzed usingMarkerView and PeakView
software for peak detection, identification, and alignment. Kyoto
Encylopedia of Genes and Genomes (KEGG) database was used
to identify the exact metabolites.

Statistical Analysis
All statistical analyses were analyzed by one-way ANOVA
followed by the Ducan test (SPSS 21 software). Data are

expressed as the mean ± SEM. P < 0.05 was considered
statically significant.

RESULTS

L. paracasei S16 Alleviated the Behavior in
LDH Mice
The mechanical allodynia and thermal hyperalgesia were tested
to explore the effects of L. paracasei S16 on behavior in LDH
mice. The results showed that, in the LDH group, the mechanical
and thermal withdraw were significantly decreased from the
POD 1 to 28 compared with the Sham group (P < 0.05)
(Figures 1A,B). However, the mechanical withdrawal at the POD
3, 14, and 28 and thermal withdraw from the POD 3 to 28 were
significantly higher in the LDH+ Probiotic group than the LDH
group (P < 0.05) (Figures 1A,B), suggesting that L. paracasei S16
treatment significantly alleviated the behavior of LDH mice.

L. paracasei S16 Elevated the Expression
of Cell Proliferation Markers in LDH Mice
We further examined the expressions of cell proliferation
markers, Cyclin, Ki67, and PCNA in the DRG samples using
IHC and WB. The IHC results showed that LDH mice have
significantly lower expression of Cyclin and PCNA than the Sham
mice, which was significantly reversed by the L. paracasei S16
treatment (P < 0.05) (Figure 2A).

Similarly, the WB results showed that the LDH mice have
significantly lower relative protein expression of Cyclin, Ki67,
and PCNA (P < 0.05) (Figure 2B), suggesting that LDH mice
have inhibited cell proliferation. However, L. paracasei S16
treatment markedly increased the cell proliferation by enhancing
the relative protein expressions of Cyclin, Ki67, and PCNA in
LDHmice (P < 0.05) (Figure 2B).

The cellular apoptosis in DRGwasmeasured by TUNEL assay.
The results showed that the percentage of apoptotic to total cells
was significantly higher in the LDH group than the Sham group,
which was significantly reversed by the L. paracasei S16 treatment
(P < 0.05) (Figure 2C).

L. paracasei S16 Alleviated the Aberrant
Inflammation in LDH Mice
The comparisons of T cell subsets in the DRG were shown in
Figure 3A. The percentage of Th1 and Th2 and the Th17/Treg
ratio were significantly higher in the LDH group than the
control group (P < 0.05). However, L. paracasei S16 treatment
significantly decreased the percentage of Th1 and Th2 and the
Th17/Treg ratio in the LDH mice (P < 0.05).

Similarly, in the DRG, the relative protein expression levels of
IFN-γ, IL-2, IL-4, IL-5, IL-12, IL-17A were significantly higher
in the LDH group than the Sham group, which were significantly
reversed by the L. paracasei S16 treatment (P< 0.05) (Figure 3B).
In addition, the relative protein expression levels of Foxp3, TGF-
β and IL-10 were significantly lower in the LDH group than the
Sham group, which were significantly reversed by the L. paracasei
S16 treatment (P < 0.05) (Figure 3B).
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FIGURE 1 | L. paracasei S16 alleviated the behavior in LDH mice. (A) Mechanical withdrawal; (B) Thermal withdrawal. Data were expressed as the mean ± SEM. *P

< 0.05 vs. Sham; #P < 0.05 vs. LDH.

FIGURE 2 | L. paracasei S16 elevated the expression of cell proliferation markers in LDH mice. (A) Cyclin, Ki67, and PCNA protein expression in the DRG was

examined by immunohistochemical staining; (B) Western blot analysis of cyclin, Ki67, and PCNA in DRG; (C) TUNEL analysis of DRG. Data were expressed as the

mean ± SEM. *P < 0.05 vs. Sham; #P < 0.05 vs. LDH.
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FIGURE 3 | L. paracasei S16 alleviated the aberrant inflammation in LDH mice. (A) Flow cytometric analysis of DRG; (B) Western blot analysis of inflammatory

cytokines levels in the DRG; (C) ELISA of inflammatory cytokines in the serum. Data were expressed as the mean ± SEM. *P < 0.05 vs. Sham; #P < 0.05 vs. LDH.

The serum levels of Foxp3, IFN-γ, IL-2, IL-4, IL-5, IL-12,
IL-17A, TGF-β, and IL-10 were also measured using ELISA.
The results showed that LDH mice have significantly higher
levels of IFN-γ, IL-2, IL-4, IL-5, IL-12, and IL-17A, which were
significantly reversed by the L. paracasei S16 treatment (P< 0.05)
(Figure 3C). In addition, the serum levels of Foxp3, TGF-β, and
IL-10 were significantly lower in the LDH group than the Sham
group, which were significantly reversed by the L. paracasei S16
treatment (P < 0.05) (Figure 3C).

L. paracasei S16 Altered the Fecal
Microbiota in LDH Mice
The fecal microflora was analyzed by sequencing V3+V4 regions
of 16S rRNA genes. To identify the microbial α-diversity,
Observe, Chao1, ACE, Shannon, Simpson, and J indexes were
examined. As shown in Figure 4A, LDH mice had significantly

lower α-diversity than the Sham mice, which is characterized
by the decreased Observe, Chao1, ACE, Shannon, Simpson, and
J indexes (P < 0.05) (Figure 4A). However, L. paracasei S16
treatment significantly increased the α-diversity in the LDHmice
by increasing the Observe, Chao1, ACE, Shannon, Simpson,
and J indexes (P < 0.05) (Figure 4A). The Venn diagram
showed that there are 37 common OTUs between the four
groups. Meantime, the Sham, Sham + Probiotic, LDH, LDH +

Probiotic mice contained individual 119, 33, 91, and 78 OTUs,
respectively (Figure 4B). To further understand the microbial
composition between the two groups, we evaluated beta-diversity
using PCoA based on Bray-Curtis distance. The results showed
that the microbial community structure in the four groups were
significantly different (Figure 4C).

We further analyzed the microbial compositions at the
phylum and family levels. As shown in Figure 5A, at the phylum
level, Sham mice had significantly higher relative abundance
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FIGURE 4 | L. paracasei S16 altered gut microbiota. (A) α-diversity; (B) Venn diagram; (C) PCoA. Data were expressed as the mean ± SEM.

of Spirochaetes than the other three groups (P < 0.05). At the
family level, the LDH mice had significantly higher relative
abundance of Lactobacillaceae than the Sham mice, which
was significantly reversed by the L. paracasei S16 treatment
(P < 0.05) (Figure 5B). Meantime, the relative abundance
of Lachnospiraceae and Ruminococcaceae are significantly
lower in the LDH group than the Sham group (P < 0.05)
(Figure 5B). However, L. paracasei S16 treatment significantly
increased the relative abundance of Lachnospiraceae and
Ruminococcaceae in the LDH mice (P < 0.05) (Figure 5C). At
the genus level, LDH mice have significantly higher relative
abundance of Lactobacillus and lower relative abundance
of Lachnospiraceae_NK4A136_group than the control mice
(P < 0.05) (Figure 5C). Interestingly, L. paracasei S16
supplementation significantly decreased the relative abundance
of Lactobacillus in mice with LDH (P < 0.05) (Figure 5C).
Additionally, L. paracasei S16 significantly enhanced the relative
abundance of Lachnospiraceae_NK4A136_group in the sham
mice (P < 0.05) (Figure 5C).

L. paracasei S16 Altered the Serum
Metabolomics in LDH Mice
Serum metabolomics were examined to explore the metabolites
altered by L. paracasei S16 treatment. The results showed

that, there were 32 differential metabolites in the four groups
(Figure 6A). The potential metabolic pathways of the differential
metabolites were analyzed using MetaboAnalyst 5.0 software.
The results showed that the differential metabolites involved in
linoleic acid metabolism, Retinol metabolism, Alanine, aspartate
and glutamate metabolism, Glycerophospholipid metabolism,
citrate cycle (TCA cycle), and purine metabolism (Figure 6B).

DISCUSSION

LDH is one of the most common cause of low back pain.
In this study, we investigated the effects of L. paracasei S16
administration on the symptoms of LDH in a mouse model. Our
results demonstrated that the supplementation with a specific L.
paracasei strain, L. paracasei S16, could ameliorate the symptoms
of LDH through improving inflammation, modulating gut
microbiota, and altering serum metabolites.

The results of behavior test showed that L. paracasei
S16 treatment had alleviating action on LDH mice, which
is characterized by the increased mechanical withdrawal and
thermal withdraw. It has been reported that LDH exhibited
increased cell apoptosis and decreased cell proliferation (19, 20).
Thus, in this study, we examined the effects of L. paracasei
S16 treatment on the expressions of cell proliferation-related
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FIGURE 5 | Fecal microbial composition. (A) Phylum level; (B) Family level; (C) Genus level. Data were expressed as the mean ± SEM. *P < 0.05 vs. Sham; #P <

0.05 vs. LDH.

markers. The results showed that L. paracasei S16 treatment
increased the relative protein expressions of Cyclin, Ki67, and
PCNA in LDHmice and decreased the apoptosis, suggesting that
L. paracasei S16 may alleviate LDH by inhibiting apoptosis and
promote cell proliferation in DRG tissue.

Numerous studies have shown that LDH is accompanied
by disordered inflammatory responses, such as increased
production of pro-inflammatory cytokines and decreased anti-
inflammatory cytokines (3–5). Consistently, in this study, we
found that LDH mice have higher levels of pro-inflammation
cytokines (IFN-γ, IL-2, IL-4, IL-5, IL-12, and IL-17A) and
lower levels of anti-inflammatory cytokines (Foxp3, TGF-β, and
IL-10) in the serum and DRG tissue. However, L. paracasei
S16 treatment decreased the production of pro-inflammatory
cytokines and increased the production of anti-inflammatory
cytokines in the mice with LDH. Similarly, previous studies
also found that L. paracasei can modulate inflammation
by decreasing the production of proinflammatory cytokines
(IL-1, IL-2, and TNF-α) and increasing the production of

anti-inflammatory cytokines (IL-10 and TGF-β) production and
inhibiting inflammatory activation (9, 10). These data showed
that L. paracasei S16 treatment may alleviate LDH by improve
inflammation in mice.

Activated T cells can differentiate into different subsets,
including Th1, Th2, Th17, and Treg cells, that contribute to
immune response. Th1 and Th2 cells can produce IFN-γ and
IL-4, IL-13, and IL-5, respectively. Th17 has been shown to play
an important role in inducing inflammation and autoimmune
diseases (including LDH) by secreting its effector cytokine, IL-
17 (6). Contrarily, Treg cells can prevent autoimmunity. TGF-
β and Foxp3 are involved in the differentiation Th17 cells
and Treg cells, respectively (7). Furthermore, the imbalance
of Th17/Treg ratio can cause autoimmune disorders (7, 21).
In this study, the data on T cell subsets showed that
LDH is associated with higher levels of Th1, Th2, and
Th17/Treg ration, which were alleviated by the L. paracasei s16
treatment. Collectively, these data suggested that L. paracasei
s16 treatment can alleviate inflammation by influencing the
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FIGURE 6 | L. paracasei S16 changed serum metabolomics changes. (A) Heat-map of the intensity of 32 significantly different metabolites showing significantly

different metabolic profiles between the Sham, Sham + Probiotic, LDH, LDH + Probiotic groups. (B) The disturbed metabolic pathways showed differential

metabolites by MetaboAnalyst 5.0 software. Node radius was based on pathway impact values. Node color was based on P value.

production of inflammatory cytokines and the differentiation of
T cells.

Amounting studies have demonstrated that gut microbiota
plays an important role in modulating inflammatory response.
We found that, compared to the sham mice, the LDH mice
have decreased relative abundance of Spirochaetes, which is
the most neurotropic bacteria (22). However, it has been
proved that Spirochaetes can induce the production of pro-
inflammatory cytokines and cause chronic inflammation (23, 24).
Furthermore, animal and clinical studies showed that L. paracasei
can improve inflammation by modulating gut microbiota (25,
26). Contrarily, in this study LDH mice had higher abundance
of Lactobacillaceae than the Sham mice. Administration with
L. paracasei s16 decreased the abundance of Lactobacillaceae
in mice with LDH. Similarly, at the genus level, L. paracasei
s16 decreased the relative abundance of Lactobacillus. These
conflicting results need further investigation. Additionally, L.
paracasei s16 administration increased the relative abundance
of Lachnospiraceae and Ruminococcaceae in mice with LDH.
It has been reported that the short chain fatty acids, such as
butyrate and propionate, produced by Lachnospiraceae involved
in activating Treg cells, reducing pro-inflammatory cytokines,
and increasing anti-inflammatory cytokines, which collectively
alleviate inflammation (27–29). Similarly, Ruminococcaceae,
which increased after L. paracasei s16 administration in mice
with LDH, can ameliorate chronic inflammation by producing
butyrate (29). Thus, in this study, we speculated that L.
paracasei s16 treatment regulated the T cells populations by

modulating gut microbiota, which contribute to alleviating
aberrant inflammatory response.

In addition, we also examined the serum metabolomics to
explore whether L. paracasei s16 supplementation improve
inflammation through changing serum metabolites in LDH
mice. The data showed that the metabolites involved in
the linoleic acid metabolism (linoleate), alanine. aspartate,
and glutamate (oxoglutaric acid), glycerophospholipid
(glycerophosphocholine), and TCA cycle (oxoglutaric acid)
were significantly decreased and the metabolite involved in
purine metabolism (adenosine) was significantly increased after
the L. paracasei S16 treatment in LDH mice. Similarly, previous
studies also found that linoleic acid plays an important role in
promoting inflammation (30). A recent clinical study analyzing
the relationship between serum metabolites and inflammation
showed that the serum oxoglutaric acid has a negative correlation
with the inflammation severity. However, in this study, we found
that L. paracasei S16 treatment decreased the serum level of
oxoglutaric acid, which may be because the different animal
models. Thus, although the specific mechanism is unclear, it is
reasonable to hypothesize that L. paracasei S16 treatment may
improve inflammation by modulating the serum metabolites.

Taken together, the current study demonstrated that
L. paracasei S16 treatment can alleviate inflammation by
modulating serum metabolites and gut microbiota in LDH
mice. However, the casual role of altered gut microbiota in the
suppressed inflammation and changes in serummetabolites need
further confirmation.
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The Gut Microbiota Activates AhR
Through the Tryptophan Metabolite
Kyn to Mediate Renal Cell Carcinoma
Metastasis
Guoyu Dai, Xiang Chen and Yao He*

Department of Urology, Xiangya Hospital, Central South University, Changsha, China

Background: The incidence of renal cell carcinoma (RCC) is increasing year by year.

It is difficult to have complete treatment so far. Studies have shown that tryptophan

metabolite Kynurenine (Kyn) affects cell proliferation, migration, apoptosis, adhesion,

and differentiation. Our aim is to explore whether Kyn activates aromatic hydrocarbon

receptor (AhR) to mediate RCC metastasis.

Methods: We collected RCC tissues and feces from RCC patients. 16S rRNA

technology was performed to analyze the gut microbial composition of RCC patients.

LC-MS/MS was used to analyze the gut microbial metabolites. The AhR was inhibited

and treated with Kyn. Immunofluorescence was used to measure the degree of AhR

activation. Themigration and invasion ability of 786-O cells was tested by Transwell assay.

Flow cytometry and cell cycle assay were utilized to observe the apoptosis and cycle of

786-O cells. CCK-8 assay was used to detect 786-O cells proliferation. qRT-PCR and

Western blot were used to detect AhR and EMT-related genes expression level.

Results: AhR expression was up-regulated in RCC tissues. RCC gut microbiota was

disordered. The proportion of Kynwas increased in RCC. After being treatedwith Kyn, the

migration, invasion, and proliferation ability of 786-O cells were decreased. Furthermore,

the expression of EMT-related protein E-cadherin decreased, and the expression of

N-cadherin and Vimentin increased. The proportion of 786-O cells in the S phase

increased. The apoptosis rate of 786-O cells was inhibited.

Conclusion: The tryptophan metabolite Kyn could activate AhR. Kyn could promote

786-O cells migration and invasion. Gut microbiota could activate AhR through its

tryptophan metabolite Kyn to mediate RCC metastasis.

Keywords: rcc, AhR, KYN, EMT, gut microbiota

INTRODUCTION

Renal cell carcinoma (RCC) is still an elusive cancer in lack of biomarkers. It was the eighth
most common malignant tumor in the United States (1). In addition to the increase in newly
diagnosed cases, RCC patients’ prevalence and overall survival rate have also increased significantly
(2). Studies have shown a link between the gut microbiota and metastatic RCC (mRCC). Evidence
showed that RCC patients have a lower abundance of bifidobacteria, compared with healthy adults
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(3). However, it needs experimental verification about whether
there is a connection between the gut microbiota and RCC
needs to.

Many life activities are mediated by metabolites of gut
microbiota. Tryptophan is an essential aromatic amino acid,
and it is considered necessary in many metabolites between gut
microbiota and the host (4, 5). Many tryptophan metabolites
derived from abundant microbiota exhibit the activation
potential of aromatic hydrocarbon receptor (AhR) (6). Some
endogenous tryptophan metabolites are recognized as AhR
ligands, including tryptamine (TRA), indole, 5-hydroxyindole-
3-acetic acid (5-HIAA), Kynurenine (Kyn), kynurenic acid
(KA), and xanthine acid (XA) (7, 8). Tryptophan metabolites
as ligands can activate AhR signals in many diseases, such
as inflammation, oxidative stress damage, cancer, aging-related
diseases, cardiovascular disease (CVD), and chronic kidney
disease (CKD) (4). We screened tryptophan metabolites to verify
the regulatory relationship between tryptophan metabolites
and AhR.

AhR is a cytoplasmic ligand-activated transcription factor
involved in various cellular processes. It can mediate the toxicity
(including carcinogenicity) of polycyclic aromatic hydrocarbons
and induce many enzymes expression. It can participate in
critical biological processes, such as signal transduction, cell
differentiation, and cell apoptosis (9). Recent studies have shown
that AhR is related to CVD, CKD, and RCC (10). Tryptophan
catabolites can activate AhR to enhance tumor malignancy and
inhibit anti-tumor immunity (11, 12). More studies revealed AhR
can be activated by many endogenous ligands. Different ligands
bind and activate AhR, which can translocate AhR to the nucleus
and induce a series of genes expression (8).

Epithelial-mesenchymal transition (EMT) is a process in
which epithelial cells lose their polarized structure and gain the
migration and invasion ability. It is believed to be the cause
of cancer metastasis (13). EMT biomarkers such as Vimentin,
N-cadherin, and MMP9 are overexpressed in cancer and are
involved in promoting cancer cells metastasis (14). Many studies
have shown that AhR activity leads to loss of cell contact
inhibition and changes in extracellular matrix remodeling (15).
This study intends to explore the internal relationship between
metastatic RCC and the gut microbiota and its metabolism
(tryptophan metabolism) and verify whether the tryptophan
metabolite Kyn promotes EMT and RCC pathological process by
activating AhR.

RESULTS

High Expression of AhR in RCC Tissues
The clinical characteristics of all subjects were presented in
Table 1. To study whether AhR expression in RCCwas abnormal,
we used qRT-PCR and Western blot to detect AhR expression.
Compared with the Control tissues group, the AhR mRNA
expression in the RCC tissues group was significantly increased
(Figure 1A). AhR protein expression was increased in both the
cytoplasm and the nucleus (Figure 1B). It showed that AhR
expression was abnormally increased in RCC. RCC was often
accompanied by EMT conversion (16). We next detected the

TABLE 1 | Characteristics of patients with RCC.

Characteristics Total (n = 10)

Sex, n

Men 6

Women 4

Age at enrollment, years, n

<60 8

≥60 2

Smoking history, n

Yes 4

No 6

Cancer stage, n

T1N0M0 10

Other 0

expression of E-cadherin, N-cadherin, and Vimentin related to
EMT. Compared with the Control tissues group, E-cadherin
expression in the RCC tissues group was inhibited, but N-
cadherin and Vimentin expressions were significantly up-
regulated (Figures 1C,D). It showed that EMT accompanied the
RCC patients, and AhR expression was abnormal.

The Diversity of Gut Microbiota in RCC
Changed
Next, we aim to explore whether RCC affected the gut microbiota
of RCC patients. PCA analysis showed that the microbial
community similarity of the clinical samples of the Control
tissues group and the RCC tissues group was low (Figure 2A).
Anosim analysis further helped obtain an R-value of 0.266,
showing that the difference between groups was more significant
than the difference within groups (Figure 2B). The OUT Venn
diagram showed that the Control tissues group had 155 unique
OUT numbers, the RCC tissues group had 819 unique OUT
numbers, and the two groups had 134 OUT numbers in total
(Figure 2C). Chao1, Shannon, and Simpson’s indexes showed the
difference between the two groups was significant (Figure 2D)
(P < 0.05). The Rank-abundance curve indicated that the
RCC tissues group curve had a larger range on the horizontal
axis, and the species richness was higher (Figure 2E). The
abundance bar graph showed a significant difference in species
composition between the Control tissues group and RCC tissue
group (Figure 2F). The heat map showed that compared with
the Control tissues group, the abundance of Bacteroides and
Akkermansia was increased significantly in RCC tissues group,
while the abundance of Blautia, Bifidobacterium, andMegamonas
was decreased significantly (Figure 2G). As shown above, the gut
microbiota of RCC patients was imbalanced.

Tryptophan Metabolites From Gut
Microbiota Was Related to RCC
The above experiments indicated that RCC could lead to gut
microbiota disturbance. We detected tryptophan metabolites.
First, we uploaded the metabolic data on the online website
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FIGURE 1 | The expression of AhR was higher in RCC. (A) The mRNA expression of AhR was higher in the RCC tissues group. (B) The expression of AhR protein in

the cytoplasm and nucleus. (C,D) E-cadherin, N-cadherin, and Vimentin were abnormally expressed in RCC tissues group * compared with Control tissues group,

P < 0.05.

(https://www.metaboanalyst.ca/MetaboAnalyst/ModuleView.
xhtml) to get the heat map (Figure 3A). The heat map showed
our nine tryptophan metabolites (L-Kynurenine, Tryptamine,
Indole, 3-Methylindole, Indoxyl Sulfate potassium, salt, Indole-
3-acetic acid, 3-Indolepropionic acid, and 3-Indoleacrylicacid
Kynurenic acid) in different groups were different. Percentage
of the distribution ratio of tryptophan metabolites in the
Control tissues group and the RCC tissues group indicated
meaningful differences (Figure 3B). Then, original data were
concluded. 3-Indoleacrylicacid, Indoxyl Sulfate potassium salt,
and 3-Methylindole were significantly reduced (Figure 3C).
The Spearman’s rank correlation was performed to analyze
the correlation between the top 20 gut microbiota and nine
tryptophan metabolites. The results showed that L-Kynurenine
was negatively correlated with Agathobacter. Tryptamine was
negatively correlated with Escherichia-Shigella. Indole was
positively correlated with Tyzzerella_3. 3-Methylindole was
positively correlated with Romboutsia, Bifidobacterium, and
[Ruminococcus]_torques_group. Indoxyl Sulfate potassium
salt was positively correlated with Subdoligranulum and
[Ruminococcus]_torques_groups. Indole-3-acetic acid was
positively correlated with Romboutsia, Blautia, Bifidobacterium,

and [Ruminococcus]_torques_group. Indole-3-acetic acid was
negatively correlated with Bacteroides and Akkermansia. 3-
Indolepropionic acid was negatively correlated with Roseburia,
Prevotella_9, and Megamonas. 3-Indoleacrylicacid was positively
correlated with Blautia. 3-Indoleacrylicacid was negatively
correlated with Akkermansia. Kynurenic acid was negatively
correlated with Prevotella_9 and Akkermansia. The above
results indicated that gut microbiota imbalance in RCC patients
might lead to tryptophan metabolites disorders (Figure 3D).
Next, we analyzed the correlation between the tryptophan
metabolites and AhR, E-cadherin, N-cadherin, and Vimentin.
The results revealed AhR was significantly negatively correlated
with L-Kynurenine. E-cadherin was significantly positively
correlated with 3-Indolepropionic acid (Figure 3E). The above
indicated that the disturbance of tryptophan metabolites from
gut microbiota was related to the abnormal expression of EMT
and AhR in RCC.

Kyn Could Activate AhR to Inhibit 786-O
Cells Apoptosis
To further explore the effect of tryptophan metabolites on
RCC, we inhibited AhR. We treated 786-O cells with different
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FIGURE 2 | Gut microbiota imbalance caused by RCC. (A) The similarity between the Control tissues and RCC tissues groups. (B) The difference between the two

groups. (C) OUT Venn diagram. (D) Box chart. (E) Rank-abundance curve. (F) Histogram of the distribution of phylum species. (G) Heat map of phylum-species

distribution.
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FIGURE 3 | The content of Kyn was high in RCC. (A) Heat map of metabolites (2-1, 2-2, 3-1, 3-2, 4-1, 4-2.5-1, 5-2, 6-1, and 6-2 belong to control group, A2-1-1,

A2-1-2, A4-1-1, A4-1-2, A4-2-1, A4-2-2, A5-1-1, A5-1-2, A5-2-1, and A5-2-2 belong to RCC group). (B) Percentage of nine tryptophan metabolites. (C) Three

metabolites with reduced content in RCC. (D) The relationship between 9 tryptophan metabolites and the top 20 gut microbiota. (E) The correlation between the

tryptophan metabolites and AhR, E-cadherin, N-cadherin, and Vimentin.
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concentrations of Kyn. The immunofluorescence results showed
that Kyn could activate AhR in 786-O cells (Figure 4A). Cell
viability assay showed that 786-O cells viability was increased
in Low-Kyn and High-Kyn groups compared with the Control
group. Compared with the AhR antagonist group, the 786-O cells
viability in the Low-Kyn+AhR antagonist andHigh-Kyn+AhR
antagonist groups was increased (Figure 4B). Then, we checked
the cell cycle and cell apoptosis. Kyn was added to treat 786-O
cells, and the results suggested that the cells number arrested
in the G1/G2 phase decreased, and the cells number in the S
phase increased. The AhR of 786-O cells was inhibited. Then Kyn
was added to treat 786-O cells. The cells number arrested in the
G1/G2 phase was also significantly reduced, and cells number in
the S phase was increased substantially (Figure 4C). It indicated
that Kyn could regulate the normal life cycle of 786-O cells.
Flow cytometry was used to measure the 786-O cells apoptosis
(Figure 4D). The results suggested that Kyn could effectively
inhibit 786-O cells apoptosis. In summary, Kyn could activate
AhR to inhibit 786-O cells apoptosis.

Kyn Could Promote 786-O Cells Migration
and Invasion by Activating AhR
The above experimental results indicated that Kyn could inhibit
the 786-O cells apoptosis. Next, we tested whether Kyn could
affect the invasion and EMT process of 786-O cells. Compared
with the Control group, 786-O cells migration and invasion
ability in the Low-Kyn and High-Kyn groups was increased.
Compared with the AhR antagonist group, 786-O cells migration
and invasion ability in the Low-Kyn + AhR antagonist and
High-Kyn+ AhR antagonist groups were increased. It suggested
that Kyn could promote the 786-O cells migration and invasion
(Figures 5A,B). Finally, qRT-PCR andWestern blot were used to
detect the expression of E-cadherin, N-cadherin, and Vimentin
related to EMT genes. Kyn was added to treat 786-O cells.
The E-cadherin expression in 786-O cells was inhibited, but
N-cadherin and Vimentin expressions were significantly up-
regulated (Figure 5C). In short, Kyn could activate AhR to
promote the migration, invasion, and EMT process of 786-
O cells.

MATERIALS AND METHODS

Clinical Sample Collection
We collected 10 RCC tissues samples and Control tissues (at least
5 cm from the tumor tissues) from the Xiangya hospital central
south university. We also collected patient feces. These samples
came from RCC patients after surgery. None of these patients
received chemotherapy or radiotherapy before surgery. Patients
with infectious diseases, autoimmune diseases, or multiple
primary cancers were excluded. We also collected 10 normal
human feces. Before the sample collection, all subjects did not
receive antibiotics or similar drugs. The research was approved
by the Ethics Association and related hospitals.

Cell Culture
Human RCC 786-O cells were cultured in a T25 cell culture flask
(690175, Greiner Bio-One Vilvoorde, Belgium) supplemented

with 100 U/ml penicillin. The cells were cultured in a 5% CO2

medium containing 10% fetal bovine serum (FBS) (Gibco). The
medium was replaced with a serum-free medium. 786-O cells
were inoculated into a six-well culture plate and incubated for
at least 12. The cells were grouped as the Control tissues group
(786-O cells), the Low-Kyn group (786-O cells were cultured in
0.2 mmol/L Kyn for 24 h), the High-Kyn group (786-O cells were
cultured in 2 mmol/L Kyn for 24 h), the AhR antagonist group
(786-O cells were pretreated with DMF (3′, 4′-dimethoxyflavone)
for 12 h), the Low-Kyn + AhR antagonist group (786-O cells
were pretreated with DMF and cultured at 0.2 mmol/L Kyn),
and the High-Kyn + AhR antagonist group (786-O cells were
pretreated with DMF and cultured under two mmol/L Kyn) (17).

Bacterial 16S rRNA Data Processing and
Analysis
We de-joined and filtered the raw data with low-quality. The
representative sequence of each out was annotated. We have
separated and filtered the low-quality raw data. We have
annotated the representative sequence of each OTU. The random
sampling method was adopted, and the OTU analysis was
performed with the number of effective sequences drawn. The
alpha diversity indexes were calculated. A dilution curve was
constructed. We obtained the R-value by analyzing the distance
matrix between samples. Finally, the composition and abundance
of the gut microbiota were identified.

Liquid Chromatography-Tandem Mass
Spectrometry (LC-MS/MS)
Fecal samples from all subjects were centrifuged at 1,150 g and
4◦C for 10min. Then the supernatant was further divided into
100 µl, put into the labeled tube and stored at −80◦C before
preparing for metabonomics analysis. Each bisection sample
was separated from 300 µl cold acetonitrile, mixed and then
swirled for 30 s before analysis. Themixture was deproteinized by
centrifugation at 4◦C (21,130 g, 30min), and 1 µl of supernatant
was injected into UPLC. The ion source parameters and scanning
parameters were optimized.

Quantitative Real-Time PCR
About 0.02 g tissues in Trizol were put into a 1.5ml centrifuge
tube, and 1ml of Trizol was added to the homogenizer to grind
and homogenize thoroughly. About 500 µl of the cells in Trizol
were placed in a 1.5ml centrifuge tube. Fluorescence quantitative
PCR (quantstudio1, Thermo, USA) was performed on a
fluorescence quantitative PCR machine. The reaction conditions
were pre-denaturation at 95◦C for 10min, denaturation at 94◦C
for 15 s, and annealing at 60◦C for 30 s, a total of 40 cycles. The
internal reference primer was β-actin, and the primer sequence
was shown in Table 2.

Western Blot
We cut 0.025 g tissues, and then washed the tissues with
ice-cold PBS. We added 300 µl RIPA lysate and ground
the tissues repeatedly in the biological sample homogenizer
until no tissue masses were visible. For primary antibodies,
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FIGURE 4 | Kyn could inhibit 786-O cells apoptosis. (A) AhR was activated by Kyn. (B) CCK-8 assay was used to measure the cell vitality. (C) Kyn could stabilize the

786-O cells cycle (×200, Scale bar = 50µm). (D) Flow cytometry was used to measure the apoptosis rate of 786-O cells. * Compared with the Control group, P <

0.05. # Compared with the AhR antagonist group, P < 0.05.
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FIGURE 5 | Kyn could promote the migration and invasion of 786-O cells. (A) and (B) Transwell was used to detect the migration and invasion ability of 786-O cells

(×100, Scale bar = 100µm). (C) E-cadherin was inhibited by Kyn. N-cadherin and Vimentin were activated by Kyn. * Compared with the Control group, P < 0.05. #

Compared with the AhR antagonist group, P < 0.05.

we used rabbit anti-AhR (1:1,000, #83200, CST), rabbit anti-
E-cadherin (1:5,000, 20874-1-AP, Proteintech), mouse anti-N-
cadherin (1:6,000, 66219-1-Ig, Proteintech), rabbit anti-Vimentin

(1:5,000, ab92547, Abcam), rabbit anti-PCNA (1:5,000, 10205-
2-AP, Proteintech) and mouse anti-β-actin (1:5,000, 60008-1-Ig,
Proteintech).We rinsed themembrane three times with TBST for
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TABLE 2 | Primer sequences.

Gene Genbank number Sequences (5′–3′)

E-cadherin NG_008021 F: ATTTTTCCCTCGACACCCGAT

R: TCCCAGGCGTAGACCAAGA

N-cadherin NC_000018 F: GGGAAATGGAAACTTGATGGCA

R: TGGAAAGCTTCTCACGGCAT

Vimentin NG_012413 F: CCCTTGACATTGAGATTGCCACC

R: ACCGTCTTAATCAGAAGTGTCCT

AhR NC_000007 F: CAACAGCAACAGTCCTTGGC

R: GTTGCTGTGGCTCCACTACT

β-actin NG_007992 F: ACCCTGAAGTACCCCATCGAG

R: AGCACAGCCTGGATAGCAAC

10min each time. Then we incubated secondary antibodies HRP-
conjugated Affinipure Goat Anti-Mouse IgG (H + L) (1:5,000,
SA00001-1, Proteintech) and HRP-conjugated Affinipure Goat
Anti-Rabbit IgG (H+L) (1:6,000, SA00001-2, Proteintech). The
film was immersed in SuperECL Plus (K-12045-D50, Advansta,
USA) for luminescence development.

Cell Counting Kit-8 Assay
We used the CCK-8 kit (NU679, Dojindo Molecular
Technologies, Inc., Japan) to analyze the cell viability. The
cells were taken in a logarithmic growth phase and were digested
with trypsin. At the density of 5 × 103 cells/well, the cells were
inoculated into a 96-well plate with 100 µl/well. Ten microliter
CCK8 solution of complete culture medium was co-cultured
with cells in each well. The absorbance (OD) value at 450 nm was
analyzed by a Bio-Tek microplate reader after incubation with 5
% CO2 at 37

◦C for 4 h.

Transwell Assay
We diluted Matrigel with 100 µl cold, serum-free DMEM
medium per well. Then we placed 500 µl complete medium
containing 10% FBS in the lower chamber. The cells were
digested with trypsin to form a single cell. We put the upper
chamber into a new hole with PBS. We used 0.1% crystal violet
for 5 min.

Flow Cytometry
Cells were collected with trypsin digestion solution (c0201,
Beyotime, China) without EDTA. We collected about 2 × 105

cells. Five hundred microliter of binding buffer was added to the
cell suspension.We added 5µl annexin V-FITC (kga108, keygen,
China) and mixed well. Finally, we added 5 µl Propidium Iodide
(PI) (mb2920, Meilunbio, China) into the mixture and mixed
them well. Flow cytometry was used to observe the changes
within 1 h.

Immunofluorescence
The slices were cleaned 2∼3 times with PBS. Then the slices
were fixed with 4% paraformaldehyde for 30min. The primary
antibody AhR was dripped onto the slices at 4◦C overnight. The

second antibody was incubated by dropping 50–100 µl anti-
rabbit IgG labeled fluorescent antibody. Then the slices were
incubated at 37◦C for 90min. Finally, the slices were washed with
PBS 3 times, 5min each. DAPI solution was used to stain the
nucleus at 37◦C for 10min. Then PBS was washed 3 times, 5min
each. The slices were placed under a fluorescent microscope
for observation.

Cell Cycle Assay
We took out the fixed sample. One microliter of pre-cooled PBS
was added to the sample for cell suspension. We added 150 µl
PI working solution into the cell solution and stained it at 4◦C
for 30min. PI was excited by 488 nm argon ion laser and received
by 630 nm pass filter. 1 × 104 cells were collected by FSC/SSC
scatterplot. Adhesion cells and fragments were excluded by
gating technique. The percentage of cell cycle on PI fluorescence
histogram was analyzed.

Statistical Analysis
All experimental data were analyzed by GraphPad 8.0 software.
Measurement data were expressed as mean± standard deviation.
The unpaired T-test was used between the two groups
conforming to the normal distribution. One-way analysis of
variance (ANOVA) was used for comparison between multiple
groups. P < 0.05 was considered statistically significant.

DISCUSSION

This study found that RCC has a certain internal relationship
with gut microbiota and tryptophan metabolite. Through cell
experiments, we found that Kyn may promote EMT by activating
AhR, further promote RCC cells migration and invasion and
inhibit RCC cells apoptosis.

The gut microbiota is closely related to cancer (18). We
found that the composition of gut microbiota in RCC patients
was changed significantly. Bacteroides and Akkermansia were
increased significantly, while Blautia, Bifidobacterium, and
Megamonas were decreased significantly. Recent studies have
shown that gut microbiota composition affects the success of
immune checkpoint blocking therapy for RCC (19). Clinical
studies have shown that patients treated with vascular endothelial
growth factor tyrosine kinase inhibitor (VEGF-TKIs) combined
with mRCC have higher Bacteroides and lower Prevotella (20).
These results indicated that the gut microbiota composition
changes were related to the occurrence and development of RCC.

Tryptophan catabolism has become a critical metabolic
regulation factor for tumor progression (21). Different cancers
prognosis showed that an essential indicator of tryptophan
metabolism is serum KTR. When the serum KTR increased,
tryptophan was metabolizing through indoleamine 2,3-
dioxygenase 1 (IDO1) or tryptophan 2,3 -Dioxygenase (TDO)
through the Kyn pathway. At the same time, other researchers
have reported higher KTR in the serum of patients with
advanced RCC or resistance to immune checkpoint inhibitor
(22, 23). The composition of the gut microbiota determines
several tryptophan metabolites because they are catabolism
products of gut microbiota. These tryptophan-derived microbial
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catabolites are important signaling molecules in the host and the
microorganisms (24, 25). Targeted metabolomics studies have
shown that RCC patients have elevated Kyn pathway metabolites
(26). Our experiment revealed that the distribution of tryptophan
metabolites in gut microbiota changed significantly in RCC.
Through correlation analysis, it was found that the tryptophan
metabolites were correlated considerably with Agathobacter,
Escherichia-Shigella, Romboutsia, and Akkermansia, etc. Studies
have shown that microorganisms mediate gut Trp metabolism
changes and participate in the occurrence of cancer (27). This
was consistent with our research. Through correlation analysis,
we also found that tryptophanmetabolites of gut microbiota were
significantly correlated with AhR and E-cadherin expressions in
RCC. These results indicated that the Kyn metabolic pathway
of the gut microbiota might be involved in the pathogenetic
progress of RCC. This experiment assessed that the Kyn pathway
was operable and could be used as a therapeutic target for RCC.

Kyn is the main product of the tryptophan metabolic pathway
catalyzed by TDO2 and IDO in tumor cells. Kyn proved that
AhR could be activated. AhR in an autocrine/paracrine manner
can inhibit the anti-tumor immune response and promote
tumor cell survival and movement (28). AhR was identified as
a ligand-activated transcription factor of the basic helix-loop-
helix (bHLH) Per-Arnt-Sim (PAS) family, and it played an
important role in a wide range of physiological and pathological
conditions (29–31). AhR participates in the induction of Slug
expression, and this process inhibits E-cadherin expression.
MMPs expression is also a target of the AhR pathway. Odibenzo-
p-dioxin (TCDD) exposure up-regulated the expression and
activity of MMP9 in a variety of malignant tumors, including
melanoma cells, urothelial cancer cells, prostate cancer cells, and
gastric cancer cells (32). AhR is involved in the induction of EMT
by PCBs in HCC cells (33). In this study, we aimed to study the
influence of AhR on the progress of EMT in RCC. Our results
showed that AhR was highly expressed in RCC. In addition, Kyn
could promote 786-O cells migration and invasion and inhibit
786-O cells apoptosis by activating AhR.

Fecal microorganisms and metabolites are often affected by
diet (34). In this study, the subjects were not given a standardized
diet like other studies (3) but kept the original eating habits,
which is the limitation of this study. However, non-invasive
research can be overcome by expanding the sample size. In

addition, the effect of tryptophan metabolites of gut microbiota
on the AhR activation pathway of the host itself was complex,
which may require more evidence to prove its specific regulatory
mechanism. Based on these factors, we will expand the sample
size in future research and explore the influence of tryptophan
metabolites of gut microbiota on RCC in combination with
clinical and animal experiments.

In conclusion, through the research of this subject, we
have verified that the RCC gut microbiota metabolism is
disordered, and the Kyn metabolism is increased. In vitro
experiments further confirmed that Kyn could promote 786-
O cells migration and invasion and the progress of EMT
and inhibit 786-O cells apoptosis by activating AhR. Our
design clarified that the gut microbiota could activate AhR
through its tryptophan metabolism to mediate the metastasis
of RCC.
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Post-weaning diarrhea of piglets is associatedwith gutmicrobiota dysbiosis and intestinal

pathogen infection. Recent studies have shown that Lactococcus lactis (L.lactis) could

help suppress pathogen infection. This study aimed to investigate the effects of L.lactis

on various factors related to growth and immunity in weaning piglets. The results showed

that L.lactis improved the growth performance, regulated the amino acid profile (for

example, increasing serum tryptophan and ileal mucosal cystine) and the intestinal

GABAergic system (including inhibiting ileal gene expression of SLC6A13, GABAAρ1, π,

θ, and γ1, and promoting ileal GABAAα5 expression). L.lactis also modulated intestinal

immunity by promoting jejunal interleukin 17, 18, 22, ileal toll-like receptor 2, 5, 6,

and myeloid differentiation primary response protein 88 gene expression while inhibiting

jejunal interferon-γ and ileal interleukin 22 expressions. L.lactis highly affected the

intestinal microbiota by improving the beta diversity of gut microbiota and the relative

abundance of Halomonas and Shewanella. In conclusion, L.lactis improved the growth

performance and regulated amino acid profiles, intestinal immunity and microbiota in

weaning piglets.

Keywords: Lactococcus lactis, amino acid, weaning piglet, intestinal immunity, gut microbiota

INTRODUCTION

Weaning is the most critical phase in pig production and is generally associated with intestinal
infections and diarrhea (1). The biggest challenge for weaning piglets is diarrhea caused by weaning
stress and pathogen infection such as enterotoxigenic Escherichia coli (ETEC). As an active player in
host physiological activities, the gut microbiota plays a vital role in modulating pathogen infection
and diarrhea in piglets (2).Weaning changes the gut microbiota in humans, piglets, and cows (3–5),
which can result in immune system less development, insufficiency of physiological function (6),
and increased risk of pathogen infection (7). Thus, appropriate strategies in microbiology could be
used to relieve the stress of weaning and prevent infections.

In the past, antibiotics were wildly used as feed additives to promote growth and prevent
pathogens in animal production and disease treatment (8–10). However, the overuse of antibiotics
resulted in serious public health problems, such as antibiotic resistance gene transfer and an
increase in antibiotic-resistance bacteria. Thus, animal producers in many countries have reduced
or eliminated the use of antibiotics in feed (11).
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There is a great opportunity to develop new strategies for
preventing intestinal pathogen infection in weaning piglets.
Probiotics can prevent infections caused by pathogens such as
Clostridium difficile (12, 13). However, the ability of probiotics
to prevent infection varies (14). Lactococcus lactis (L.lactis) was
recently reported to prevent cholera (15, 16). Our previous
research showed that L.lactis regulated the intestinal immune
reaction via gamma-aminobutyric acid (GABA) production and
prevented pathogen infections in piglets (17, 18). These findings
suggest that L.lactis has great potential to prevent intestinal
infections in piglets.

The current study aimed to evaluate the modulatory role of
L.lactis in growth performance, amino acid profile, intestinal
immunity, and gut microbiota in piglets.

MATERIALS AND METHODS

Animals and Experiment Design
Fifteen healthy piglets (Duroc × Landrace × Landrace, aged
21 days) were purchased from Hunan New Wellful Co., Ltd
(Changsha, China). After an adaption period of 3 days, piglets
were randomly assigned to the control group (n = 7) and
the L.lactis group (n = 8). This study shared the data of the
control group with our previous research (19). The piglets
in the L.lactis group were orally dosed with L.lactis (2.0∗109

CFU/ml, 20ml) on days 1 and 8. All piglets were fed a corn-and
soybean meal-based diet (Supplementary Table 1), and other
feedings and environmental control conditions were the same
as in our previous study (19). Body weight and feed intake
were monitored weekly throughout the experiment, and average
daily gain (ADG), average daily feed intake (ADFI), and feed
conversion ratio (FCR) were calculated. At the end of week 3,
piglets were sacrificed after anesthesia.

The blood, jejunum, jejunal mucosa, ileum, ileal mucosa,
colon and luminal content were collected immediately, snap-
frozen in liquid nitrogen, and stored at −80◦C until further
processing. All animal experiment procedures were approved by
the Animal Welfare Committee of the Institute of Subtropical
Agriculture, Chinese Academy of Sciences (2016-4B).

Culture of L.lactis
L.lactis (ATCC 19435) was grown overnight in 5ml of M17
medium (Thermo Fisher Scientific, Waltham, MA USA) broth at
37◦C with gentle agitation (180 rpm/min). The next day, 3ml of
M17mediumwas inoculated with 100µl of the overnight culture
for further amplification and culture.

Diarrhea Index and Counting of E.coli
The diarrhea index and diarrhea rate data of piglets were
recorded daily according to the criterion of feces score

Abbreviations: L.lactis, Lactococcus lactis; MyD88, myeloid differentiation

primary response protein 88; ADFI, average daily feed intake; ADG, average

daily weight gain; E.coli, Escherichia coli; ETEC, Enterotoxigenic E.coli; GABA,

gamma-aminobutyric acid; GAD, glutamic acid decarboxylase; GAT, GABA

transporter; SLC, solute carriers; IFN-γ, interferences-gamma; IL, interleukin;

AHR, aryl hydrocarbon receptor; OTU, operational taxonomic unit; RT-PCR,

reverse transcription-polymerase chain reaction; SEM, standard error of the mean;

TNF-α, tumor necrosis factor-alpha; DSS, dextran sulfate sodium.

(Supplementary Table 2). The E.coli loads in the jejunal mucosa,
ileal mucosa, and colonic content were quantified by Maconkey
Agar (Sigma-Aldrich, Burlington, United States) according to the
previous work (17).

Free Amino Acids Analysis
According to our previous report (19), the ileal mucosa and
serum amino acid levels were measured using high-performance
liquid chromatography. Authentic standards (Sigma-Aldrich,
Burlington, United States) were used to quantify the amino acids
in the samples.

Gene Expression Analysis
Expression of the GABAergic system and immune-associated
genes was analyzed by reverse transcriptase-polymerase chain
reaction (RT-PCR), and primers (Supplementary Table 3) were
selected according to our previous study (19). The samples
were individually normalized to the housekeeping genes, β-
actin (ACTB) and glyceraldehyde-3 phosphate dehydrogenase
(GAPDH). The relative gene expression was calculated by
formula 2−(11CT).

16S rDNA Sequencing With Illumina MiSeq
Sequencing
We used 16S rDNA gene sequencing to analyze the V3–V4
region of ileal microbiota according to our previous study (19).
The QIAGEN QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
NRW, Germany) was used to extract DNA from the ileal contents
and Agarose gel electrophoresis was used to quantify the DNA.
Sequencing libraries were then generated using the Ion Plus
Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA,
USA), assessed on the Qubit R© 2.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), and sequenced on the Illumina
MiSeq Sequencer. Under specific filtering conditions, the raw
data were filtered to obtain high-quality clean reads according
to the Cutadapt quality control process. Uparse software (Uparse
v7.0.1001) was used for sequence analysis and operational
taxonomic unit (OTU) clustering and the identity threshold was
set to 97%. The species annotation was performed with the RDP
Classifier (V2.2, Michigan State 14 University Board of Trustees,
East Lansing MI) based on the GreenGene database. MUSCLE
software (Version 3.8.31) was used for phylogenetic relationship
analysis. Subsequently, we used R and QIIME software (V 1.7)
on the normalized output data to analyze the alpha diversity,
beta diversity, and environmental factor correlation (Spearman
analysis). The FAPROTAX database was used for function
prediction. IlluminaMiSeq sequencing, processing of sequencing
data, and bioinformatics analysis were performed by Beijing
Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

Environmental Factor Correlation Analysis
According to the relative abundance at the phylum level, the
top 28 taxa were used for correlation analysis with growth
performance indicators, amino acid profiles, and intestinal
immune factors.
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FIGURE 1 | Effects of L.lactis on piglet growth performance. (A) Body weight; (B) average daily feed intake; (C) average daily gain; (D) feed conversion ratio (FCR). An

unpaired t-test was used for analyzing the data (mean ± SEM). *P < 0.05.

FIGURE 2 | Effects of L.lactis on diarrhea and counting of E.coli. (A) Diarrhea index; (B) diarrhea rate; (C) E.coli count. Wilcoxon rank-sum test was used to analyze

the data (mean ± SEM). *P < 0.05.

Statistical Analyses
The results were expressed as the mean ± standard error of
the mean (SEM). All data were pre-processed with Excel 2019
(Microsoft, Redmond, Washington, USA). Word 2019 software

(Microsoft, Redmond, Washington, USA) was used to prepare
tables, and GraphPad Prism 8.0 (GraphPad Software, Inc., La
Jolla, CA, USA) was used to analyze statistics and generate
figures. If the data followed a normal distribution, an unpaired
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t-test was used for the statistical analysis between the two groups;
otherwise, theWilcoxon signed-rank test was used for analysis. A
P-value < 0.05 was considered statistically significant.

RESULTS

L.lactis Partly Improved the Growth
Performance of Weaning Piglets
The body weight and average daily feed intake of piglets were
similar between the control and L.lactis groups (Figures 1A,B).
L.lactis increased average daily weight gain and reduced FCR in
the 2nd week (P < 0.05), while did not affect them in the other 2
weeks (Figures 1C,D).

L.lactis Reduced Intestinal E.coli Load
Results of diarrhea index and diarrhea rate showed that L.lactis
did not affect the diarrhea of piglets (Figures 2A,B). And L.lactis
reduced E.coli load (P < 0.05) in jejunal mucosa but not ileal
mucosa and colonic content (Figure 2C).

L.lactis Regulated the Amino Acid Profiles
L.lactis significantly increased (P < 0.05) the concentrations of L-
cystine and decreased (P < 0.05) the level of L-glutamic acid in
ileal mucosa (Table 1). In peripheral circulation, the serum level
of L-tryptophan (Trp) was improved (P < 0.05) due to L.lactis
administration (Table 1).

L.lactis Affected Intestinal Immunity
To examine the effect of L.lactis on intestinal immunity, we used
RT-PCR to measure the mRNA expression of jejunal and ileal
immunity-related factors, including toll-like receptors (TLR)-2,
4, 5, and 6, myeloid differentiation primary response protein-
88 (MyD88), tumor necrosis factor-alpha (TNF-α), interferon-
gamma (IFN-γ), and interleukin (IL)-1, 2, 4, 6, 10, 17, 18, and
22. In the L.lactis group, jejunal IFN-γ (P < 0.01) and ileal IL-22
(P < 0.05) were reduced, and jejunal IL-17 (P < 0.05), 18 (P <

0.05), and 22 (P < 0.05), ileal TLR-2, 5, 6 (P < 0.01), and MyD88
(P < 0.05) were increased, while other factors was not changed,
comparing with the controls (Figure 3).

L.lactis Regulated the Intestinal GABAergic
System
The mRNA expression of the gut GABAergic system was
analyzed using RT-PCR. The results showed that the expression
of SLC6A13 was inhibited (P < 0.05) due to L.lactis treatment
(Table 2). Analysis of the gene expressions of GABA receptors
(GABAB1-2, GABAAα1-5, β2, γ1-2, δ, ε, π, θ, and ρ1) showed
that L.lactis inhibited the expression of GABAAρ1, π, θ, and γ1
(P < 0.05), while it increased GABAAα5 expression (P < 0.05)
(Table 2).

L.lactis Shifted the Gut Microbiota
The ileal microbiota was analyzed by 16S rDNA sequencing.
According to the Venn diagram, 988 OTUs were clustered,
in which 199 and 357 OTUs were unique in the control and
L.lactis group, separately (Figure 4A). The Beta diversity
analysis showed a remarkable difference between control and

TABLE 1 | Effects of L.lactis on the ileal mucosa (µg/g) and serum (µg/mL) the

amino acid profiles.

Control L.lactis P-value

Ileal mucosa

L-Alanine 283.96 ± 5.83 280.49 ± 5.53 0.71

L-Valine 92.78 ± 8.77 98.29 ± 2.58 0.60

L-Leucine 224.37 ± 14.95 214.48 ± 3.48 0.61

L-Isoleucine 108.68 ± 7.88 101.49 ± 4.84 0.47

L-Phenylalanine 132.41 ± 8.30 134.52 ± 1.23 0.84

L-Tryptophan 21.46 ± 1.57 20.54 ± 0.67 0.64

L-Methionine 88.81 ± 7.49 85.77 ± 1.54 0.75

L-Proline 136.35 ± 10.11 135.88 ± 2.66 0.96

Glycine 509.36 ± 44.67 446.92 ± 12.5 0.26

L-Serine 179.35 ± 11.26 187.20 ± 6.51 0.58

L-Threonine 97.75 ± 10.06 92.06 ± 4.17 0.63

L-Cystine 24.24 ± 1.93 37.32 ± 1.69* 0.01

L-Tyrosine 125.17 ± 9.13 128.06 ± 5.54 0.80

L-Aspartic acid 242.80 ± 14.60 214.95 ± 14.17 0.22

L-Glutamic acid 1183.57 ± 52.8 997.92 ± 30.01* 0.01

L-Lysine 148.06 ± 11.61 150.80 ± 2.56 0.84

L-Arginine 131.12 ± 11.43 134.16 ± 2.29 0.82

L-Histidine 45.74 ± 1.93 47.87 ± 1.15 0.40

Serum

L-Histidine 7.00 ± 0.53 8.57 ± 0.56 0.09

L-Serine 16.87 ± 0.18 18.00 ± 1.85 0.60

L-Arginine 20.92 ± 0.65 18.34 ± 2.22 0.34

Glycine 42.92 ± 4.10 48.72 ± 6.79 0.50

L-Aspartic acid 4.29 ± 0.48 4.53 ± 0.57 0.76

L-Glutamic acid 42.33 ± 1.63 48.21 ± 3.47 0.17

L-Threonine 5.40 ± 0.10 5.27 ± 0.38 0.78

L-Alanine 42.84 ± 1.97 43.62 ± 5.86 0.90

L-Proline 30.17 ± 1.18 30.79 ± 3.40 0.87

L-Cystine 2.01 ± 0.35 2.31 ± 0.26 0.55

L-Lysine 42.92 ± 3.12 38.49 ± 2.34 0.30

L-Tyrosine 19.55 ± 1.44 18.48 ± 0.70 0.54

L-Methionine 9.49 ± 0.79 7.46 ± 0.75 0.10

L-Valine 19.41 ± 1.24 20.51 ± 1.92 0.67

L-Isoleucine 12.11 ± 0.57 11.59 ± 0.39 0.51

L-Leucine 18.00 ± 0.71 19.04 ± 2.33 0.71

L-Phenylalanine 12.71 ± 0.94 14.28 ± 1.32 0.38

L-Tryptophan 4.75 ± 0.18 6.56 ± 0.62* 0.02

Amino acid profiles of the ileal mucosa and serum were detected by HPLC. Piglets from

control group (n = 7) and L.lactis group (n = 8). Unpaired t-test was used to analyze data

(mean ± SEM). *P < 0.05.

L.lactis groups (Figure 4B), while the Alpha diversity analysis
showed no difference (Supplementary Table 4). At the phylum,
family, genus, and species level, Firmicutes, Clostridiaceae_1,
Clostridium_sensu_stricto_1, and Veillonella parvula were by far
the dominative populations (Figures 4C–F). According to Linear
discriminant analysis effect size (LEfSe) results, Oceanospirillales,
Halomonas, and Halomonadaceae were enriched in the
L.lactis group, while Burkholderiaceae and Clostridiales

Frontiers in Nutrition | www.frontiersin.org 4 August 2021 | Volume 8 | Article 713256246

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yu et al. L.lactis Benefits Gut Health

FIGURE 3 | Jejunal and ileal mRNA expression of immune-related factors. Relative gene expression of (A,C) IL-1, 2, 4, 6, 8, 10, 17, 18, 22, TNF-α, and IFN-γ, and

(B,D) TLR-2, 4, 5, 6, and MyD88 were analyzed by RT-PCR (jejunal IL-4 was undetected). An unpaired t-test was used for analyzing the data (mean ± SEM).

*P < 0.05; **P < 0.01; ***P < 0.001.

TABLE 2 | Expression of GABAergic system in the ilea of piglets.

Control L.lactis P-value

SLC6A1 1.00 ± 0.18 1.21 ± 0.09 0.66

SLC6A11 1.00 ± 0.09 0.68 ± 0.14 0.09

SLC6A12 1.00 ± 0.04 0.88 ± 0.11 0.79

SLC6A13 1.00 ± 0.12 0.61 ± 0.05* 0.01

GABAB1 1.00 ± 0.10 0.88 ± 0.07 0.27

GABAB2 1.00 ± 0.17 0.95 ± 0.20 0.98

GABAAβ2 1.00 ± 0.12 1.09 ± 0.29 0.69

GABAAδ 1.00 ± 0.12 0.89 ± 0.12 0.38

GABAAε 1.00 ± 0.25 0.79 ± 0.11 0.20

GABAAρ1 1.00 ± 0.25 0.55 ± 0.06* 0.04

GABAAπ 1.00 ± 0.13 0.24 ± 0.03* 0.01

GABAAθ 1.00 ± 0.13 0.30 ± 0.04* 0.01

GABAAγ1 1.00 ± 0.16 0.46 ± 0.05* 0.01

GABAAγ2 1.00 ± 0.12 0.93 ± 0.16 0.57

GABAAα1 1.00 ± 0.02 0.92 ± 0.09 0.48

GABAAα2 1.00 ± 0.39 1.60 ± 0.52 0.79

GABAAα3 1.00 ± 0.13 0.80 ± 0.06 0.15

GABAAα4 1.00 ± 0.17 1.44 ± 0.12 0.18

GABAAα5 1.00 ± 0.08 1.64 ± 0.12* 0.01

Ileal gene expression of GAT, GABA receptors, and GAD (undetected) were analyzed by

RT-PCR. Piglets from control group (n= 7) and L.lactis group (n= 8). Unpaired t-test was

used to analyze the data (mean ± SEM). *P < 0.05.

bacterium_canine_oral_taxon_219 were enriched in the controls
(Figures 5A,B). L.lactis increased the relative abundance of
Oceanospirillales, Halomonadaceae, Shewanellaceae, Halomonas,

Shewanella, and Shewanella_algae (Figure 5C), and reduced the
relative abundance of Burkholderiaceae (Figure 5D). Spearman
correlation analysis indicated that ADG of the 2nd week was
positively correlated with the relative abundance of Fusobacteria
(Figure 5E). Ileal TLR-5 mRNA expression and the level of Trp
in serum were positively correlated with the relative abundance
of Thaumarchaeota. The serum level of Trp also was positively
correlated with the relative abundance of Proteobacteria
(Figure 5F).

DISCUSSION

The biggest challenge that weaning piglets faced is diarrhea
caused by weaning stress and pathogen infection. During
weaning, the gut microbiota of piglets is maladjusted due
to diet and environmental changes (1), often leading to
infection (2). Previous studies showed that the administration of
probiotics could reduce weaning stress and pathogen infection
by regulating the gut microbiota (20, 21). Our study showed that
L.lactis improved growth performance and modulated intestinal
immunity, ileal microbiota, and amino acid profiles of ileal
mucosal and serum in weaning piglets.

Weaning stress impairs the feed intake and growth
performance of the weaned piglets. Our previous research
(18) showed that L.lactis promoted intestinal GABA production,
and GABA was reported to enhance the growth performance
(19) and inhibit the expression of cholecystokinin-related genes
(22). We found that L.lactis partly increased the ADG and
reduced the FCR in the 2nd week. The mechanism might be that
GABA produced by L.lactis increased the secretion of hormones
closely related to growth performance. The ADG and FCR of
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FIGURE 4 | Effects of L.lactis on ileal microbiota of the piglets. (A) The Venn diagram shows the common and unique OTUs of the control and L.lactis groups. (B)

Rank abundance curves of beta diversity in the control and L.lactis groups. (C–F) Relative abundance of top 10 phyla (C), families (D), genera (E), and species (F) in

the control and L.lactis groups. ***P < 0.001.

week 3 were similar between the control and L.lactis groups.
The possible reason is that the L.lactis transplantation has a
time-limited effect on piglets. Our results contradicted a previous
finding that the administration of L.lactis reduced body weight
(23). The difference may be explained by different animal models
or different dosages of L.lactis. However, the mechanism under
the improvement of growth performance driven by L.lactis needs
to be further studied.

The weaning stress of piglets usually causes diarrhea, slowing
down the growth of piglets. Weaning piglets are susceptible
to diarrhea caused by pathogenic E.coli (e.g., ETEC) infection.
Growing studies indicate that probiotics prevent pathogenic
bacteria colonization and proliferation (12, 13). Manuela et al.
(24) showed that probiotics inhibited pathogenic bacteria

by producing antimicrobial metabolites and competing for
energy substances. Lactic acid bacteria have been found to
produce various antimicrobial substances (e.g., lactic acid,
bacteriocins, and hydrogen peroxide) to inhibit pathogenic
bacteria colonization (25–27). Similarly, we found that L.lactis
reduced the jejunal mucosal E.coli load, which helps prevent
diarrhea caused by harmful E.coli colonization.

The GABAergic system plays vital role in intestinal health
and disease, partly relying on hormone secretion and intestinal
immunity (28, 29). Therefore, we analyzed the effect of
L.lactis on the intestinal GABAergic system. An increasing
number of studies have illustrated the critical roles of GABA
transporters (GAT) on health and diseases. Xia et al. (30)
showed that GAT2 (SLC6A13) sustained IL-1β production
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FIGURE 5 | L.lactis regulated the ileal microbiota of the piglets. (A–D) LEfSe analysis demonstrated the significant members in the control and L.lactis groups. (E)

Environmental factor correlation analysis indicated that ADG of week 2 was positively correlated with Fusobacteria. (F) Ileal TLR-5 mRNA expression and serum

tryptophan (Trp) level were positively correlated with the relative abundance of Thaumarchaeota; serum Trp level was also positively correlated with the relative

abundance of Proteobacteria. *P < 0.05; **P < 0.01.

in macrophages, and Ren et al. (18) identified the role of
GAT2 in the defense against pathogen infection. This study
found that L.lactis reduced GAT2 expression and regulated
GABA receptors. Thus, L.lactis transplantation caused significant
regulation of the intestinal GABAergic system. L.lactis can
regulate the function of immune cells by regulating the intestinal
GABAergic system, thus maintaining intestinal homeostasis.
However, these results are limited in clarifying the relationship

between L.lactis, intestinal GABAergic system and intestinal
immune responses.

Amino acids play an essential role as reactive substances in
peptide and protein biosynthesis. Moreover, recent studies have
shown that amino acids (e.g., tryptophan, cysteine) contribute
to the metabolic reprogramming of immune cells such as
T cells and macrophages (31). For example, tryptophan is
required for T cell proliferation and activation, and tryptophan
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metabolism is enhanced in activated immune cells. Our study
showed that L.lactis transplantation increased the tryptophan
level of serum, which might subsequently activate immune
cells to resist pathogenic infection. Cysteine, by facilitating
glutathione synthesis, plays a vital role in maintaining redox
balance to support the function of immune cells (32). In this
study, the improved level of ileal mucosal cysteine facilitated
by L.lactis might further generate glutathione to counter the
production of reactive oxygen species that can cause cell death
at high concentrations. Many amino acids such as tryptophan,
cysteine and glutamic acid are regulators of growth performance,
intestinal immunity, and gut microbiota, indicating that L.lactis
promotes growth performance and regulates intestinal immunity
might partly by affecting amino acids.

The intestinal tract is the primary organ for food digestion
and nutrient absorption and is also the largest immune organ.
The intestinal immune system is essential to resisting pathogen
infection (33). Our study showed that L.lactis promoted the ileal
expression of TLR-2, 5, and 6, as well as MyD88, in weaning
piglets. These TLRs recognize different pathogenic components
and activate immune cells to kill pathogens (34). Therefore,
L.lactis could activate immune cells by activating TLRs signaling
pathways, thus resisting intestinal infection. According to our
previous research, ETEC-infection increased the abundance of
L.lactis, promoting the T helper cell 17 (Th17) immune response
via GABA production (18). Indeed, L.lactis-promoted jejunal IL-
17 gene expression was also observed in this study. Our previous
study showed that GABA supplementation could increase the
expression of intestinal SLC6A13 during ETEC infection (35).
Thus, the glutamate in the intestine might be used for GABA
production in this study. It was reported that the glutamine-
glutamate-GABAmetabolic pathway supports the Th17 immune
reaction to IL-17 production (36). According to these results, the
intestinal GABA derived from host glutamate metabolism and
L.lactismight support the Th17 immune reaction. Our study also
found that L.lactis increased the jejunal gene expression of IL-18
and IL-22 and reduced the ileal gene expression of IL-22. IL-18
can induce the intestinal epithelium to produce antimicrobial
proteins (37), while, intestinal IL-22 signaling was positively
correlated with the differentiation and antimicrobial effect of
Paneth cells (38), and IL-22 has been reported to promote
intestinal stem cell-mediated epithelial regeneration (39). Thus,
L.lactis transplantation regulates intestinal immune response,
which would help maintain intestinal immune homeostasis. For
example, Lactobacillus could mitigate colitis by producing aryl
hydrocarbon receptor agonists (AHR) (40).

The gut microbiota affects many physiological functions of
the host and is linked to the pathogenesis of various diseases
such as inflammatory bowel disease (41), cancer (42), and obesity
(43). Numerous studies have reported that health and disease
markers highly correlate with the gut microbiome (44), and the
occurrence of various diseases is associated with the decrease of
intestinal microbial diversity (45). Recent studies demonstrated
that many probiotics regulated gut microbiota and inhibited
intestinal diseases (46). As a promising non-colonizing probiotic,
it is reasonable that L.lacatis was undetectable after short-term
and low dosage administration. Although it did not change the

relative abundance of intestinal L.lactis after treatment for 2
weeks, L.lactis was found sifted and regulated the gut microbiota,
such as enriching some beneficial bacteria and suppressing
potential pathogenic bacteria. L.lactis treatment reduced the
relative abundance of Burkholderia, which is highly related to
inflammatory bowel disease and intestinal infection (47, 48).
And L.lactis transplantation increased the relative abundance of
Shewanella which benefits pancreatic beta cell expansion and
insulin production (49). Li et al. (50) showed that transplantation
of fecal bacteria from healthy pigs improved the growth status of
the recipient pigs, although the overall composition of intestinal
bacteria could not be changed, some potential probiotics were
significantly enriched. Derrien et al. (51) showed that probiotics
do not significantly alter the composition of fecal microbiota
in healthy adults but can help maintain the dynamic balance
of gut microbiota and reduce the adverse effects of intestinal
microbial disorders. Therefore, the function of L.lactis may
be more dependent on maintaining the dynamic balance of
gut microbiota and microbial metabolic activities. For example,
tryptophan metabolites of gut microbiota can improve intestinal
barrier function and alleviate dextran sulfate sodium (DSS)-
induced colitis in mice (52). Spearman correlation analysis of our
data indicated that the effect of L.lactis on the gut microbiota was
closely related to amino acid profiles, growth performance, and
intestinal immunity. Thus, L.lactis may influence the intestinal
microbiota to help regulate these factors in weaning piglets.

CONCLUSION

L.lactis improved the growth performance, regulated amino acid
profiles and intestinal immunity in weaning piglets, which might
be associated with changing the intestinal microbiota. These
results would help evaluate the feasibility of L.lactis in pig
production to reduce the negative health effects of weaning.
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Background: The occurrence of atrial fibrillation is often accompanied by myocardial

fibrosis. An increasing number of studies have shown that intestinal flora is involved in the

occurrence and development of a variety of cardiovascular diseases. This study explores

the relationship between changes in the structure and function of intestinal flora and the

progression of myocardial fibrosis in patients with persistent atrial fibrillation.

Methods: Serum and stool samples were collected from 10 healthy people and

10 patients with persistent atrial fibrillation (PeAF), and statistical analyses were

performed on the subjects’ clinical baseline conditions. ELISA was used to measure

the levels of carboxy-terminal telopeptide of type I collagen (CTX-I), propeptide of type

I procollagen (PICP), procollagen III N-terminal propeptide (PIIINP), fibroblast growth

factor-23 (FGF-23), and transforming growth factor-beta 1 (TGF-β1) in serum. Through

16S rRNA sequencing technology, the structural composition of the intestinal flora was

detected and analyzed. In addition, metabolomics data were analyzed to determine the

differences in the metabolites produced by the intestinal flora of the subjects.

Results: By comparing the baseline data of the subjects, it was found that compared

with those of the control group, the levels of creatinine (CRE) and serum uric acid

(SUA) in the serum of PeAF patients were significantly increased. In addition, we found

that the levels of CTX-I, PICP, PIIINP, and TGF-β1 in the serum of PeAF patients

were significantly higher than those of the control group subjects. Although the control

and PeAF groups exhibited no significant differences in the α diversity index, there

were significant differences in the β diversity indexes (Bray-Curtis, weighted UniFrac

and Anosim). At the phylum, family and species levels, the community structure and

composition of the intestinal flora of the control group and those of the PeAF group

showed significant differences. In addition, the compositions of the intestinal metabolites

in the two different groups of people were significantly different. They were correlated

considerably with PIIINP and specific communities in the intestinal flora.

Conclusion: Pathologically, PeAF patients may have a higher risk of myocardial fibrosis.

Systematically, abnormal changes in the structure and composition of the intestinal flora

in PeAF patients may lead to differences in intestinal metabolites, which are involved in

the process of myocardial fibrosis through metabolite pathways.

Keywords: persistent atrial fibrillation, intestinal flora, metabolism, myocardial fibrosis, gut-heart
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INTRODUCTION

Atrial fibrillation (AF) is one of the most common arrhythmias,
and persistent atrial fibrillation (PeAF) is often associated with a
higher risk of stroke (1). Atrial fibrosis is considered a potential
key factor and biomarker in the treatment of atrial fibrillation
(2). Atrial fibrosis plays an essential role in the occurrence and
continuation of atrial fibrillation through structural and electrical
remodeling (3). In animal models, this heterogeneity can affect
electrical conduction and signal transmission between cells,
thereby providing a basis for the occurrence and development of
atrial fibrillation (4). Myocardial fibrosis in atrial fibrillation is
mediated by various factors, but the specific mechanism of atrial
fibrosis-atrial fibrillation is still not fully understood.

Imbalance in collagen synthesis and its decomposition and
metabolism are the causes of the occurrence and development
of myocardial fibrosis (5). It is well-known that the extracellular
matrix of the heart is mainly composed of fibrous type I collagen
and type III collagen. Many circulating biomarkers related to
collagen synthesis have been proposed to assess myocardial
fibrosis, such as CTX-I, PICP, and PIIINP. They are considered
functional factors that directly reflect the degree of fibrosis (6).
In addition, FGF-23 directly participates in the development of
myocardial fibrosis by activating fibroblast growth factor receptor
(FGFR) (7). Studies have also shown that FGF-23 induces atrial
fibrosis in patients with atrial fibrillation by increasing reactive
oxygen species (ROS) production and subsequently activating
signal transducer and activator of transcription 3 (STAT3) and
SMAD3 signaling (8). Therefore, FGF-23 can also be used
as a marker of myocardial fibrosis. Besides, TGF-β1, as an
essential fibrosis mediator, promotes the synthesis of collagen
fibers through typical Smad-dependent and non-classical Smad-
independent pathways and can also be used as an indirect marker
of myocardial fibrosis (9, 10).

As the concept of the “gut-heart” axis has gradually attracted
attention, increasing evidence has confirmed the connection
between the gut microbiota and cardiovascular diseases (CVDs),
such as hypertension, atherosclerosis, myocardial infarction,
heart failure, and arrhythmia (11, 12). Atrial fibrillation has
also been determined to be related to an imbalanced intestinal
flora (13). For example, Zuo et al. found that the duration
of persistent atrial fibrillation is related to changes in human
intestinal flora and metabolic phenotypes (14). In addition,
studies have found that specific intestinal microbial changes
(such as changes in the abundances of Nitrosomonadaceae
and Lentisphaeraceae) are associated with the risk of atrial
fibrillation recurrence (15). Therefore, we reasonably speculate
that the intestinal flora may be involved in atrial fibrillation
myocardial fibrosis development. Intestinal microbial-derived
metabolites, such as trimethylamine N-oxide (TMAO), short-
chain fatty acids (SCFAs), and secondary bile acids (BAs), have
been proposed to be markers of major cardiac adverse events
(16). A recent study showed that TMAO synthesized by the gut
microbiota is enriched in patients with atrial fibrillation (17).
The underlying mechanism of the intestinal flora is generally
thought to involve immune regulation, host energy metabolism,
and oxidative stress. These findings indicate that the function

of the gut microbiome is similar to that of an endocrine organ,
which can directly or indirectly affect the physiology of the host
by producing biologically active metabolites (18). Therefore, we
speculate that the abnormal changes in the intestinal flora in
PeAF patients may lead to disordered or imbalanced host-related
metabolic function, which may be one of the crucial mechanisms
of the intestinal flora in the mediation of myocardial fibrosis.

In this study, based on 16S rRNA sequencing and
metabonomic techniques, we investigated the correlation
between atrial fibrosis and gut microbiota and their derived
metabolites in PeAF patients. The mechanism of atrial fibrosis in
PeAF patients was preliminarily explored from the perspective of
“gut-heart.” This study may provide new ideas for the prevention
and treatment of persistent atrial fibrillation.

MATERIALS AND METHODS

Subjects
Ten PeAF patients admitted to the Cardiac Surgery Department
of Xiangya Hospital were selected as the PeAF group. Ten
volunteers with a healthy physical examination in the same
period were selected as the control group. There were no
statistically significant differences in sex or age between the
two groups of people (P > 0.05). The selection criteria for
PeAF patients were based on the guidelines for atrial fibrillation
recommended by the European Society of Cardiology (ESC)
(19). The exclusion criteria were as follows: (1) patients
with gastrointestinal diseases or recent diarrhea and (2)
patients who had recently taken antibiotics, hormone drugs,
or microecological preparations. Clinical baseline condition
for all subjects was obtained by checking hospital or medical
records. After standing for 2 h, all the collected blood from
subjects was centrifuged at 4,000 rpm for 15min to obtain
serum. Architect CI8200 integrated system (Abbott, IL, USA)
was used to determine concentrations of CRE and SUA in all
collected volunteer serum (20). This study was approved by the
Ethic Committee of Xiangya Hospital Central South University
(202004176), and the patients and family members consented to
their inclusion in the study.

Sample Selection
All participants used a sterile stool collection kit to collect stool
samples. After the sample was collected, it was quickly placed in
a freezing tube, placed in liquid nitrogen for quick freezing, and
then transferred to a −20◦C refrigerator for storage. Five ml of
fasting venous blood was collected from each subject, maintained
at room temperature for 2 h, and then centrifuged at 2–8◦C
at 1,000 g for 15min. The supernatant was then collected for
subsequent experiments.

ELISA
According to the manufacturer’s instructions, ELISA was
performed using the following kits: CTX-I (CSB-E11224h,
CUSABIO BIOTECH,Wuhan), PICP (CSB-E08079h, CUSABIO
BIOTECH, Wuhan), PIIINP (JL19037, Jianglai, China), FGF-
23 (CSB-E10113h, CUSABIO BIOTECH, Wuhan), and TGF-
β1 (CSB-E04725h, CUSABIO BIOTECH, Wuhan). After the
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reactions were terminated, the optical density (OD value) of each
sample was sequentially measured at 450 nm wavelength with a
microplate reader.

16S rRNA Sequencing
Illumina NovaSeq PE250 was used for 16S amplicon sequencing
to obtain raw data. The raw data were subjected to joint
removal, filtering, deduplication, base correction, and removal of
chimera sequences to obtain clean data for subsequent analyses.
The QIIME 2 analysis process was adopted, and DADA2 was
used to denoise the raw data, equivalent to clustering with
100% similarity. Only low-quality sequences were removed and
corrected, and algorithms were identified and de-embedded.
The denoised sequences were de-redundant. Additionally,
feature [including Amplifier sequencing variation (ASV)]
information was obtained. Each ASV sequence was annotated to
obtain corresponding species information, including abundance
distribution. QIIME 2 software was used to calculate the alpha
diversity index (Chao1, ACE, Shannon, Simpson) of each sample.
The ANOSIM analysis method was used to test the significance of
differences in the community structures of the grouped samples.
R software was used to draw a PCoA dimensionality reduction
analysis diagram based on Bray-Curtis, unweighted UniFrac, and
weighted UniFrac distances (phyloseq/vegan package).

Metabolomics
After freezing and grinding each stool sample, ∼50mg was
weighed and placed in a centrifuge tube. Four hundred microliter
precooled (4◦C) extraction solution (Methanol: Acetonitrile (v/v)
= 1:1) was added to the sample tube, followed by vortexing and
mixing, and then the mixed solution was incubated on ice for 10–
15min. Subsequently, the mixture was centrifuged at 16,000 g at
4◦C for 10min, and the supernatant was collected, transferred
to a new centrifuge tube, and dried with nitrogen. The LC-
MS analysis system consisted of an ultrahigh-performance liquid
chromatograph (Agilent 7890B-5977B) paired with a Q Exactive
Orbitrap high-resolution mass spectrometer (Thermo Fisher
Scientific). The flow rate was set at 0.3 ml/min; the temperature
of the sample tray was 4◦C, and the column temperature was
40◦C. A Waters HSS T3 column (100 × 2.1mm, 1.7µm) was
used with (A) H2O (0.1% formic acid) and (B) acetonitrile, with
an injection volume of 3 µl. Mass conditions were as follow:
Time of Flight is 60–100 dm/z, Ion source Gas1is 55psi, Ion
source Gas2 is 55psi, Curtain Gas is 35psi, Temperature is set to
550◦C, Declustering potential is 80V, Collision Energy is 10V,
IonSpray Voltage is 5500V (POS) or−4500V (NEG). According
to the plain peak area obtained by detection from the detection
and AB SCIEX (AB Sciex Pte Ltd.) commercial and self-built
databases, relative quantification of metabolites was carried out.
The signal correction of the LC-MS metabolomics raw data
was performed by using the R language package Stattarget.
Then, we use MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca/faces/home.xhtml) website online analysis for a series of
subsequent analyses, including Principal Component Analysis
(PCA), partial least-squares discrimination analysis (PLS-DA),
orthogonal partial least-squares discrimination analysis (OPLS-
DA), and Sparse PLS discriminant analysis (sPLS-DA). Kyoto

Encyclopedia of Genes and Genomes (KEGG, https://www.
genome.jp/kegg/pathway.html) database was used for metabolic
pathway analysis.

Data Analyses
GraphPad (GraphPad Software, San Diego, California, USA)
statistical software was used for the analyses. Variables
conforming to a normal distribution are expressed as the
mean ± standard deviation (SD). Comparisons between two
groups were performed using t-tests or one-way analysis of
variance (ANOVA). The measurement data that did not conform
to a normal distribution were analyzed using the Wilcoxon
rank-sum test. The Spearman correlation analysis method
was used for correlation analysis. A p < 0.05 was considered
significantly different.

RESULTS

Baseline Characteristics of the Subjects
First, we analyzed and compared the baseline characteristics of
the 10 healthy people and the 10 PeAF patients included in this
study. As shown in Table 1, there were no significant differences
between the two groups in terms of age, body mass index (BMI),
systolic blood pressure (SBP), diastolic blood pressure (DBP),
fasting blood glucose (FBG), albumin (ALB), total cholesterol
(TC), triacylglycerol (TG), high-density lipoprotein cholesterol
(HDL-c), low-density lipoprotein cholesterol (LDL-c), white
blood cells (WBC) or neutrophil (N). However, we noticed that
the levels of CRE and SUA in the serum of the PeAF patients were
significantly higher than that of the healthy individuals.

Expression of Cardiac Fibrosis Markers
We first detected the expression of cardiac fibrosis markers in the
serum of all the subjects. As shown in Figure 1A, compared with
healthy people, the level of CTX-I was increased in the serum of
the PeAF patients. Similarly, the levels of PICP and PIIINP were
also high in the serum of the PeAF patients (Figures 1B,C). In
addition, we observed that the level of FGF-23 in the serum of
the PeAF patients was significantly higher than that of the healthy
people (Figure 1D). Similarly, the content of TGF-β1 in serum of
PeAF patients was much higher than that of healthy people, as
shown in Figure 1E.

Alterations in Intestinal Flora Diversity
To further explore the differences between the diversity of
intestinal flora in the PeAF patients and healthy people, we
performed 16S rRNA sequencing on all subjects. As shown in
Figure 2A, a Venn diagram was drawn based on the common
and unique ASVs of the two groups of people. There were
342 unique ASVs in the control group, 200 unique ASVs
in the PeAF group, and 310 ASVs were shared between the
control and PeAF groups. The Wilcoxon rank-sum test was
performed to analyze the differences in the alpha diversity
index between the two groups. The results showed that the
Chao1 index, ACE index, Shannon index and Simpson index
showed no significant differences between the PeAF group and
the control group (p > 0.05) (Figures 2B–E). Therefore, there
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TABLE 1 | Baseline characteristics of subjects.

Control PeAF Difference P-value

Age 40.5 ± 8.7a 71.4 ± 10.2 ns 0.673

Female/Male 6/4 6/4

BMI/(kg/m2 ) 22.24 ± 2.30 22.118 ± 3.00 ns >0.9999

SBP/mmHg 124 ± 11.08 128 ± 24.47 ns >0.9999

DBP/mmHg 72 ± 7.28 84.2 ± 13.57 ns >0.9999

NYHA

II 3

III 4

IV 3

CRE/(µmol/L) 68.9 ± 9.22 144.2 ± 153.20 *** 0.0003

SUA/(µmol/L) 293 ± 70.85 413.51 ± 111.97 **** <0.0001

FBG/(µmol/L) 5.039 ± 0.49 6.769 ± 2.30 ns >0.9999

ALB/(g/L) 48.41 ± 3.64 35.35 ± 3.84 ns 0.9998

TC/(µmol/L) 4.942 ± 0.96 3.77 ± 0.86 ns >0.9999

TG/(µmol/L) 1.048 ± 0.41 1.149 ± 0.43 ns >0.9999

HDL-c/(µmol/L) 1.329 ± 0.32 1.01 ± 0.48 ns >0.9999

LDL-c/(µmol/L) 3.164 ± 1.01 2.182 ± 0.63 ns >0.9999

WBC/(×109/L) 5.776 ± 1.10 6.151 ± 2.87 ns >0.9999

N/(×109/L) 3.063 ± 0.51 4.795 ± 2.73 ns >0.9999

arepresented mean ± standard deviation, ns indicated no statistical difference, ***compared with the control group, P < 0.001, ****compared with the control group, P < 0.0001.

BMI, Body Mass Index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; NYHA, New York Heart Association class; CRE, Creatinine; SUA, Serumuric Acid; FBG, Fasting

Blood Glucose; ALB, Albumin; TC, Total cholesterol; TG, Triacylglycerol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, White Blood Cells;

N, Neutrophil.

were no significant differences between the intestinal flora of
PeAF patients and healthy people in terms of alpha diversity.
Next, we analyzed the differences in Bray-Curtis, unweighted
UniFrac, and weighted UniFrac between the two groups using
the Wilcoxon rank-sum test. The results showed that Bray-
Curtis and weighted UniFrac index were significantly different
between the two groups (Figures 2F,H). The unweightedUniFrac
index was slightly different between the groups (0.05< p < 0.1)
(Figure 2G). These results show significant differences in the β

diversity of the intestinal flora between the PeAF patients and
healthy people.

Changes in the Intestinal Microbial
Community Structure
As shown in Figure 3A, we used the Anosim analysis method
to conduct similarity analysis on the community structures of
the grouped samples and found that the community structures
between the control group and the PeAF group were significantly
different (P = 0.001) (Figure 3A). Further analysis of the
community structure differences of different samples and groups
at the phylum and species levels showed that at the phylum level,
the relative abundances of Firmicutes and Actinobacteria showed
a downward trend in the PeAF patients compared to the healthy
people. At the same time, Bacteroidetes, Verrucomicrobia, and
Proteobacteria followed an opposite trend (Figures 3B,C). At
the species level, we noticed that the healthy people had more
abundant intestinal flora than the PeAF patients in terms of
community structure (Figures 3D,E). Therefore, compared with

healthy people, the structural composition of the intestinal flora
in PeAF patients is changed.

Abundance Analysis of Differential
Bacteria and Their Correlation With
Myocardial Fibrosis
We further analyzed the differences in the relative abundances
in the flora at different levels. As shown in Figure 4A,
we first conducted a heat map analysis of the relative
abundances of different bacterial groups at the family level.
The abundances of different bacterial genera in the two groups
of people were quite different. Among these differences, the
relative abundances of Dorea (Figure 4B), Fusicatenibacter
(Figure 4C), [Eubacterium]_hallii_group (Figure 4D) and
[Ruminococcus]_torques_group (Figure 4E) were significantly
reduced in the PeAF patients. Coincidentally, these four taxa
belong to the Firmicutes phylum.

As shown in Figure 5A, at the species level, the relative
abundances of some bacterial taxa were quite different
between the control group and the PeAF group. Further
analysis revealed that compared with the control group, the
abundances of g_Fusicatenibacter_ASV_26 (Fusicatenibacter
genus) and g_Blautia_ASV_5 (Blautia genus) were significantly
reduced in the PeAF group (Figures 5B,C). The abundances
of g__Faecalibacterium_ASV_20 (Faecalibacterium genus),
g__Blautia_ASV_21 (Blautia genus), and Bacteroides_uniformis
(Bacteroides) in the PeAF group were significantly
increased (Figures 5D–F). In addition, through Spearman’s
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FIGURE 1 | Serum levels of myocardial fibrosis markers. (A) Levels of CTX-I in serum. (B) Levels of PICP in serum. (C) Levels of PIIINP in serum. (D) Levels of FGF-23

in serum. (E) Levels of TGF-β1 in serum. (F) Levels of PIIINP in serum. *p < 0.05 vs. control group. CTX-I, carboxy-terminal telopeptide of type I collagen; PICP,

propeptide of type I procollagen; PIIINP, procollagen III N-terminal propeptide; FGF-23, fibroblast growth factor-23; TGF-β1, transforming growth factor-beta 1.

correlation analysis, we found that, at the species level,
g__Faecalibacterium_ASV_20 (Faecalibacterium genus) had a
significant positive correlation with the CTX-I, PICP, PIIINP
and FGF-23 level (p< 0.05). g__Blautia_ASV_21 (Blautia genus)
was also significantly positively correlated with PICP, PIIINP
and FGF-23 levels (p < 0.05). Bacteroides uniformis (Bacteroides
genus) was positively correlated with the level of the myocardial
fibrosis marker FGF-23 (p < 0.05), while g__Blautia_ASV_5
(Blautia genus) was significantly negatively correlated with
FGF-23 and PIIINP level (p < 0.05) (Figure 5G).

Difference Analysis of Intestinal
Metabolites
It is known that an essential way for the intestinal flora to exert
positive and/or negative effects on the host is achieved through
the metabolites produced by the flora. Therefore, we detected
and analyzed the intestinal metabolites in the subjects in this
study. As shown in Figure 6, the PCA score obtained by LC-
MS metabonomics showed some degree of aggregation between
the two groups (Figure 6A). Further analysis using PLS-DA
(Figure 6B), OPLS-DA (Figure 6C), and SPLS-DA (Figure 6D)

revealed that the control group samples were wholly separated
from the PeAF group samples. We tested the abundances of 281
metabolites in total and analyzed the abundances of 70 different
metabolites to generate an intestinal metabolite abundance heat
map (Figure 6E). According to the multiple metabolite changes,
we found that 48 metabolites were significantly increased, and
46 metabolites were significantly decreased in the PeAF group
(Figure 6F).

Functional Analysis of Differential
Metabolite Abundances and Their
Correlations With Myocardial Fibrosis
Based on the differences in the abundances of intestinal
metabolites that we found, we performed t-tests to analyze the
changes in metabolites in the control group and the PeAF group.
The top 5 differential metabolites that decreased and increased
the most in the two groups were shown in Figure 7A, which
were 2-hydroxy-2-methylbutyric acid, Glycochenodeoxycholate,
Glycocholate, 1,3-dimethyluric acid, 1,9-Dimmethyluric acid,
Urate, Erucate, Heptadecanoate, Canrenone, and Furosemide.
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FIGURE 2 | Alterations in intestinal flora diversity. (A) Venn diagram of shared ASVs and ASVs unique to different populations. (B) ACE index. (C) Chao1 index. (D)

Shannon index. (E) Simpson index. (F) Bray-Curtis analysis. (G) Unweighted UniFrac analysis. (H) Weighted UniFrac analysis. Wilcoxon rank sum test; p < 0.05 was

considered statistically significant. When 0.05<p < 0.1, there was a relevant changing trend.

Among these, Glycochenodeoxycholate, 1,3-dimethyluric acid
and 1,9-dimethyluric acid were significantly reduced in the
PeAF group compared to the control group. The levels
of Urate and Heptadecanoate were elevated considerably.
Then, through KEGG pathway analysis, the top 16 signal
pathways of the control group and the PeAF group were
obtained (Figure 7B). The analysis performed using the KEGG
pathway database (https://www.genome.jp/kegg/pathway.html),

the functional metabolic pathways at the L1 level intestines
PeAF patients changed significantly. In addition, 8 intestinal
metabolites in the “valine, leucine, and isoleucine biosynthesis”
pathway (L3 level) belonging to “amino acid metabolism”
category (L2 level) were enriched in the PeAF patients (p
= 1.07E-02); of these metabolites, C00671 [(S)-3-Methyl−2-
oxopentanoic acid] and C00233 (4-Methyl-2-oxopentanoate)
were significantly enriched in the intestines of the PeAF patients
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FIGURE 3 | Changes in the intestinal microbial community structure. (A) Anosim analysis; p < 0.05 was regarded as statistically significant. (B,C). Histogram of the

relative abundances in the intestinal flora of different populations at the phylum level. (D,E) Species-level analysis of the relative abundances in the intestinal flora of

different populations.
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FIGURE 4 | Variations in the abundances in the intestinal flora at the family level. (A) Abundance heat map of the top 20 families; the darker the color is, the higher the

abundance level. (B) The relative abundance of Lachnospiraceae; Dorea. (C) The relative abundance of Lachnospiraceae; Fusicatenibacter. (D) The relative

abundance of Lachnospiraceae; [Eubacterium]_hallii_group. (E) The relative abundance of Lachnospiraceae; [Ruminococcus]_torques_group. *Compared to the

control group, p < 0.05.

(Figure 7B). Meanwhile, a total of 42 plasma metabolites in
the “tyrosine metabolism” pathway (L3 level) belonging to the
“amino acid metabolism” category (L2 level) were enriched in
the PeAF patients (P = 5.32E-02), of which metabolites C00628
(2,5-dihydroxybenzoate), C00642 (4-hydroxyphenylacetate), and
C05582 (homovanillate) were significantly enriched in the
intestines of patients in the PeAF group (Figure 7B). In addition,
46 intestinal metabolites in the “Primary bile acid biosynthesis”
pathway (L3 level) belonging to the “Lipid metabolism” category
(L2 level) were enriched (P = 6.66E-02), including C01921
(Glycocholate), C05466 (glycochenodeoxycholate), and C05122
(Taurocholate; Taurocholic acid), which were significantly
enriched in the intestines of the PeAF patients (Figure 7B).
These results indicate that the significantly enriched metabolites

in the intestines of PeAF patients are related to the functional
metabolic trends in amino acid metabolism and lipid metabolism
pathways. Spearman’s correlation analysis indicated that PIIINP
significantly correlates with Urate, Erucate, Canrenone, and
Furosemide (p < 0.05). In contrast, PIIINP has a significant
negative correlation with 1,3-dimethyluric acid, 1,9-dimethyluric
acid, Glycocholate, and glycochenodeoxycholate. FGF-23 is also
significantly and negatively correlated with 1,3-dimethyluric acid
and 1,9-dimethyluric acid. TGF-β1 was positively correlated with
Urate and Erucate and negatively correlated with 2-hydroxy−2-
methylbutyric acid. In addition, CTX-I, and PICP were positively
correlated with Furosemide and Urate, respectively (Figure 7C).
These results indicate that there may be a correlation between
intestinal metabolism and myocardial fibrosis in PeAF patients.
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FIGURE 5 | Variations in the abundances in the intestinal flora at the species level. (A) Abundance heat map of the top 20 species; the darker the color is, the higher

the abundance level. (B) Relative abundance of g_Fusicatenibacter ASV 26; Fusicatenibacter. (C) The relative abundance of g_Blautia_ASV_5; Blautia. (D) The relative

abundance of g_Faecalibacterium_ASV_20; Faecalibacterium. (E) The relative abundance of g_Blautia_ASV_21; Blautia. (F) The relative abundance of Bacteroides

uniformis; Bacteroides. *Compared to the control group, p < 0.05. (G). Correlation analysis between myocardial fibrosis markers and different flora. “+” indicates

positive correlation (orange), p < 0.05. “-” indicates negative correlation (blue), p < 0.05.
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FIGURE 6 | Differences in metabolites produced by the intestinal flora. (A) Principal component analysis (PCA). (B) Partial least squares discriminant analysis

(PLS-DA). (C) Orthogonal partial least squares discriminant analysis (OPLS-DA). (D) Sparse partial least squares-discriminant analysis (SPLS-DA). (E) Cluster analysis

of 70 different types of metabolites. (F) Volcanic plot of differential metabolites (|log2(FC)|>1, PeAF/control).
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FIGURE 7 | Functional analysis of differential metabolites and their correlation with myocardial fibrosis. (A) The top 5 differential metabolites that decreased and

increased the most between control group and PeAF group. *Compared to the control group, p < 0.05. (B) Analysis of KEGG pathways of differential metabolites. (C)

Correlation analysis of myocardial fibrosis markers and differential metabolites. “+” indicates positive correlation (orange), p < 0.05. “–" indicates negative correlation

(blue), p < 0.05.
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DISCUSSION

In this study, the relationship between myocardial fibrosis and
the composition of the intestinal flora and metabolic function in
patients with PeAF was preliminarily explored. Atrial fibrillation
(AF) is mediated by oxidative stress, neurohormonal activation,
and inflammatory activation. Serum uric acid (SUA) is a
surrogate indicator of oxidative stress (21). The reduction in the
urinary albumin/creatinine ratio caused by high creatinine levels
has also been associated with an increased risk of atrial fibrillation
(22). In this study, similar results were obtained, and the levels
of SUA and creatinine in the PeAF patients were significantly
higher than those in the healthy population. Atrial fibrosis is a
sign of the remodeling of the heart structure in patients with
atrial fibrillation, and it is the basis for the development of atrial
fibrillation. In addition, atrial fibrillation can aggravate atrial
fibrosis. We found high levels of the cardiac fibrosis markers
CIXT, PICP, PIIICP, FGF-23, and TGF-β1 in PeAF patients.
Similar to CRE, FGF-23 levels have been previously reported
to increase with decreased renal function in patients with atrial
fibrillation (23). The health and normal functioning of the
cardiovascular system and the renal systemmainly depend on the
crosstalk of the gut-kidney-cardiovascular system (24). It was also
reflected in our research.

In recent years, the role of intestinal flora in cardiovascular
disease has gradually attracted attention. Researchers have found
that in many diseases, including atrial fibrillation, the structure
and composition of the intestinal flora change to a certain
extent. In this study, although the alpha diversity of the
intestinal flora between healthy people and PeAF patients was
no apparent difference, we observed significant differences in
the relative indexes in terms of beta diversity, such as Bray-
Curtis, weighted UniFrac and Anosim. It implies that the steady
state of the intestinal microbial community structure of the
PeAF population had been altered. Similarly, in a previous
investigation, researchers found that the abundance of gut
microbes in AF patients was lower than that of people without
atrial fibrillation. However, they found no differences in gut
microbial diversity between the two groups (25). This result may
have been due to the limited number of samples. Firmicute has
been identified as a beneficial bacterial phylum. In this study,
at the phylum level, the abundance of Firmicutes was decreased
sharply in the PeAF patients. In contrast, the abundance of
Actinobacteria was significantly increased in the PeAF patients.
Notably, the abundance of Blautia (Firmicutes phylum) has also
been previously found to be significantly reduced in patients
with chronic heart failure (26). Rothia (Actinobacteria phylum)
has been found that was over-enriched in patients with certain
diseases, such as pancreatic cancer and primary sclerosing
cholangitis (27, 28). Previous studies have also indicated that a
reduction in Faecalibacterium prausnitzii abundance is one of the
fundamental characteristics of patients with chronic heart failure
(29). However, at the species level, we observed an increase in
the abundance of g_Faecalibacterium_ASV_20 (Faecalibacterium
genus) in the PeAF patients, which may be related to differences
in the pathological development of different diseases. Kaburova
et al. found that both PICP and PIIINP were significantly

and negatively correlated with beneficial intestinal bacteria and
significantly positively correlated with several potentially harmful
bacteria in the intestine (30). We found that at the species
level, g_Faecalibacterium_ASV_20 (Faecalibacterium genus) and
g__Blautia_ASV_21 (Blautia genus) were significantly and
positively correlated with PICP, PIIINP, and FGF-23 level,
while g__Blautia_ASV_5 (Blautia genus) was significantly and
negatively correlated with PIIINP and FGF-23 level. This finding
suggests that the specific intestinal flora of PeAF patients may be
involved in the process of myocardial fibrosis.

The evidence obtained to date suggests that one of the
potential mechanisms by which the intestinal flora has an impact
on the host is by directly affecting the host through host-
derived metabolites. For example, SCFAs produced through
the metabolism of the intestinal flora can maintain the host’s
sugar, lipid and protein metabolism balance and reduce the
occurrence and development of cardiovascular diseases (31).
The metabolism of intestinal microorganisms determines the
developmental direction of the host’s health and illness to a
certain extent. This study found that the intestinal metabolites
Urate (i.e., Uric acid) and Heptadecanoate were increased
significantly in the PeAF patients. Among them, uric acid is
the end product of purine metabolism in humans. Studies have
shown that Urate acts as a pro-oxidant at high concentrations,
which induces AF to activate apoptosis and the immune system
(32, 33). Kuo et al. found that in AF patients, the variation trend
of some metabolites in feces and serum was consistent (13).
Coincidentally, we also found a synchronous increase of uric
acid in feces and serum in PeAF patients in this study. Thus,
we hypothesize that gut microbial dysfunction at least partly
affected the development of AF through internal circulation.
In contrast, we found that the levels of 1,3/1,9-Dimethyluric
acid and Glycochenodeoxycholate (i.e., Glycochenodeoxycholic
acid) in the PeAF patients were significantly decreased.
Glycochenodeoxycholate is a kind of conjugated primary bile
acid. Although the abundance of Glycocholate (i.e., Glycocholic
acid) did not differ significantly between the two groups, we
observed a decreasing trend in the PEAF group. Interestingly,
Glycochenodeoxycholate and Glycocholate belong to primary
bile acids and secondary acids, respectively.

There is evidence that excessive lipid accumulation can
lead to apoptosis and mitochondrial dysfunction and increase
cardiac fibrosis (34, 35). In this study, we found through a
KEGG pathway analysis that some enriched metabolites in PeAF
patients are related to amino acid metabolism (valine, leucine,
and isoleucine biosynthesis and tyrosine metabolism) and lipid
metabolism (primary bile acid biosynthesis) pathways. Therefore,
reducing amino acid metabolism and lipid metabolism damage
may be an essential way to improve myocardial fibrosis patients
with atrial fibrillation. In this study, Spearman’s correlation
analysis revealed that some metabolites were significantly related
to myocardial fibrosis markers, especially PIIINP. Therefore, we
speculate that the changes in the composition and structure of
the specific flora of PeAF patients may trigger certain metabolic
changes, and the resulting disruption in intestinal homeostasis
may be a strong promoter that accelerates the process of
myocardial fibrosis in PeAF patients.
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We must admit that our study also has some limitations.
On the one hand, the sample size included in this study was
limited. It resulted in some changes that were not significantly
different between the two groups (although some trends were
observed). On the other hand, there was age bias between the
two groups. Some of the differences in gut microbiota between
individuals may be caused by age (36). Although we cannot
completely rule out age bias in this study, we are collecting more
clinical samples. We will validate our findings in larger cohorts
and try to minimize any possible differences between groups due
to age.

CONCLUSION

In summary, our research shows that the occurrence of atrial
fibrillation is accompanied by a certain degree of intestinal
flora disorder. In addition, the degree of cardiac fibrosis
in patients with atrial fibrillation is closely related to the
abundance and metabolic function of particular intestinal
flora. These microbes may directly or indirectly participate in
cardiac fibrosis through metabolic pathways in patients with
atrial fibrillation. The results provide new insights into the
relationship between atrial fibrillation-myocardial fibrosis and
intestinal flora.
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Background: In spinal cord injury (SCI), systemic inflammation and the death of nerve

cells in the spinal cord are life threatening. The connection between gut microbiota and

signaling pathways has been a hot research topic in recent years. The Toll-like receptor

4/Myeloid differentiation factor 88 (TLR4/MyD88) signaling pathway is closely related to

the inflammatory response. This study explored whether the gut microbiota imbalance

could affect the TLR4/MyD88 signaling pathway to regulate SCI to provide a new basis

for SCI research and treatment.

Methods: An SCI model was constructed to study the influence on the injury of gut

microbiota. 16S amplicon sequencing was used to identify the diversity and abundance

of gut microbes. Fecal microbiota transplantation was performed in mice with SCI.

ELISA was used to detect the serum levels of pro-inflammatory and anti-inflammatory

factors in mice. Hematoxylin and eosin staining was used to observe SCI in mice.

Immunofluorescence was used to detect the rates of loss glial fibrillary acidic protein

(GFAP), neuronal nuclear protein (NeuN), and ionized calcium-binding adapter molecule

1 (IBA1) in the spinal cord as indicators of apoptosis. The expression of the TLR4/MyD88

signaling pathway was detected by qRT-PCR and western blotting.

Results: Significant differences were observed in the gut microbiota of SCI mice

and normal mice. The gut microbiota of SCI mice was imbalanced. The levels of

pro-inflammatory cytokines tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 in SCI

mice were increased, as was the level of the toxic induced nitric oxide synthase. The

levels of anti-inflammatory factors IL-4, transforming growth factor-β, and IL-10 were

decreased, as was the level of arginase-1. The apoptosis rates of GFAP, NeuN, and IBA1

were increased. The TLR4/MyD88 signaling pathway was activated. In the SCI group,
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inflammation increased after fecal transplantation, apoptosis of GFAP, NeuN, and IBA1

increased, and SCI was more serious.

Conclusion: The TLR4/MyD88 signaling pathway promotes the death of nerve cells

by inducing inflammation. Gut microbiota dysregulation can lead to aggravated SCI by

activating the TLR4/MyD88 signaling pathway.

Keywords: SCI, gut microbiota, TLR4, MyD88, GFAP, inflammation

INTRODUCTION

SCI has a significant socio-economic impact on society reflecting
the considerable life-long health care expenditures (1). In SCI,
synaptic connection loss, demyelination, and axonal injury
destroy signal propagation, and neurons undergo mechanically
induced cell death (2). Excessive inflammation may hinder nerve
repair and regeneration. Many studies have been conducted
to improve the treatment of SCI by reducing secondary
inflammation (3). However, SCI treatment remains a medical
concern worldwide.

Oral broad-spectrum antibiotics produce an imbalance in the
gut microbiota due to the perturbation of the gut microbiota.
This alteration in the gut microbiota can exacerbate neurological
damage and spinal cord pathology after SCI. Dysbiosis develops
when the composition of the gut microbiota is altered such
that beneficial non-pathogenic gut bacteria (i.e., probionts) are
depleted or become overwhelmed by pathogenic inflammatory
bacteria (i.e., pathobionts). Autoimmune diseases (e.g., multiple
sclerosis, type I diabetes, and rheumatoid arthritis), allergies,
and metabolic disorders have been linked to gut dysbiosis (4–7).
Recent data in humans and rodentmodels suggest that changes in
the gut microbiota are disease-mitigating factors that could affect
system physiology and pathophysiology. The exact mechanism
remains unclear.

Changes in the composition of the gut microbiota and its
metabolites will transfer from the intestine to the intestinal

wall and cross the ruptured intestinal barrier, intensifying

inflammation and affecting various organs (8). Fecal microbiota

transplantation (FMT) protects Parkinson’s disease model mice

by inhibiting neuroinflammation and reducing Toll-like receptor

4/Tumor necrosis factor-alpha (TLR4/TNF-α) signaling (9).
Studies show that SCI-induced gut dysbiosis is involved in
the development of anxiety-like behavior following SCI, since
both gut dysbiosis and anxiety-like behaviors were significantly
reduced following treatment with an FMT. TLR4 is expressed
on the cell membranes of microglia, the principal immune
cells of the central nervous system (CNS). It was postulated
that microglial activation participates in I/R injury through
the release of growth factors, chemokines, regulatory cytokines,
and other toxic mediators (10). Changes in the gut microbiota
lead to neuroinflammation and intestinal damage through
intestinal leakage and TLR4 activation (11). TLR4 promotes
microglial apoptosis by activating the phosphoinositide 3-kinase
(PI3K)/AKT pathway after SCI (12). Following SCI, necrotic
astrocytes induce high inflammatory response genes encoding
TLR4 and myeloid differentiation primary response gene 88

(MyD88) (13). Overexpression of the TLR4 receptor leads to
enhanced astrocyte proliferation/microglial cell response and
exacerbates SCI (14). However, it has not yet been reported that
the gut microbiota exacerbates SCI through the TLR4/MyD88
signaling pathway. We used FMT to explore whether the gut
microbiota of SCI mice could exacerbate SCI and systemic
inflammation in mice.

TLR4 is activated by lipopolysaccharide (LPS), a component
of the cell envelope of gram-negative bacteria. Activated TLR4
induces the production of pro-inflammatory mediators to
destroy the bacteria (15). Dysregulation of the host response
to LPS can lead to a systemic inflammation called sepsis (16).
Typically, before TLR4 is activated, it binds to CD14 proteins
anchored in cholesterol and sphingolipid-rich microdomain
(termed a raft) in the plasma membrane (17). MyD88 is
mainly responsible for directing intracellular signal transduction,
which is essential for innate immune regulation (18). MyD88
is an anchoring adaptor protein that integrates and transduces
intracellular signals generated by the TLR and interleukin (IL)-
1 receptor (TLR/IL-1R) superfamily (19). We are interested
in exploring whether activation of the TLR4/MyD88 signaling
pathway could aggravate SCI and systemic inflammation in mice.

Although previous research results support that activation of
the TLR4/MyD88 signaling pathway may trigger spinal cord cell
inflammation and apoptosis, there has been no relevant research
on whether the SCI gut microbiota could aggravate SCI through
the TLR4/MyD88 signaling pathway.

MATERIALS AND METHODS

Cell Culture
Mouse microglia BV2 cells and LPS (1µg/mL) were used to
establish like a microglial model of inflammation. The number of
cells in each well was normalized to the average number of cells
in the control condition (100%). Then cultured for 7 days. The
Control group comprised BV2 cells and the LPS group comprised
LPS-treated BV2 cells for 24 h.

Animals
Thirty-two, 6-week-old C57BL/6 mice weighing 25 ± 2 g were
purchased from Hunan Slack Jingda Experimental Animal Co.,
Ltd. The handling of animals during the experiment complied
with the Guiding Opinions on the Good Treatment of Laboratory
Animals, published by the Ministry of Science and Technology in
2006. 10mice were selected as the Sham group, and the remaining
22 were used to construct the SCI model.
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SCI Model
After anesthetizing the mouse, laminectomy was performed to
expose the spinal cord at T10. A spinal cord impactor (68,097,
RWD, CA, USA) was used to create injuries by dropping a 5-g
rod onto the spinal cord from a height of 6.5 cm. Immediately
afterward, the overlying muscle was sutured and the skin were
sutured. The animal’s bladder was emptied three times a day until
reflex control of bladder function was restored. The procedure
in the Sham operation group was similar to that in the SCI
group, except that no substantial injury was caused to the spinal
cord. Twenty-two animals were used for modeling. Two died,
representing a modeling success rate was 90.91%. On the 1st day
after operation, hind limb paralysis and motor deficits appeared
in mice. 20 successfully modeled animals were divided into four
groups (n = 5): SCI (spinal cord injury mice), SCI+PBS (spinal
cord injury mice have received the enema with PBS), SCI +

Sham-FMT group (spinal cord injury transplanted with Sham
mouse feces transplanted), and SCI + SCI-FMT group (spinal
cord injury transplanted with SCI mouse feces). 10 mice of Sham
were divided into two groups (n = 5): Sham (A laminectomy
without SCI damage), Sham+PBS (Mice without SCI damage
have received the enema with PBS). Seven days after operation,
locomotor behavior was monitored Subsequently, mice were
euthanized with an overdose of barbiturate (150 mg/kg) and
spinal cord tissues at the injury epicenter were isolated for
quantitative real-time PCR (qRT-PCR) and western blot.

Analysis of rRNA Amplicons
After collecting fecal samples from normal and SCI mice, three
qualified Control groups (10.1, 8.1, and 9.1) and seven SCI
DNA samples from the SCI group (1.1, 2.1, 3.1, 3.2, 4.1, 4.2,
and 4.3) were detected. The qualified library was sequenced
using an Illumina pe150 device. The raw data were used for
later information analysis. The representative sequences of each
operational taxonomic unit (OUT) were annotated to obtain
the corresponding species and species abundance distributions.
At the same time, OTU abundance and alpha diversity were
calculated to obtain species richness and evenness information
in samples and common and unique OTU information among
different samples or groups. Multi-sequence alignment of OTUs
was performed and a phylogenetic tree was constructed. To
further explore the differences in community structure among
grouped samples, t-test, metastat, lefse, analysis of similarities,
and multiple response permutation procedures were used to test
the significance of species composition and community structure
of grouped samples.

ELISA
Concentrations of stimulating follicle hormone, progesterone,
luteinizing hormone, and testosterone in serum samples were
determined using an ELISA kit (CSB-E04634m, CSB-E08054m,
CSB-E08326m, CSB-E04639m, CSB-E04594m, CSB-E04741m,
CSB-E04726m, CusaBio, Wuhan, China) according to the
manufacturer’s instructions, and were repeated three times. The
liquid was discarded and the wells dried without washing. Biotin-
labeled antibody working solution (100 µL) was added to each
well, covered with a new plate, and incubated at 37◦C for 1 h.

Horseradish peroxidase-labeled avidin solution (100 µL) was
added to each well, covered with a new plate, and incubated at
37◦C for 1 h. Substrate solution (90 µL) was added to each well
to develop the color at 37◦C in darkness for 15–30min. Within
5min after the termination of the reaction, the optical density of
each well was measured using a microplate reader at 450 nm.

Hematoxylin-Eosin Staining
Sections were heated at 60◦C for 1–2 h. Each section was
immersed in solutions of 100, 95, 85, and 75% ethanol for 5min
each. Hematoxylin was applied for 5–10min, the section was
washed with distilled water, and PBS back to blue. Eosin was
applied for 3–5min followed by rinsing with distilled water. Each
section was dehydrated using a graded series of ethanol solutions
gradient alcohol (95–100%) for 5min each. The final solution was
removed and replaced by xylene for 10min. The sections on a
slide were sealed with neutral gum and examined by microscopy.
Each group of three mice were selected and a cross section was
selected on each mouse.

Quantitative Real-Time PCR
Total RNA from colon and spinal cord cells was extracted
using TRIzol (15596026, Thermo Fisher Scientific, Waltham,
MA, USA). The sample RNA was reverse transcribed to cDNA
according to the instructions of the reverse transcription kit
(cw2569, Kangwei Century Company, China). Subsequently,
real-time PCRwas performed on a fluorescence quantitative RCP
instrument (QuantStudio1, Thermo, USA) using a UltraSYBR
Mixture (CW2601, CWBIO, China). The reaction system is
20 µL. Fluorescence quantitative PCR was performed in
a fluorescence quantitative RCP instrument (QuantStudio1,
Thermo, USA). The reaction conditions were denaturation at
95◦C for 10min, denaturation at 94◦C for 15 s, annealing at 60◦C
for 30 s, for 40 cycles. The primer internal reference was β-actin.
The primer sequences are shown in Table 1. With 2 µg cDNA
as template, the relative quantitative method (2−11Ct method)
was used to calculate the relative transcription level of the target
gene: 11Ct = 1 experimental group –1 Control group, 1Ct
= Ct (target gene)-Ct (β-actin). The experiment was repeated
three times.

TABLE 1 | Primer sequences.

Gene Sequences (5′-3′)

TLR4 F: AGACACTTTATTCAGAGCCGTTG

R: AAGGCGATACAATTCCACC

MyD88 F: TCCCCAAGAAAGTGAGTCTCC

R: AAAGTACAAACACGAGCCCTT

IκBa F: AGCATCTCCACTCCGTCCTG

R: ACATCAGCACCCAAAGTCACC

p65 F: TAGCCAGCGAATCCAGACCAACA

R: TGGGTCCCGCACTGTCACCT

β-actin F: ACATCCGTAAAGACCTCTATGCC

R: TACTCCTGCTTGCTGATCCAC
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Western Blot
Total protein was extracted from colon and spinal cord cells using
the Ripa Kit (r0010, Solarbio, China). The protein concentration
was determined using the BCA method. Quantitative analysis
was performed in accordance with the different concentrations.
Protein were resolved was by 10% SDS-PAGE and transferred
to a nitrocellulose membrane by electroporation. The membrane
was incubated with 5% skim milk for 2 h at room temperature
to bind with nonspecific protein, and then incubated at
4◦C. Primary antibodies, rabbit anti-TLR4 (1:500 dilution,
ab13867, Abcam, Cambridge, UK), rabbit anti-MyD88 (1:1000,
23230-1-AP, Proteintech, Rockford, IL, USA), rabbit anti-p-
IkBα (1:2000, ab133462, Abcam), rabbit anti-IκBα (1:2000,
10268-1-AP, Proteintech), rabbit anti-p-p65 (1:1000, #3033, Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-p65
(1:1000, ab32536, Abcam), followed by rinsing three times
for 10min each time using Tris-buffered saline-Tween. This
was followed by exposure to horseradish peroxidase-conjugated
goat anti-mouse IgG (1:5000, sa00001-1, Proteintech). The
membrane was immersed in Supernal Plus (k-12045-d50,
Advansta, USA) for luminescence development. β-actin was used
as an internal reference. Protein bands were scanned using Scion
image software.

Immunofluorescence Double-Staining
The sections were deparaffinized with water. Sections were
stained to detect apoptosis using a terminal deoxynucleotidyl
transferase-mediated digoxigenin-dUTP nick end-labeling
(TUNEL) assay. The sections were placed in three xylene
solutions for 20min each time. They were then treated with
100, 95, 85, and 75% ethanol for 5min each. The sections
were then soaked in distilled water for 5min and then placed
in citrate buffer solution (pH 6.0) and boiled by continuous
microwaving for 23min, and cooled to room temperature. Each
section was then placed in sodium borohydride solution at
room temperature for 30min and rinsed with water for 5min.
This was followed by exposure to Sudan black dye solution at
room temperature for 5min and rinsing with water for 3min.
Following addition of normal serum (10%) and bovine serum
albumin (5%) for 60min, each section was exposed to terminal
deoxynucleotidyl transferase (TDT) buffer, 34 uL deionized
distilled water, 10 µL 5× equilibration buffer, 5 µL fluorescein
isothiocyanate-12-Dutp Labeling Mix, and 1 uL recombinant
TDT. The primary antibodies incubated overnight at 4◦C were
anti-GFAP (1:100, 16825-1-AP, Proteintech), anti-IBA1 (1:100,
10904-1-AP, Proteintech), and anti-NeuN (1:100, AB177487,
Abcam). The sections were rinsed with PBS three times, 5min
each time, and then treated with 50 to 100 uL of anti-rabbit,
rabbit, and rabbit-IgG-labeled fluorescent antibody at 37 ◦C for
90min. Following rinsing with PBS three times for 5min each
time, cell nuclei were stained by 4’, 6-diamidino-2-phenylindole
(DAPI) at 37 ◦C for 10min. Each section was rinsed three times
with PBS for 5min each 3 time, sealed with buffered glycerin,
and examined by fluorescence microscopy. The confocal images
of cells were sequentially acquired with Zeiss AIM software
on a Zeiss LSM 510 confocal microscope system. Each group

of three mice was selected and a cross section was selected on
each mouse.

Statistical Analyses
All data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software, La Jolla, CA, USA). The results were
expressed as mean ± standard deviation (SD). Unpaired t-test
was used to compare the two groups with a normal distribution.
Comparisons among multiple groups were conducted using one-
way analysis of variance (ANOVA), followed by Tukey’s post
hoc test. Differences were considered statistically significant at P
< 0.05.

RESULTS

LPS Induces Inflammation in BV2 Cells and
Promotes Apoptosis
We constructed an in vitro microglial model of inflammation
in mice using BV2 cells to evaluate the inflammatory response
and survival of BV2 cells. ELISA was used to identify the levels
of pro-inflammatory and anti-inflammatory factors released by
BV2 cells. Compared with the Control group, LPS-treated cells
released more pro-inflammatory factors (IL-1β, TNF-α, and
IL-6), induced nitric oxide synthase (iNOS) was significantly
increased (p < 0.001). Anti-inflammatory factors (TGF-β, IL-4,
IL-10) and arginase 1 (Arg-1) were significantly decreased (p <

0.001). These data indicate that the LPS-induced inflammatory
response in BV2 cells was exacerbated (Figures 1A,B). Compared
with the Control group, the fluorescence intensity of TUNEL
increased in the LPS group. Apoptosis in the spinal cord of
mice was examined in more detail (p < 0.001) (Figure 1C).
The collective findings indicate the LPS-induced inflammation in
BV2 cells.

LPS Activates the TLR4/MyD88 Signaling
Pathway in Microglia
The initial results indicated that LPS could induce apoptosis of
BV2 cells.We next explored whether LPS could affect the viability
of BV2 cells by activating the TLR4/MyD88 signaling pathway.
qRT-PCR was used to detect the expression of TLR4/MyD8.
In LPS stimulated BV2 cells, the mRNA expression of TLR4,
MyD88, p65, and IκBα increased (p < 0.001) (Figure 2A).
The findings indicated that LPS might affect the TLR4/MyD88
signaling pathway. LPS stimulation of BV2 also significantly
increased the protein expression levels of TLR4, MyD88, p-p65,
and p-IκBα (p < 0.001), with no significant change in p65 and
IκBα (p > 0.05) (Figure 2B). The findings indicate that LPS may
promote the activation of the TLR4/MyD88 signaling pathway
in microglia.

Inflammatory Response Is Enhanced in
SCI Mice, and SCI Is Aggravated
The above experiments showed that the inflammatory response
in the SCI model in vitro was enhanced, and that the apoptosis
of BV2 cells was intensified. Next, an SCI mouse model was
constructed. The results of ELISA experiments in Figures 3A,B
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FIGURE 1 | LPS induces apoptosis of BV2 cells. (A) Level of the measured pro-inflammatory factors in BV2 cells. (B) ELISA determination of the levels of

anti-inflammatory factors in BV2 cells. (C) TUNEL assay (Scale bar = 25µm). The unpaired t-test was used to analyze comparisons between two groups. *P < 0.05

compared with the control group.

demonstrated that compared with the Sham group, serum
pro-inflammatory factors (TNF-α, IL-1β, IL-6) and nitric
oxide synthase (iNOS) in SCI mice were significantly higher
(p < 0.001). Increased, anti-inflammatory factors (TGF-β,
IL-4, IL-10) and arginase 1 (Arg-1) decreased significantly.
The findings indicated the successful construction of the SCI
model (p < 0.001). The TUNEL and immunofluorescence
co-localization experiment was performed on spinal cord
sections of Sham and SCI mice to determine the survival

and apoptotic cells in the spinal cord. Compared with the
Sham group, the fluorescence intensity of the neuron marker
(NeuN), microglia marker (IBA1) and astrocyte marker (GFAP)
increased in the spinal cord tissue in SCI group. The results
suggested that the body may activate neuron, microglia and
astrocyte cells to repair the damage when the spinal cord was
injured. The amount of apoptotic neurons, microglia and
astrocyte also increased, suggesting that spinal cord injury could
cause apoptosis at a certain degree (p < 0.001) (Figure 3C).
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FIGURE 2 | LPS activates the TLR4/MyD88 signaling pathway in microglia. (A) The expression of TLR4, MyD88, p65, and IκBα increased after LPS stimulation of

BV2 cells. (B) Western blot measurement of the expression of MyD88, TLR4, p65, p-p65, IκBα, and p-IκBα protein in BV2 cells. *P < 0.05 compared with the Control

group. The unpaired t-test was used to analyze comparisons between two groups.

In fact, the amounts of both survival and apoptotic neuron,
microglia and astrocyte increased based on the fluorescence
images from the co-localization experiments of TUNEL
and immunofluorescence.

Activation of the TLR4/MyD88 Signaling
Pathway in the Spinal Cord and Colon of
SCI Mice
To further investigate whether the TLR4/MyD88 signaling
pathway was activated in vivo, we removed spinal cord and
colon tissues from the SCI mice for qRT-PCR and western blot
analyses. Compared with the Sham group, the mRNA expression
of TLR4, MyD88, p65, and IκBα in the spinal cord and colon
tissues of the SCI group was considerably increased (p < 0.001)
(Figure 4A). The data indicated that the TLR4/MyD88 signaling
pathway was activated. Western blot examination was used to
detect the TLR4/MyD88 signaling pathway in the spinal cord and
colon tissue. The expression of TLR4, MyD88, p-p65, and p-IκBα

increased dramatically (p < 0.001), while the expression of non-
phosphorylated p65 and IκBα did not increase significantly (p
< 0.001) (Figure 4B). The collective findings indicate that the
TLR4/MyD88 signaling pathway was activated in SCI mice.

Gut Microbiota Imbalance in SCI Mice
The above experimental results indicated that the inflammatory
response of the SCI model in vivo was increased, and the
TLR4/MyD88 signaling pathway was activated. We speculated
that these physiological phenomena might reflect changes in
the gut microbiota of SCI mice. Rank-abundance curve analysis
revealed that the SCI group curve had a smaller range on
the horizontal axis, indicating that the species abundance
was the lowest (Figure 5A). The distance matrix between the
samples was analyzed (R = −0.008) (Figure 5B). Although
the difference between the Control and SCI groups was not
noticeable, the principal component analysis revealed differences
in microbial communities in the two samples (Figure 5C).
The farther the distance, the lower was the similarity. The

species distribution map and operational taxonomic unit (out)
abundance clustering heat map indicated a difference in bacterial
population distribution between the control and SCI groups
(Figures 5D,E). The collective findings were indicative of gut
microbiota deregulation in SCI mice.

Gut Microbiota Imbalance Activates the
TLR4/MyD88 Signaling Pathway
We speculated that activation of the mouse TLR4/MyD88
signaling pathway is related to an imbalance in the gut
microbiota. To assess this, we performed FMT in mice to detect
the expression of the TLR4/MyD88 signaling pathway in the
spinal cord and colon. Compared with the SCI + Sham-FMT
group, the mRNA expression of TLR4, MyD88, p65, and IκBα

in the SCI + SCI-FMT group increased sharply and was more
significant than that in the SCI + phosphate-buffered saline
(PBS) group (p< 0.001). The data indicated that the imbalance of
gut microbiota could promote the activation of the TLR4/MyD88
signaling pathway (Figure 6A). Next, we used western blot to
detect the expression of proteins in the TLR4/MyD88 signaling
pathway in spinal cord tissue and colon tissue. Compared with
the SCI + Sham-FMT group, the data of the SCI + SCI-FMT
group showed that the expression of TLR4,MyD88, p-p65, and p-
IκBα increased dramatically (p < 0.001), while the levels of non-
phosphorylated p65 and IκBα were not significantly different (p
< 0.001) (Figure 6B). The collective findings supported the view
that the gut microbiota imbalance in SCI mice could activate the
TLR4/MyD88 signaling pathway.

The data in Figure 6 indicated that an imbalance of the gut
microbiota could activate the TLR4/MyD88 signaling pathway,
promote inflammation, and exacerbate SCI. To study this further,
we analyzed explored mice following FMT. Compared to Sham
+ PBS mice, the visible damage to SCI + PBS mice was more
serious. The SCI + SCI + FMT group displayed the most
severe SCI (p < 0.001) (Figure 7A). The results showed that the
imbalance of gut microbiota exacerbated SCI. ELISA determined
the levels of pro-inflammatory cytokines and anti-inflammatory

Frontiers in Nutrition | www.frontiersin.org 6 September 2021 | Volume 8 | Article 702659272

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Rong et al. Gut Microbiota Disorders Aggravate SCI

FIGURE 3 | The successful construction of the SCI mouse model. (A,B) Pro-inflammatory factors were increased in SCI mice and anti-inflammatory factors were

decreased. (C) Terminal deoxynucleotidyl transferase dUTP nick end labeling assay was used to detect cell apoptosis in the spinal cord of mice (Scale bar = 25µm).

*P < 0.05 compared with Sham group. The unpaired t-test was used to analyze comparisons between two groups n = 5.
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FIGURE 4 | Activation of the TLR4/MyD88 signaling pathway in the spinal cord and colon of SCI mice. (A) qRT-PCR was used to analyze the expression of TLR4,

MyD88, p65, IκBα in the spinal cord and colon tissues. (B) The protein expression of TLR4, MyD88, p-p65, and p-IκBα increased significantly in SCI mice. *P < 0.05

compared with the Sham group. The unpaired t-test was used to analyze comparisons between two groups n = 5.
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FIGURE 5 | Gut microbiota analyses. (A) Rank-abundance curve. (B) Box plot of diversity differences between the analyses of similarities groups. (C) Principal

component analysis plot. (D) Histogram of species distribution. (E) Operational taxonomic unit abundance clustering heat map.

cytokines in the serum. The increase in pro-inflammatory
cytokines (TNF-α, IL-1β, and IL-6) in the SCI + SCI + FMT
group was the most obvious, and the anti-inflammatory cell
factors (TGF-β, IL-4, and IL-10) were most severely inhibited
(p < 0.001) (Figures 7B,C). Finally, the fluorescence intensity of
GFAP, NeuN and IBA1 was the highest in SCI + SCI + FMT.
It showed that fecal transplantation could increase the amount
of survival neuron, microglia and astrocyte cells at the site of
spinal cord injury (p < 0.001) (Figure 7D). The collective results
showed that an imbalance in gut microbiota could promote
inflammation and exacerbate SCI.

DISCUSSION

The gut microbiota of mice with SCI was disordered, which
caused systemic inflammation. After FMT in mice with SCI, the
injury aggravated systemic inflammation. In vitro, LPS activated
the TLR4/MyD88 signaling pathway in microglia, inducing the
production of inflammatory cytokines and increasing microglial

apoptosis. The findings indicate that TLR4/MyD88 pathway
signal transduction may be related to the aggravation of SCI
caused by the imbalanced gut microbiota.

SCI refers to the direct or indirect external damage to normal
spinal and spinal cord tissues, which can affect spinal cord
function. Recent data from rodents indicate that SCI causes
gut dysbiosis, which exacerbates intraspinal inflammation and
lesion pathology leading to impaired recovery of motor function.
Postinjury delivery of probiotics containing various types of
“good” bacteria can partially overcome the pathophysiologic
effects of gut dysbiosis. Immune function, locomotor recovery,
and spinal cord integrity are partially restored by a sustained
regimen of oral probiotics (5). Firmicutes and Bacteroides spp.
are the most predominant phylum in the gut. They ferment
non-digestible polysaccharides and generate metabolites that
can be used for energy by the host. Acetate, propionate and
butyrate are among the most well characterized single chain
fatty acid metabolites that are produced following carbohydrate
fermentation in the gut. Short chain fatty acids, butyrate in
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FIGURE 6 | The imbalance of the gut microbiota in SCI mice could activate the TLR4/MyD88 signaling pathway. (A) The expression of TLR4, MyD88, p65, and IκBα

in the spinal cord and colon tissues. (B) Imbalance of the gut microbiota of SCI mice could promote the protein expression of TLR4, MyD88, p-p65, and p-IκBα. *, P

< 0.05 compared with the Sham + PBS group. #, P < 0.05 compared with the SCI + PBS group. &, P < 0.05 compared with the SCI + Sham-FMT group. Multiple

comparisons in groups were evaluated by one-way analysis of variance n = 5.
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FIGURE 7 | Imbalance of gut microbiota exacerbates SCI. (A) Hematoxylin and eosin staining was used to detect SCI in each group. (B, C) ELISA was used to

observe the content of inflammatory factors in the serum of mice in each group. (D) TUNEL assay and immunofluorescence detection of spinal cord cell apoptosis in

each group of mice (Scale bar = 25µm). *, P < 0.05 compared with the Sham + PBS group. #, P < 0.05 compared with the SCI + PBS group. &, P < 0.05

compared with the SCI +Sham-FMT group. Multiple comparisons in groups were evaluated by one-way analysis of variance n = 5.
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particular, have potent anti-inflammatory effects onmacrophages
and can suppress ongoing inflammation in the Central nervous
system (20). Gut microbiota is a key and potential target for
SCI (4, 7), although its crosstalk with the TLR4/MyD88 signaling
pathway during SCI is still unclear (21). The gut microbiota relies
on the TLR4 pathogen recognition receptor, which interacts with
the host. TLR4 recognizes LPS in gram-negative bacteria and
activates downstream pro-inflammatory signaling, including the
TLR4/MyD88/p38 mitogen-activated protein kinase pathway,
which is also thought to be involved in the regulation of
TJPs and intestinal permeability (22, 23). Compared with
wild-type mice, TLR4-/- mice reportedly show less pancreatic
damage and inflammation in pancreatitis, which supports
the importance of TLR4 in the pathogenesis of pancreatitis.
TLR4 has also been shown to cause intestinal damage. TLR4
signal transduction increased the immunopathology of the
ileum in TLR4-/- mice (24). Neuroinflammation plays a
crucial role in the secondary phase of SCI, and is initiated
following the activation of TLR4. Pyroptosis is a form of
inflammatory programmed cell death, which is closely involved
in neuroinflammation, and it can be regulated by TLR4 according
to a recent research (12). BMSCs-derived exosomes could inhibit
apoptosis and inflammation response induced by spinal cord
injury and promote motor function recovery by inhibiting the
TLR4/MyD88/NF-κB signaling pathway (25). In the present
study, FMT led to the activation of the TLR4/MyD88 signaling
pathway in the transplanted mice and aggravation of SCI was.
The data verified that the gut microbiota may be a key target of
SCI and may target TLR4.

Activation of the TLR4/MyD88 pathway and upregulation
of the TNF-α, IL-12, and IL-6 inflammatory cytokines are
involved in the development of SCI, which are closely
related to neuroinflammatory injury and can be used as a
reference index to evaluate the prognosis of SCI patients (26).
TLR4/MyD88 was shown to activate the nuclear factor-kappa
B (NF-κB) inflammatory pathway in enteritis (27), promote
myocardial infarction (28) and induce acute pneumonia (29).
As a key component of the inflammatory microenvironment,
inflammatory factors also play a key role in the repair of
nerve damage after SCI. This involves pro-inflammatory factors,
including IL-1β, TNF-αIL-6, and β, IL-4, IL-10 and IL-13
(30). Most TLRs perform their functions through the MyD88
pathway (31). GFAP and IBA1, which are the assigned markers
for the activated astrocytes and microglia, were significantly
upregulated in the treated group. The inhibition of TLR4
further inhibited the expression of its downstream effectors
(IBA1) in the microglial cells (32). Studies hypothesized that
suppressed MyD88 adaptor protein in the spinal cord could
alleviate peripheral nerve injury-induced neuropathic pain.
MyD88 adaptor protein involved in the neuropathic pain and
may provide potential therapeutic strategies for treatment of
neuropathic pain (33). Previous studies revealed that GFAP
and IBA1 labeled astrocyte and microglia increased and NeuN
labeled neuron decreased in SCI spinal cord injury (34).
Our results showed that GFAP, NeuN and IBA1 labeled cells
increased. However, the co-localization results of TUNEL showed
that the amount of apoptotic neurons also increased. There

may exist several reasons. Firstly, apoptotic cells associated
with spinal cord injury cannot be avoided. It is possible that
rapid self-repair happened in SCI mice. In a previous study,
neurons of spinal cord injury also increased at 8 days after
SCI modeling (35). Moreover, endogenous neural stem cells
and ependymal stem cells could differentiate into neurons after
spinal cord injury (36, 37). Lineage tracing experiments have
shown that it is solely the ependymal cell population that is
capable of generating neurospheres in vitro, and this hallmark of
NSC potential remains restricted to the ependymal population
following SCI (38). This may also be one of the reasons for the
increase in neuron. We are very interested in the emergence
of these different results. We plan to study the reasons for
the increase in NeuN under spinal cord injury in the future.
The results of the present study showed that the activation of
the TLR4/MyD88 pathway could trigger the overexpression of
pro-inflammatory factors, promote cell apoptosis, and further
aggravate nerve damage.

In conclusion, LPS-induced microglia have an inflammatory
response, TLR4/MyD88 is activated, and the rate of microglial
apoptosis increases. In vivo, the disturbance of the gut microbiota
in mice with SCI confirmed that gut microbiota disorders can
aggravate SCI by activating the TLR4/MyD88 signaling pathway
in mice and has potential value as a treatment for SCI and other
neuroinflammation-related diseases.
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Clostridium perfringens is an important zoonotic pathogen associated with food

contamination and poisoning, gas gangrene, necrotizing enterocolitis or necrotic

enteritis in humans and animals. Dysbacteriosis is supposedly associated with the

development of C. perfringens infection induced necrotic enteritis, but the detailed

relationship between intestinal health, microbiome, and C. perfringens infection-induced

necrotic enteritis remains poorly understood. This research investigated the effect

of probiotics on the growth performance and intestinal health of broilers, and the

involved roles of intestinal microbiota and microbial metabolic functions under C.

perfringens infection. Results showed that subclinical necrotic enteritis was successfully

induced as evidenced by the significant lower body weight (BW), suppressed feed

conversion ratio (FCR), decreased ileal villus height and mucosal barrier function, and

increased ileal histopathological score and bursal weight index. Lactobacillus plantarum

or Paenibacillus polymyxa significantly attenuated C. perfringens-induced compromise

of growth performance (BW, FCR) and ileal mucosa damage as illustrated by the

increased ileal villus height and villus/crypt ratio, the decreased ileal histopathological

score and the enhanced ileal mucosal barrier function. L. plantarum also significantly

alleviated C. perfringens-induced enlarged bursa of fabricius and the decreased

levels of ileal total SCFAs, acetate, lactate, and butyrate. Furthermore, dietary L.

plantarum improved C. perfringens infection-induced intestinal dysbiosis as evidenced

by significantly enriched short-chain fatty acids-producing bacteria (Lachnospiraceae,

Ruminococcaceae, Oscillospira, Faecalibacterium, Blautia), reduced drug-resistant

bacteria (Bacteroides, Alistipes) and enteric pathogens (Escherichia coli, Bacteroides

fragilis) and bacterial metabolic dysfunctions as illustrated by significantly increased
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bacterial fatty acid biosynthesis, decreased bacterial lipopolysaccharide biosynthesis,

and antibiotic biosynthesis (streptomycin and vancomycin). Additionally, the BW and

intestinal SCFAs were the principal factors affecting the bacterial communities and

microbial metabolic functions. The above findings indicate that dietary with L. plantarum

attenuates C. perfringens-induced compromise of growth performance and intestinal

dysbiosis by increasing SCFAs and improving intestinal health in broilers.

Keywords: Lactobacillus plantarum, Paenibacillus polymyxa, Clostridium perfringens, necrotic enteritis, growth

performance, short-chain fatty acids, intestinal health, intestinal dysbiosis

INTRODUCTION

Clostridium perfringens (C. perfringens) is a widely distributed
anaerobic spore-forming zoonotic pathogen, which causes
foodborne illnesses in humans and necrotic enteritis in animals
(1, 2). Foodborne illness caused by C. perfringens-contaminated
food in the United States is estimated to be nearly 1 million
cases per year (2). Necrotic enteritis induced by C. perfringens
is a widespread avian intestinal necrotic disease, which is
estimated to cause the total global economic loss in poultry
industry to be over US$6 billion annually (3). Clinical form
of necrotic enteritis is characterized by sudden death and
increased mortality of chickens, with a mortality rate from
2 to 50% (4). Subclinical infection leads to disrupted villus-
crypt micro-architecture and reduced nutrient digestion and
absorption, which adversely decreases feed conversion and
impairs growth performance (4, 5). Infeed antibiotics used to
be the main strategy for preventing or controlling necrotic
enteritis in poultry production. However, with the increasing
public concerns about antimicrobial resistance and antibiotic
residues in food animal products, infeed antimicrobial growth
promoters have been widely removed from the animal feed
by increasing global countries (6, 7). Subsequently, outbreaks
of necrotic enteritis have become a significant economic
concern for poultry farmers, especially in subclinical form,
which shows unobvious pathological symptoms and thereby
compromises the growth performance (8). The withdrawal of
infeed prophylactic antibiotics and outbreaks of necrotic enteritis
in the commercial poultry industry inspires an interest in
seeking effective alternative antimicrobial strategies to prevent
or control necrotic enteritis outbreaks. In recent years, multiple
dietary alternatives to prophylactic antibiotics, such as probiotics,
prebiotics, plant extracts, enzymes, and organic acids, have been
proved to be effective in reducing or abolishing C. perfringens-
induced necrotic enteritis (5, 9).

Intestinal microbes play crucial roles in the development
of the intestinal defense system (immune function and barrier
function) and in regulating the processes of inflammation
and maintaining homeostasis (10–12). It is reported that
the anomalous intestinal microbiota is associated with the
development of necrotic enteritis in animals or necrotizing
enterocolitis in humans, but interactive roles of intestinal
microbes in this relationship remain poorly understood (13, 14).
As a potential advanced alternative to antibiotic growth
promoters, many studies have shown that probiotics and

commensal microbes exert beneficial effects on inhibiting
growth and toxin secretion of pathogens, modulating
gastrointestinal immune systems against adhesion and
invasion of pathogens, restoring altered intestinal microbes,
maintaining gastrointestinal homeostasis, and promoting tissue
healing (15–17). Many studies have proved that L. plantarum
exerts antibacterial activities by secreting lactic acid (18) and
plantaricin (19, 20), and P. polymyxa exerts antibacterial
activities by secreting polymyxin and lantibiotic (21, 22).
Although numerous studies have demonstrated that probiotics,
such as lactobacillus, bacillus, and yeast, could alleviate or abolish
C. perfringens infection-induced necrotic enteritis (23–26), the
involved interactive roles of intestinal microbiota, microbial
metabolic functions, and short-chain fatty acids (SCFAs) under
C. perfringens infection-induced necrotic enteritis remain poorly
understood. Our previous works found that two probiotics,
Lactobacillus plantarum (Lac16) and Paenibacillus polymyxa
(BSC10), had in vitro anti-C. perfringens activities and Lac16
protected-Caenorhabditis elegans against C. perfringens infection
(Supplementary Figure 1). The present study further evaluated
the effect of the two probiotics on growth performance and
intestinal health of broilers challenged with C. perfringens,
and the interactive roles of intestinal microbial communities,
bacterial metabolic functions, and SCFAs under C. perfringens
infection condition.

EXPERIMENTAL PROCEDURES

Bacteria Preparation
L. plantarum (Lac16) deposited in China Center for Type
Culture Collection (CCTCC M2016259) was isolated from
fermented vegetables, and P. polymyxa (BSC10) was purchased
from China General Microbiological Culture Collection Center
(CGMCC1.10711). The Lac16 and BSC10 were separately
cultured in DeMan-Rogosa-Sharpe and Luria-Bertani broth
at 37◦C for overnight under aerobic conditions. Clostridium
perfringens type A (ATCC13124, Cp) was cultured in reinforced
clostridiummedium at 37◦C for 20 h in anaerobic gas-generating
packs (Mitsubishi Gas Chemical Company Inc., Tokyo, Japan).
After centrifugation at 3,500 × g for 10min at 4◦C, the BSC10,
Lac16, and Cp pellets were collected and then washed three times
with sterile phosphate-buffered saline (PBS, pH 7.2), respectively.
Finally, the concentration of the bacteria was constantly checked
by spreading the plate method (27).
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Chicken Experiment
Seven hundred and twenty hatched 1-day-old Cobb 500
broilers with similar body weight were randomly allocated
into four treatments with six pens per group and 30 birds
per pen: (1) Control group: birds were fed a basal diet
(Supplementary Table 1) formulated to meet the nutritional
requirements of broilers (28), (2) Cp group: birds were fed a
basal diet and then orally challenged with C. perfringens type A

cultures [1. × 10
8
colony-forming units (CFU)/bird] on day 1

and during day 14–20 of age, (3) BSC10+Cp group: birds were

fed a basal diet supplemented with P. polymyxa (1.× 10
8
CFU/kg

feed) and orally challenged with C. perfringens A cultures (1. ×

10
8
CFU/bird) on day 1 and during day 14–20 of age, (4) Lac16

+ Cp group: birds were fed a basal diet supplemented with L.

plantarum (1. × 10
8
CFU/kg feed) and orally challenged with C.

perfringens A cultures (1. × 10
8
CFU/bird) on day 1 and during

day 14–20 of age. The animal experiment lasted for 21 days. Birds
were allowed ad libitum access to mashed diets and fresh water.
Feed consumption and body weight were recorded every week.
Mortality was recorded every day, and dead birds were weighed
to adjust estimates of body weight gain, feed intake, and feed
conversion ratio.

Sample Collection
At day 21 of age, six birds from each group were randomly
selected, weighed, and euthanized by electrical stun after
deprivation of feed for 6 h (05:00–11:00A.M.). After being
removed and weighed, spleen and bursa of fabricius indexes
were calculated as a percentage relative to body weight. The ileal
segments were fixed in 4% paraformaldehyde for hematoxylin
and eosin (H&E) staining or in 2.5% buffered glutaraldehyde
for transmission electron microscopy (TEM). The ileal contents
and whole caecum of birds were sampled, snap frozen in liquid
nitrogen, and stored at−80◦C for short-chain fatty acids (SCFAs)
and microbial analysis.

Ileal Morphological Analysis
After being fixed in 4% paraformaldehyde, ileal samples were
embedded in paraffin, sliced, dehydrated, and stained with
hematoxylin and eosin. Images were observed by Olympus
microsystem (Tokyo, Japan). Histopathological scores of the
ileal samples were examined by three independent observers as
previously described (29).

For TEM observation, after being fixed in 2.5% buffered
glutaraldehyde, ileal segments were washed three times by a
cold 100-mM phosphate buffer, and then postfixed in cold 0.1%
buffered osmium tetroxide (OsO4) for 2 h. After being washed
by a phosphate buffer, the ileal segments were rapidly dehydrated
in ascending grades of ethanol (30, 50, 70, 95, and 100%), and
then transferred into a 1:1 mixture of propylene oxide and epoxy
araldite. The ultrathin ileal sections were embedded and cut
by an LKB Nova ultramicrotome (Leica Microsystems, Buffalo
Grove, IL) and then stained with uranyl acetate. Transmission
electron micrographs of the ileal samples were then observed
and captured by the transmission electron microscope (JEOL,
Tokyo, Japan).

Lactate and SCFAs Analysis
Lactate levels in ileal digesta were determined by the Lactic Acid
assay kit (NanJingJianCheng Bioengineering Institute, Nanjing,
China) according to the instructions of the manufacturer. SCFAs
contents in ileal digesta were measured as follows: 1 g of
digesta was mixed with 2. ml of distilled water. After being
homogenized and centrifuged at 5,000 × g for 10min at 4◦C,
500 µl of the supernatant were mixed with 0.2ml 25% (w/v)
phosphoric acid and then stored at −20◦C for overnight. After
thawing, the mixtures were centrifuged (15,000 × g for 10min
at 4◦C), filtered by 0.22-µm membrane filter and then analyzed
by gas chromatography (Varian CP-3800, USA). Quantification
of SCFAs was carried out by using the external calibration
standard curves method and expressed as µmol/g of wet
ileal digesta.

Microbial Analysis
The bacterial genomic DNA from cecal contents was extracted
under sterile conditions using the TIANamp Stool DNA Kit
(Tiangen, Beijing, China) and was stored at −80◦C for PCR
amplification and sequencing. The V3-V4 hypervariable region
of the 16S rRNA gene was amplified by using the 341F/805R
primer pairs, and the amplicon sequencing was performed on
an Illumina MiSeq platform (Illumina Inc., San Diego, CA,
USA). The Quantitative Insights intoMicrobial Ecology (QIIME)
software (version 1.9.1) was used for the quality filter of raw
sequences and a cluster of filtered sequences into operational
taxonomic unit (OTU) at 97% similarity (30). Bacterial OTU
representative sequences were assigned to a taxonomic lineage
by a Ribosomal Database Project (RDP) classifier based on the
Greengenes 13.8 database.

Alpha and beta diversities of the microbial community were
analyzed based on a subsample of a minimum number of
sequences (12981) by QIIME software. Significant differences in
microbial beta diversity andmetagenome predicational functions
among different groups (based on the Bray-Curtis distance
matrices) were calculated by ANOSIM (analysis of similarities),
PERMANOVA (permutational multivariate analysis of variance),
and MRPP (multi-response permutation procedure) analyses
using a “vegan” package and were visualized by Principal
coordinates analysis (PCoA) using the “ggplot2” package of
R software (v4.1.0). Canonical correspondence analysis (CCA)
and variation partitioning analysis (VPA) were performed using
the R package “vegan.” The linear discriminant analysis (LDA)
effect size (LEfSe) analysis (https://huttenhower.sph.harvard.
edu/galaxy/) was performed to analyze and characterize the
bacterial differences and microbial predicted pathway functions
among different groups.

The metagenome functional predictions based on 16S
rRNA gene sequencing of bacterial communities were analyzed
by the Phylogenetic Investigation of Communities by the
Reconstruction of Unobserved States 1 (PICRUSt 1) method
(31). The OTU table and representative sequences subsampled
at a minimum number of sequences (12981) were selected
for the functional annotation to KEGG ortholog groups (KO)
based on KEGG databases. Significant differential predicted
pathway abundances were then analyzed and visualized by
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statistical analysis of taxonomic and functional profiles (STAMP)
software with a two-sidedWelch’s t-test (32). Pearson correlation
between phenotypic variables was analyzed and visualized by
R software (v4.1.0) using the “corrplot” package. Mantel test
was performed to examine the linkage between phenotypic
variables and microbial communities or microbial predicted
pathways (33).

The co-occurrence patterns were constructed to visualize
the correlations between bacterial communities and microbial
predicted pathways. Firstly, only those bacterial OTUs and
microbial predicted KOs pathways with an average relative
abundance >0.1% across all samples were retained according to
Hartman et al. (34). We then normalized the filtered bacterial
OTUs and microbial predicted KOs pathways separately by the
“trimmed means of M” (TMM) method, and the normalized
counts were expressed as relative abundance counts per million
(CPM) using the R package “edgeR.” The indicator species of the
filtered bacterial OTUs and microbial predicted KOs pathways
were analyzed using the R package “indicspecies.” Differential
OTUs and KOs abundances among all the groups were also
analyzed by likelihood ratio tests (LRT) using the R package
“edgeR.” The differential OTUs and KOs at a value of p < 0.05
were defined as OTUs and KOs responsive. Treatment-sensitive
OTUs and KOs (hereafter: tsNodes) were then confirmed by both
indicator species analysis and LRT. The TMM-normalized CPM
counts of bacterial OTUs and microbial-predicted KOs pathways
were then combined and further calculated the Spearman rank
correlations by the R package “Hmisc.” Significant correlations
(ρ > 0.7 and FDR-adjusted p < 0.01) were kept as the edges of

the co-occurrence networks. Then, the co-occurrence networks
were visualized using the Fruchterman-Reingold layout by the
R package “igraph.” The network topological properties and
modules were also calculated and identified to describe the
complex patterns of the interrelationships. Keystone OTUs and
KOs were identified as those nodes within top 1% of node degree
values in the networks.

Statistical Analysis
Data on growth performance and ileal histomorphology analysis
were assessed using SPSSTM software (SPSS Inc., Chicago, IL,
USA) by one-way ANOVA, and the contrast of means was
evaluated by Tukey’s multiple range tests. The data on SCFAs
analysis were analyzed by two-tailed Student’s T-test using
SPSSTM software.

RESULTS

Growth Performance
Performance results showed that, compared with the control
group, C. perfringens infection significantly (p < 0.05) decreased
the body weight and feed conversion and significantly (p < 0.05)
increased bursal weight index of broilers, whereas dietary with
P. polymyxa or L. plantarum significantly (p < 0.05) ameliorated
C. perfringens-induced side effects of growth performance
(body weight and feed conversion) (Table 1). Additionally, L.
plantarum treatment also attenuated C. perfringens-induced
enlarged bursa of fabricius (p < 0.05).

TABLE 1 | Effect of probiotics on growth performance and immune organ indexes of broilers infected with C. perfringens.

Items Control Cp BSC10+Cp Lac16+Cp SEM P-value

Body weight (g)

Day 1 48.03 48.13 47.43 48.16 0.42 0.67

Day 21 637.88a 615.15b 648.48a 636.97a 8.33 0.016

Day 1–21

BWG (g/d) 29.49ab 28.35b 30.05a 29.44ab 0.40 0.011

FI (g/d) 52.82 55.11 54.18 52.68 0.87 0.18

FCR 1.79b 1.94a 1.80b 1.79b 0.04 0.01

Immune organ indexes

Spleen 0.85 1.02 0.9 1.11 0.096 0.22

Bursa of fabricius 1.87b 2.55a 2.3a 1.62b 0.25 <0.001

a,bMean values within a row with no common superscript differ significantly (p < 0.05). SEM, standard error of mean; BWG, body weight gain; FI, feed intake; FCR, feed conversion

ratio. n = 6 samples.

TABLE 2 | The ileal histomorphology of broilers infected with C. perfringens.

Items Control Cp BSC10+Cp Lac16+Cp SEM P-value

Villus height (µm) 444.50c 382.85d 529.27b 627.77a 38.11 <0.001

Crypt depth (µm) 118.01a 121.31a 118.29a 96.24b 6.22 0.009

Villus/crypt ratio 3.79bc 3.19c 4.50b 6.59a 0.55 <0.001

Histopathological score 0.17c 3.00a 1.33b 1.17b 0.46 <0.001

a,b,c,dMean values within a row with no common superscript differ significantly (p < 0.05). SEM, standard error of mean. n = six samples.
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FIGURE 1 | Transmission electron micrographs of the ileal microvilli in broilers

at day 21 of age. EC, epithelial cell; CM, cell membrane; TJ, tight junction; AJ,

adherens junction. The white arrow indicates desmosomes (DS).

Morphological Observation
As presented in Table 2, C. perfringens infection significantly (p
< 0.05) decreased the villus height and significantly (p < 0.05)
increased the histopathological score of the ileum compared with
those of the uninfected birds. Dietary with P. polymyxa or L.
plantarum significantly (p < 0.05) ameliorated C. perfringens-
induced ileal mucosa injury, as evidenced by the significantly (p
< 0.05) increased villus height and villus height to crypt depth
ratio, and decreased crypt depth and the histopathological score
of the ileum.

TEM results showed that, compared with the control
group, the ileum of the C. perfringens-infected birds showed
sparse microvilli, disrupted and shorter tight junction, adherens
junction, and desmosomes (Figure 1). Compared with the
C. perfringens-infected group, the improved ileal intercellular
junctional complexes of broilers in BSC10+Cp and Lac16+Cp
groups were observed as evidenced by higher and ordered
microvillus, longer tight junction and adherens junction, and
darker desmosomes.

SCFAs in Ileal Digesta
The levels of total SCFAs, acetate, lactate, and butyrate in ileal
digesta of the C. perfringens-infected broilers were significantly
(p < 0.01) decreased compared with the uninfected broilers

(Figure 2). Compared with the C. perfringens-infected group, P.
polymyxa treatment increased the concentrations of total SCFAs,
acetate, lactate, and butyrate in ileal digesta of the C. perfringens-
infected broilers but had no significant differences (p > 0.05).
Dietary with L. plantarum significantly (p < 0.05) increased the
contents of total SCFAs, acetate, lactate, and butyrate in ileal
digesta of the C. perfringens-infected broilers.

Microbial Composition
Alpha diversity analysis showed that no significant difference
was observed among the four groups (p > 0.05, Figure 3A).
PCoA based on Bray-Curtis distance showed that the microbial
communities were clustered into two different types of
communities (Figure 3B). Themicrobial communities of broilers
in control and Lac16+Cp groups formed a cluster and formed
another cluster in the Cp and BSC10+Cp groups. Significant
differences in beta diversity of microbial communities among all
treatments were further confirmed by ANOSIM, PERMANOVA,
and MRPP analyses (Table 3).

LEfSe analysis was employed to explore the specific microbial
features among the four groups (Figure 4). It was found that 36
taxa biomarkers in four groups were identified with LDA score
>3, whichmainly belong to the phyla of Firmicutes, Bacteroidetes,
Proteobacteria, Tenericutes, and Cyanobacteria. Differential
analysis results (Figure 5) further showed that, compared with
the uninfected group, C. perfringens infection significantly (p <

0.05 or p < 0.01) reduced the relative abundances of Firmicutes,
Clostridia, Clostridiales, Lachnospiraceae, Ruminococcaceae,
[Ruminococcus], Oscillospira, Blautia, and Clostridium citroniae
in the cecum, while markedly (p < 0.05 or p < 0.01) increased
the relative abundances of Bacteroidetes, Rikenellaceae,
Alistipes, Alistipesmassiliensis, Clostridium, and Clostridium
methylpentosum. Compared with the C. perfringens-infected
birds, the significantly (p < 0.05 or p < 0.01) increased
Oscillospira abundance and decreased relative abundances of
Faecalibacterium, and Escherichia coli were observed in the
broilers of the BSC10+Cp group. Furthermore, L. plantarum
significantly (p < 0.05 or p < 0.01) improved the anomalous
microbial composition induced by C. perfringens infection, as
evidenced by the increased relative abundances of Firmicutes,
Clostridia, Clostridiales, Lachnospiraceae, Ruminococcaceae,
[Ruminococcus], Oscillospira, Faecalibacterium, and Blautia and
the reduced relative abundances of Bacteroidetes, Rikenellaceae,
Bacteroides, Alistipes, Alistipesmassiliensis, Clostridium,
Escherichia coli, Bacteroides fragilis, Bacteroides acidifaciens,
Clostridium methylpentosum (Figure 5).

Metagenome Functional Predictions
PICRUSt analysis was performed to explore the metagenome
functions based on 16S rRNA marker gene sequences. PCoA
results based on Bray-Curtis distance showed that the microbial
metabolic functions were significantly distinct among the
groups (Figure 6). Consisted with PCoA results for microbial
communities, C. perfringens infection also altered the bacterial
metabolic functions, whereas dietary with L. plantarum
significantly (R2 = 0.781, P = 0.009) ameliorated the shifts
of bacterial metabolic functions induced by C. perfringens
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FIGURE 2 | Short chain fatty acids levels in ileal digesta of broilers at day 21 of age. Significant differences vs. the control group: ##p < 0.01. Significant differences

vs. the Cp group: *p < 0.05; **p < 0.01. n = five samples.

FIGURE 3 | Diversity analyses of microbial communities among groups. (A) Alpha diversity analysis (B) Principal coordinates analysis (PCoA) based on Bray-Curtis

distance. n = five samples.

infection. The STAMP and LEfSe analysis based on level 1 and
level 3 of the microbial-predicted pathway functions further
verified the differences in metabolic functions (Figures 7, 8
and Supplementary Figure 2). Specifically, L. plantarum
treatment significantly (p < 0.05) inversed the shifts of bacterial

metabolic functions induced by C. perfringens infection, such
as metabolism, lipopolysaccharide (LPS) biosynthesis, LPS
biosynthesis proteins, fatty acid biosynthesis, streptomycin
biosynthesis, biosynthesis of vancomycin group antibiotics,
cysteine and methionine metabolism, lysine biosynthesis,
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TABLE 3 | ANOSIM, PERMANOVA, and MRPP analysis of microbial diversity among different treatments.

Anosim Permanova Mrpp

R P R2 P A P

Treatment 0.561 0.001 0.597 0.002 0.327 0.001

Control vs. Cp 0.492 0.020 0.439 0.034 0.217 0.022

Cp vs. BSC10+Cp 0.084 0.232 0.109 0.376 0.018 0.275

Cp vs. Lac16+Cp 0.928 0.005 0.720 0.007 0.425 0.007

ANOSIM, analysis of similarities; PERMANOVA, permutational multivariate analysis of variance; MRPP, multi-response permutation procedure. n = five samples.

[                         ]

[                       ]

[                     ]

[                      ]

[                     ]

[                         ]

BA

FIGURE 4 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis (LDA > 3., p <0.05) of the intestinal microbes. Histogram (A) and cladogram (B) of LEfSe

analysis among the four groups. The prefixes “p_,” “c_,” “o_,” “f_,” “g_,” and “s_” represent the annotated levels of phylum, class, order, family, genus, and species.

thiamine metabolism, histidine metabolism, and cell division
(Figure 8 and Supplementary Figure 2). Dietary with P.
polymyxa had less effects on microbial metabolic functions than
L. plantarum in C. perfringens-infected broilers (Figure 8 and
Supplementary Figure 2).

Relationships Between Phenotypic

Variables, Bacterial Communities and

Microbial Metabolic Functions
The shifts in microbial community and metabolic functional
composition induced by C. perfringens infection and dietary
with probiotics were tightly linked to phenotypic variables and
ileal SCFAs as revealed by the Mantel test (Figure 9), CCA and
VPA analyses (Supplementary Figure 3). Pearson correlation
analysis (Figure 9) showed that the ileal SCFAs (including
total SCFAs, acetate, lactate and butyrate) were positively (p

< 0.001) correlated with the final body weight, whereas were
negatively (p < 0.05 or p < 0.01) correlated with immune organ
indexes (spleen and bursa of Fabricius). The bursa of Fabricius
index was positively (p < 0.05) correlated with propionate and
isobutyrate. Additionally, the spleen index was negatively (p
< 0.05) correlated with valerate, isobutyrate, and isovalerate.
Mantel correlation analysis (Figure 9) showed that taxonomic
composition was significantly correlated with bursa of Fabricius
index (0.25 < r < 0.5, 0.001 < p < 0.01), total SCFAs (0.25 < r <

0.5, 0.01 < p < 0.05), acetate (r < 0.25, 0.01 < p < 0.05), lactate
(r < 0.25, 0.01 < p < 0.05), and butyrate (r < 0.25, 0.01 < p <

0.05). The microbial functional compositions were significantly
correlated with the final body weight (r < 0.25, 0.01 < p < 0.05),
bursa of Fabricius index (r > 0.5, 0.001 < p < 0.01), total SCFAs
(r > 0.5, 0.001 < p < 0.01), acetate (r > 0.5, 0.001 < p < 0.01),
lactate (r > 0.5, 0.001 < p < 0.01), and butyrate (0.25 < r < 0.5,
0.001 < p <0.01). CCA analysis showed that bursa of Fabricius
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index (R2 = 0.56, P = 0.004; R2 = 0.55, P = 0.004), ileal total
SCFAs (R2 = 0.58, P = 0.002; R2 = 0.68, P = 0.001), acetate (R2

= 0.53, P = 0.002; R2 = 0.67, P = 0.001), lactate (R2 = 0.66, P
= 0.002; R2 = 0.65, P = 0.001), and butyrate (R2 = 0.51, P =

0.005; R2 = 0.72, P= 0.001) were significantly correlated with the
bacterial (Supplementary Figure 3A) and microbial functional
(Supplementary Figure 3B) community structures. The final
body weight (R2 = 0.36, P = 0.026) and isobutyrate (R2 = 0.48,
P = 0.002) were also significantly correlated with the microbial
functional community structure (Supplementary Figure 3B).
The VPA analysis showed that the phenotypic variables and
ileal SCFAs explained 27.21 and 28.73% of the variations
in the bacterial communities, and their interaction explained
10.72% of the variation (Supplementary Figure 3C). For the
microbial predicted pathway functions, phenotypic variables
and ileal SCFAs explained 17.07 and 25.26% of the variations,
respectively, and the interaction explained 24.00% of the
variation (Supplementary Figure 3D).

To further investigate the specific relationships between
phenotypic variables and the microbial community or microbial
metabolic functional composition, Pearson’s correlation analysis
was performed (Figure 10). As shown in Figure 10A, we
found that the final body weight was positively (p < 0.05,
p < 0.01, or p < 0.001) correlated with cecal Firmicutes,

Blautia, Dorea, Oscillospira, cc_115, Lactobacillus, Lactobacillus
salivarius, and Butyricicoccus pullicaecorum but negatively
correlated with Bacteroides and Citrobacter. The bursa of
Fabricius index was positively (p < 0.05, p < 0.01, or p
< 0.001) correlated with cecal Cyanobacteria, Bacteroidetes,
Alistipes, Alistipes massiliensis, and Clostridium methylpentosum,
whereas negatively correlated with Firmicutes, Dehalobacterium,
[Ruminococcus],Oscillospira, and Ruminococcus. The ileal SCFAs
(such as total SCFAs, acetate, lactate, and butyrate) were
positively (p < 0.05, p < 0.01, or p < 0.001) correlated
with cecal Firmicutes, Blautia, [Ruminococcus], Anaerotruncus,
Oscillospira, Ruminococcus, Coprobacillus, cc_115, Lactobacillus,
Butyricicoccus,Clostridium citroniae, Lactobacillus salivarius, and
Butyricicoccus pullicaecorum, whereas negatively (p < 0.05, p
< 0.01, or p < 0.001) correlated with Bacteroidetes, Alistipes,
Citrobacter, and Alistipes massiliensis. The ileal propionate
and valerate were positively (p < 0.05, p < 0.01, or p <

0.001) correlated with cecal Proteobacteria, Escherichia, Shigella,
Escherichia coli, and Shigella sonnei. As shown in Figure 10B,
the results showed that the final body weight and ileal SCFAs
(including total SCFAs, acetate, lactate, and butyrate) were
positively (p < 0.05, p < 0.01, or p < 0.001) correlated
with cecal microbial carbohydrate metabolism, amino acid
metabolism, peptidoglycan biosynthesis, fatty acid biosynthesis,
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FIGURE 6 | Principal coordinates analysis (PCoA) of predicated metabolic functions among groups based on Bray-Curtis distance. a,b indicate a significant difference

(p < 0.05).

FIGURE 7 | Comparison of predicted metabolic pathway abundances between the groups by statistical analysis of taxonomic and functional profiles (STAMP) at

Level 1. (A) Control vs. Cp; (B) Cp vs. Lac16+Cp.

and tetracycline biosynthesis, whereas negatively (p < 0.05, p
< 0.01, or p < 0.001) correlated with glycan biosynthesis and
metabolism (such as LPS biosynthesis and LPS biosynthesis
proteins) and antibiotic biosynthesis (streptomycin biosynthesis
and biosynthesis of vancomycin group antibiotics). The bursa of
Fabricius index exerts opposite effect on the correlation with the

cecal microbial metabolic functions compared with that of final
body weight.

Microbial Co-occurrence Patterns
Next, we explored the distribution patterns of sensitive OTUs
and KOs in the co-occurrence patterns of bacterial communities
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FIGURE 8 | (A) LEfSe analysis (LDA > 2., p < 0.01) of the microbial-predicted metabolic pathway functions at Level 3. (B,C) Comparison of predicted pathway

abundances between the groups by statistical analysis of taxonomic and functional profiles (STAMP) at Level 3. (B) Control vs. Cp; (C) Cp vs. Lac16+Cp.

and microbial metabolic functions in four groups (Figure 11
and Table 4). The co-occurrence network consisted of 1,633
nodes and 7,309 edges (with a mean of 8.95 edges per node)
(Figure 11A). In the network, the bacteria shared 1,368 nodes
with 2,204 edges (with a mean of 3.22 edges per node), and
the microbial metabolic functions shared 265 nodes with 4,027
edges (with a mean of 30.39 edges per node). Among the
1,633 nodes, 387 nodes (235 tsOTUs and 150 tsKOs) were
identified as treatment-sensitive nodes, and 17 nodes (three
OTUs and 14 KOs) were defined as keystones (Table 4 and
Supplementary Tables 2, 3). Consistent with the results showed
in Figures 5, 8, compared with the uninfected group, C.

perfringens infection significantly (p< 0.05 or p< 0.01) increased
the relative abundance of 15 keystones, such as Rikenellaceae
and microbial metabolisms (LPS biosynthesis, LPS biosynthesis
proteins, streptomycin biosynthesis, etc.) (Figure 4). Compared
with the C. perfringens-infected group, dietary with L. plantarum
significantly (p < 0.05 or p < 0.01) decreased C. perfringens-
induced relative abundance of 17 keystones.

In addition, we noticed that the distribution patterns of
microbial and microbial functional associations also responded
to treatments. Six modules with relatively high proportions in
the network were identified and visualized (Figures 11A,B). We
found that the type of sensitivity of these modules to the specific-
treated groups (Figures 11A,B), and their distribution in the
network partially reflected the community similarity showed
in Figures 3B, 6. For example, the effect of C. perfringens
infection in the cecal microbial and functional communities was
apparent with discrete modules (Modules 2 and 6) in the network
(Figure 11B). Module 2 and Module 6 were separated from
other modules that primarily contained sensitive OTUs and KOs
specific to the control (Modules 7 and 8) and Lac16+Cp (Module
3 and Module 4) groups. The cumulative-relative abundances of
the sensitive nodes ofModule 2 in the BSC10+Cp and Lac16+Cp
groups were significantly (p < 0.05) lower than those in the C.
perfringens-infected group. The cumulative-relative abundances
of the sensitive nodes of three modules (Modules 3, 4, and 8)
in the Lac16+Cp group and Module 6 in the BSC10+Cp group
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FIGURE 9 | Relationships among phenotypic variables, the microbial community, and metabolic functional composition. Pairwise comparisons of phenotypic

variables with a color gradient denoting Pearson correlation coefficient. Taxonomic and functional community structures were related to each phenotypic variable by

Mantel correlation (based on Bray-Curtis dissimilarity). The edge width represents the Mantel’s r statistic for the corresponding distance correlations, and edge color

denotes the statistical significance. *p < 0.05; **p < 0.01; ***p < 0.001.

were significantly (p < 0.05 or p < 0.01) higher than those in
the C. perfringens-infected group. Furthermore, we found that
the six responsive modules comprised a broad set of bacteria and
microbial metabolic functions (Figure 11C), indicating that the
different treatmentsmay be not target-specificmicrobial lineages.

DISCUSSION

Necrotic enteritis caused by C. perfringens in poultry exists in
two forms: clinical (acute) or subclinical (chronic) infections.
Subclinical necrotic enteritis infection accompanies with
continuously chronic damage of the gastrointestinal mucosa,
which leads to poor growth performance (decreased digestion
and absorption, reduced body weight and the feed-conversion
ratio) of broilers with or without mortality (9, 35). Subclinical
necrotic enteritis without mortality in the present study was
successfully induced by C. perfringens infection as observed
by decreased body weight and feed conversion, and increased
bursal weight index of broilers. The result was consistent with
previous studies that subclinical necrotic enteritis infection
impaired broiler growth performance with no mortality (36, 37).

Our previous study reported that Saccharomyces boulardii
attenuates C. perfringens-induced inflammatory response via
the TLR4/TLR15-MyD88-signaling pathway in HD11 avian
macrophages (23). Bacillus amyloliquefaciens could alleviate
necrotic enteritis-induced undesirable effects by modulation of
genes related to gut integrity, apoptosis, and immunity, hence
further improve performance (38). Although many studies
have reported that Lactobacillus or Bacillus could attenuate C.
perfringens-induced necrotic enteritis (24–26), but the potential
protective mechanism of probiotics against C. perfringens
infection remains poorly understood, which needs to be further
investigated. This study shows that dietary with L. plantarum
or P. polymyxa significantly attenuates C. perfringens infection-
induced compromise of growth performance. Previous studies
showed that C. perfringens infection compromised the growth
performance of broilers by impairing intestinal health and
inducing intestinal dysbacteriosis (24, 39). The ameliorated
growth performance of C. perfringens-infected broilers in L.
plantarum or P. polymyxa-fed groups in this studymay be related
to the improved intestinal health and intestinal microbiota.

Healthy intestinal morphology and balance of intestinal
microbes are important indicators of gastrointestinal tract
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FIGURE 10 | Pearson’s correlation analysis. Correlation of phenotypic variables and microbial communities (A) and microbial-predicted metabolic pathway functions

(B). The color and the dot size represent the correlation coefficient. *p < 0.05; **p < 0.01; ***p < 0.001.

homeostasis (40, 41). Due to the continuously chronic intestinal
mucosa damage with low or no mortality, subclinical necrotic
enteritis imposes a huge economic burden on global poultry
industry (9). In this study, the increased ileal crypt depth and
the histopathological score and the decreased ileal villus height
and villus height to the crypt-depth ratio were observed in
C. perfringens-infected broilers, which was the main reason
to impair the growth performance mentioned above and also
indicated that subclinical necrotic enteritis was successfully
induced (35). It was found that C. perfringens-induced ileal
mucosa damage was alleviated by dietary with P. polymyxa or L.
plantarum, as illustrated by increased ileal villus height and villus
height to the crypt-depth ratio and decreased ileal crypt depth
and the histopathological score. Previous studies also reported
that dietary with probiotics had positive effects on reducing
subclinical necrotic enteritis occurrence by ameliorating C.
perfringens-induced damage of intestinal mucosa (24, 42). The
intact intestinal epithelium serves as a physical intestinal mucosal
barrier function against invasion of zoonotic enteric pathogens
and is responsible for proper nutrient absorption and utilization
and waste secretion (43). This physical mucosal barrier is
composed of junctional complexes, which provide different
types of intercellular connections (44). It is reported that the

junctional complexes are binding sites of C. perfringens toxins
and enterotoxins (45, 46). In the present study, C. perfringens-
infected broilers showed shorter and sparse ileal microvilli,
disrupted and shorter tight junction, adherens junction, and
desmosomes, consistent with previous studies (47, 48). The
intestinal epithelial junction was enhanced in the increased
ileal villus of broilers in BSC10+Cp and Lac16+Cp groups,
as observed by higher and ordered microvillus, longer tight
junction, enhanced adherens junction, and darker desmosomes.
The improved intestinal morphology and mucosal barrier
function in probiotics treatments may contribute to greater
nutrient absorption and utilization from the intestinal digesta
(25) and thereby attenuates impairment of growth performance
in C. perfringens-infected broilers mentioned above.

SCFAs (mainly including acetate, propionate, and butyrate)
are fermentative products metabolized by the gastrointestinal
commensal microbiota from dietary carbohydrates (49, 50). As
one of the major microbial metabolites, SCFAs play critical roles
inmaintaining or improving the integrity of intestinal epithelium
and tissue repair after mucosal damage (50, 51). C. perfringens
infection in this study decreased the levels of ileal total SCFAs,
acetate, lactate, and butyrate of broilers, which might impair
the energy supply for intestinal enterocytes to repair mucosal
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FIGURE 11 | Co-occurrence network of bacterial and metabolic functional communities. (A) Significant and close (|ρ| >0.8, p < 0.05) correlations among bacterial

OTUs and metabolic KOs are visualized in the network with gray lines. The bacterial, metabolic functional, and keystone nodes are indicated by circles, triangles, and

stars, respectively. Sensitive nodes are colored by their association with the treatments, and gray nodes are insensitive to the treatments. Shaded areas represent the

top six modules with high proportions. (B) Cumulative-relative abundance (as counts per million, CPM; y-axis in ×1,000) of the bacterial OTUs metabolic KOs

belonging to the responsive modules. (C) The bacterial phyla and metabolic functional compositions for each module. Significant differences versus Control group:
#p < 0.05. Significant differences versus Cp group: *p < 0.05; **p < 0.01.

damage. Partially consistent with our findings, a previous study
reported that subclinical necrotic enteritis infection decreased
concentrations of cecal acetate and butyrate of broilers, but
increased levels of cecal lactate and propionate partly because
of the increased relative abundance of Lactobacillus (52). SCFAs
exert not only as an energy source for the host but also
as main regulators of the physiological function of intestinal
epithelial cells and immune cells (50, 53). SCFAs, especially
butyrate and lactate, are also important bacterial metabolites
that exert antibacterial and anti-inflammatory activities (53–
55). The altered concentrations of the ileal SCFAs (total
SCFAs, acetate, lactate, and butyrate) induced by C. perfringens
infection were significantly reversed in the Lac16+Cp group, but

not significantly reversed in the BSC10+Cp group, indicating
that the improved intestinal morphology and mucosal barrier
function of C. perfringens-infected broilers in the L. plantarum-
treated group may be partly due to the increased intestinal
SCFAs levels.

The enteric pathogen infection-induced intestinal dysbiosis
could aggravate the gastrointestinal mucosal injury and then
compromise the intestinal health and growth performance (56).
Many studies reported that dysbiosis is allegedly correlated
with C. perfringens infection (14, 57, 58), but it remains
unclear about the causal relationship between the intestinal
dysbiosis and gastrointestinal infectious diseases (59). In this
study, L. plantarum supplementation significantly improved C.
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TABLE 4 | Topological properties of the co-occurrence network.

Community Bacteria KEGG

Nodes 1,368 265

Edges 2,204 4,027

Interactive edges 1,078

Average degree 3.22 30.39

sNodes 235 152

Keystones 3 14

perfringens infection-induced intestinal dysbiosis and bacterial
metabolic dysfunctions. PCoA results clearly indicated that
dietary L. plantarum significantly reversed C. perfringens
infection induced shifts of structures of microbial communities
(Figure 3B and Table 3) and bacterial metabolic functions
(Figure 6), which is consistent with previous studies (60, 61).
C. perfringens infection significantly induced a shift of broiler
intestinal microbiota structure (61), which could be reversed
by dietary Bacillus direct-fed microbial (DFM) in feed (60).
The structural shifts may be related with the changes of
microbial and microbial metabolic compositions. Dietary L.
plantarum improvedC. perfringens infection-induced anomalous
microbial composition as evidenced by enriched Firmicutes,
Ruminococcaceae, SCFAs-producing bacteria (Lachnospiraceae,
Ruminococcaceae, Oscillospira, Faecalibacterium, and Blautia)
(62–65), which may be partly related to the increase of bacterial
fatty acid biosynthesis and intestinal SCFAs levels observed in
this study. L. plantarum supplementation significantly reduced
Bacteroidetes, drug-resistant bacteria (Bacteroides, Alistipes) (66,
67), and enteric pathogens (Escherichia coli, Bacteroides fragilis)
(66), which may partly contribute to the inhibition of bacterial
LPS biosynthesis and antibiotic biosynthesis (streptomycin and
vancomycin). These findings indicated that L. plantarum-
mediated-ameliorated compromise of growth performance in C.
perfringens-infected broilers may be related to the restored gut
microbial communities and bacterial metabolic functions, which
should be further confirmed by whole shotgun metagenomic
sequencing because of the limited taxonomical and functional
attributes offered by 16S rRNA gene sequencing.

Strong correlations among the final body weight, ileal
SCFAs (including total SCFAs, acetate, lactate, and butyrate),
microbial communities, and microbial metabolic functions were
observed. Consistent with previous reports (68, 69), the final
body weight had a strong positive correlation with the ileal
SCFAs (including total SCFAs, acetate, lactate, and butyrate),
further indicating that the increased intestinal SCFAs levels
were beneficial for ameliorating C. perfringens infection-induced
compromise of broiler growth performance. Furthermore, the
final body weight and ileal SCFAs (including total SCFAs,
acetate, lactate, and butyrate) were positively correlated with
SCFAs-producing bacteria (Blautia, Oscillospira, Lactobacillus,
Lactobacillus salivarius, and Butyricicoccus pullicaecorum) and
bacterial fatty acid biosynthesis, whereas negatively correlated
with drug-resistant bacteria (Bacteroides and Citrobacter), which
was partly consistent with previous findings (70–72). These
results indicated that the body weight and intestinal SCFAs

might be principal factors affecting the bacterial communities
and microbial metabolic functions.

Co-occurrence patterns of gut microbiota were further
performed to investigate the treatment-sensitive species,
keystones, and the microbial interactions. The results found
that 235 bacteria and 150 microbial metabolic functions were
sensitive to the four treatments, and most of the tsNodes
significantly grouped in six distinct modules that reflected the
different treatments. The uninfected treatment-sensitive nodes
grouped in Modules 7 and 8; C. perfringens-infected-treatment-
sensitive nodes grouped in Modules 2 and 6; P. polymyxa
pretreatment-sensitive nodes grouped in Module 6; L. plantarum
pretreatment-sensitive nodes grouped in Modules 3 and 4,
indicating that dietary L. plantarum significantly modulated
the co-occurrence interactions of intestinal microbes. By
frequently interacting with many other microbes, keystone
species are thought to play crucial roles in modulating
microbial communities and functions (34, 73). The present
study found that three bacteria (Rikenellaceae, Bacteroides,
Bacteroides_unidentified) and 14 bacterial metabolic functions
(LPS biosynthesis, LPS biosynthesis proteins, streptomycin
biosynthesis etc.) were defined as keystones, in which dietary
L. plantarum significantly decreased C. perfringens infection
induced all the 17 keystones. Bacteroides species are multiple
drug-resistant and significant clinical anaerobic pathogenic
bacteria that can cause life-threatening infection with mortality
of more than 19% (66). As the major component of the outer
membrane of gram-negative microbes, LPS acts as a key
pathogenic stimulator for the dysfunctions and plays major role
in pathogens-mediated toxicity and pathogenicity (74). These
results indicate that the shifts of these keystones maybe the
driving factors involved in L. plantarum-mediated-ameliorated
growth performance and improved mucosal damage of the C.
perfringens-infected broilers.

CONCLUSION

The current results indicate that dietary L. plantarum-mediated
amelioration of growth performance and improvement of
intestinal mucosal damage of broilers under subclinical NE
condition are associated with the increased intestinal SCFAs
levels, enhanced intestinal epithelial barriers, and improved
intestinal dysbiosis. Dietary P. polymyxa-mediated amelioration
of broiler growth performance under subclinical NE condition
may partly be due to the improved mucosal structure and
intestinal epithelial barriers. These findings provide a potential
preventive approach against avian necrotic enteritis caused
by C. perfringens infection. However, the detailed preventive
mechanism of L. plantarum against subclinical necrotic enteritis
should be further investigated.
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Figure S1 | Probiotics exerts anti-C. perfringens activity. (A) Fermented

supernatant of P. polymyxa (BSC10) and L. plantarum (Lac16) significantly

inhibited the expression of virulence genes (α and β toxins) of C. perfringens.

Significant differences versus control group: ∗p < 0.05. (B) BSC10 and Lac16

cultures significantly inhibited C. perfringens growth. (C) Live Lac16 significantly

protect C. elegans against C. perfringens infection.

Figure S2 | Comparison of predicted pathway abundances between the groups

by statistical analysis of taxonomic and functional profiles (STAMP). (A) Control

versus Cp; (A) Cp versus BSC10+Cp; (B) Cp versus Lac16+Cp.

Figure S3 | Canonical correspondence analysis and variation partitioning analysis

of the phenotypic variables (including body weight, bursa of fabricius index and

spleen index) and ileal SCFAs for the bacterial community (A,C) and microbial

predicted pathway functions (B,D).

Figure S4 | Relative abundances of the keystone species. Significant differences

versus Control group: #p < 0.05; ##p < 0.01. Significant differences versus Cp

group: ∗p < 0.05; ∗∗p < 0.01. The prefixes “b_” and “k_” represent the bacteria

and KEGG. n = 5 samples.
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