
EDITED BY : Fengjiao Xin, Tingtao Chen, Xi Ma, Nuria Salazar and Xin Wang

PUBLISHED IN : Frontiers in Nutrition

IMPACT OF PROTEINS, PEPTIDES, 
AMINO ACIDS AND FOOD ADDITIVES 
ON GUT MICROBIOTA

https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/journals/nutrition


Frontiers in Nutrition 1 August 2022 | Impact of Proteins, Peptides, Amino Acids

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88976-927-8 

DOI 10.3389/978-2-88976-927-8

https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/journals/nutrition
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Nutrition 2 August 2022 | Impact of Proteins, Peptides, Amino Acids

IMPACT OF PROTEINS, PEPTIDES, 
AMINO ACIDS AND FOOD ADDITIVES 
ON GUT MICROBIOTA

Topic Editors: 
Fengjiao Xin, Chinese Academy of Agricultural Science, China
Tingtao Chen, Nanchang University, China
Xi Ma, China Agricultural University, China
Nuria Salazar, Spanish National Research Council (CSIC), Spain
Xin Wang, Zhejiang Academy of Agricultural Sciences, China

Citation: Xin, F., Chen, T., Ma, X., Salazar, N., Wang, X., eds. (2022). Impact of 
Proteins, Peptides, Amino Acids and Food Additives on Gut Microbiota. 
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-927-8

https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/journals/nutrition
http://doi.org/10.3389/978-2-88976-927-8


Frontiers in Nutrition 3 August 2022 | Impact of Proteins, Peptides, Amino Acids

05 Xylo-Oligosaccharides, Preparation and Application to Human and 
Animal Health: A Review

Yuxia Chen, Yining Xie, Kolapo M. Ajuwon, Ruqing Zhong, Tao Li, 
Liang Chen, Hongfu Zhang, Yves Beckers and Nadia Everaert

15 Effects of Different Methionine Levels in Low Protein Diets on Production 
Performance, Reproductive System, Metabolism, and Gut Microbiota in 
Laying Hens

Miaolin Ma, Shunju Geng, Meiling Liu, Lihong Zhao, Jianyun Zhang, 
Shimeng Huang and Qiugang Ma

28 Baicalin–Zinc Complex Alleviates Inflammatory Responses and Hormone 
Profiles by Microbiome in Deoxynivalenol Induced Piglets

Andong Zha, Ruiqi Tu, Zhijuan Cui, Ming Qi, Simeng Liao, Jing Wang, 
Bie Tan and Peng Liao

40 Role of the Aryl Hydrocarbon Receptor and Gut Microbiota-Derived 
Metabolites Indole-3-Acetic Acid in Sulforaphane Alleviates Hepatic 
Steatosis in Mice

Xiuxiu Xu, Siyuan Sun, Ling Liang, Chenxi Lou, Qijin He, Maojuan Ran, 
Lu Zhang, Jingyue Zhang, Chen Yan, Hengjie Yuan, Lu Zhou, Xin Chen, 
Xin Dai, Bangmao Wang, Jie Zhang and Jingwen Zhao

53 Surface-Displayed Amuc_1100 From Akkermansia muciniphila on 
Lactococcus lactis ZHY1 Improves Hepatic Steatosis and Intestinal Health 
in High-Fat-Fed Zebrafish

Feng-Li Zhang, Ya-Lin Yang, Zhen Zhang, Yuan-Yuan Yao, Rui Xia, 
Chen-Chen Gao, Dong-Dong Du, Juan Hu, Chao Ran, Zhen Liu and 
Zhi-Gang Zhou

66 Effects of Nisin, Cecropin, and Penthorum chinense Pursh on the 
Intestinal Microbiome of Common Carp (Cyprinus carpio)

Famin Ke, Peijuan Xie, Yanrong Yang, Liu Yan, Ailing Guo, Jian Yang, 
Jing Zhang, Li Liu, Qin Wang and Xiaowei Gao

81 The Association of Altered Gut Microbiota and Intestinal Mucosal Barrier 
Integrity in Mice With Heroin Dependence

Jiqing Yang, Pu Xiong, Ling Bai, Zunyue Zhang, Yong Zhou, Cheng Chen, 
Zhenrong Xie, Yu Xu, Minghui Chen, Huawei Wang, Mei Zhu, Juehua Yu and 
Kunhua Wang

95 Studies and Application of Sialylated Milk Components on Regulating 
Neonatal Gut Microbiota and Health

Yushuang Wang, Xiaolei Ze, Binqi Rui, Xinke Li, Nina Zeng, Jieli Yuan, 
Wenzhe Li, Jingyu Yan and Ming Li

113 Soy Protein Alleviates Malnutrition in Weaning Rats by Regulating Gut 
Microbiota Composition and Serum Metabolites

Zuchen Wei, Nong Zhou, Liang Zou, Zhenxing Shi, Baoqing Dun, 
Guixing Ren and Yang Yao

Table of Contents

https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/journals/nutrition


Frontiers in Nutrition 4 August 2022 | Impact of Proteins, Peptides, Amino Acids

129 The High Level of Xylooligosaccharides Improves Growth Performance in 
Weaned Piglets by Increasing Antioxidant Activity, Enhancing Immune 
Function, and Modulating Gut Microbiota

Jiaman Pang, Xingjian Zhou, Hao Ye, Yujun Wu, Zhenyu Wang, 
Dongdong Lu, Junjun Wang and Dandan Han

141 Effects of Dietary Protein Levels on Fecal Amino Acids Excretion and 
Apparent Digestibility, and Fecal and Ileal Microbial Amino Acids 
Composition in Weaned Piglets

Zhenguo Yang, Huan Deng, Tianle He, Zhihong Sun, Ziema Bumbie Gifty, 
Ping Hu, Zebing Rao and Zhiru Tang

151 Low Doses of Sucralose Alter Fecal Microbiota in High-Fat Diet-Induced 
Obese Rats

Minchun Zhang, Jie Chen, Minglan Yang, Cheng Qian, Yu Liu, Yicheng Qi, 
Rilu Feng, Mei Yang, Wei Liu and Jing Ma

159 Early-Life Nutrition Interventions Improved Growth Performance and 
Intestinal Health via the Gut Microbiota in Piglets

Chengzeng Luo, Bing Xia, Ruqing Zhong, Dan Shen, Jiaheng Li, Liang Chen 
and Hongfu Zhang

174 Intestinal Microbiota and Serum Metabolic Profile Responded to Two 
Nutritional Different Diets in Mice

Zhifeng Wu, Wei Cheng, Zhenyu Wang, Shuaifei Feng, Huicong Zou, 
Xiang Tan, Yapeng Yang, Yuqing Wang, Hang Zhang, Miaomiao Dong, 
Yingping Xiao, Shiyu Tao and Hong Wei

189 Hydroxytyrosol Benefits Boar Semen Quality via Improving Gut 
Microbiota and Blood Metabolome

Hui Han, Ruqing Zhong, Yexun Zhou, Bohui Xiong, Liang Chen, Yue Jiang, 
Lei Liu, Haiqing Sun, Jiajian Tan, Fuping Tao, Yong Zhao and Hongfu Zhang

200 Lentinan Supplementation Protects the Gut–Liver Axis and Prevents 
Steatohepatitis: The Role of Gut Microbiota Involved

Xiaoying Yang, Mingxuan Zheng, Menglu Zhou, Limian Zhou, Xing Ge, 
Ning Pang, Hongchun Li, Xiangyang Li, Mengdi Li, Jun Zhang, 
Xu-Feng Huang, Kuiyang Zheng and Yinghua Yu

217 Low Dose of Sucralose Alter Gut Microbiome in Mice

Zibin Zheng, Yingping Xiao, Lingyan Ma, Wentao Lyu, Hao Peng, 
Xiaorong Wang, Ying Ren and Jinjun Li

230 Nanoparticles Isolated From Porcine Bone Soup Ameliorated Dextran 
Sulfate Sodium-Induced Colitis and Regulated Gut Microbiota in Mice

Huiqin Wang, Jin Huang, Yanan Ding, Jianwu Zhou, Guanzhen Gao, 
Huan Han, Jingru Zhou, Lijing Ke, Pingfan Rao, Tianbao Chen and 
Longxin Zhang

https://www.frontiersin.org/research-topics/22016/impact-of-proteins-peptides-amino-acids-and-food-additives-on-gut-microbiota#articles
https://www.frontiersin.org/journals/nutrition


REVIEW
published: 08 September 2021
doi: 10.3389/fnut.2021.731930

Frontiers in Nutrition | www.frontiersin.org 1 September 2021 | Volume 8 | Article 731930

Edited by:

Tingtao Chen,

Nanchang University, China

Reviewed by:

Junjun Wang,

China Agricultural University, China

Tizhong Shan,

Zhejiang University, China

Xin Wu,

Chinese Academy of Sciences

(CAS), China

*Correspondence:

Liang Chen

chenliang01@caas.cn

Hongfu Zhang

zhanghongfu@caas.cn

Specialty section:

This article was submitted to

Nutrition and Microbes,

a section of the journal

Frontiers in Nutrition

Received: 28 June 2021

Accepted: 16 August 2021

Published: 08 September 2021

Citation:

Chen Y, Xie Y, Ajuwon KM, Zhong R,

Li T, Chen L, Zhang H, Beckers Y and

Everaert N (2021)

Xylo-Oligosaccharides, Preparation

and Application to Human and Animal

Health: A Review.

Front. Nutr. 8:731930.

doi: 10.3389/fnut.2021.731930

Xylo-Oligosaccharides, Preparation
and Application to Human and
Animal Health: A Review
Yuxia Chen 1,2, Yining Xie 3, Kolapo M. Ajuwon 4, Ruqing Zhong 1, Tao Li 5, Liang Chen 1*,

Hongfu Zhang 1*, Yves Beckers 2 and Nadia Everaert 2

1 State Key Laboratory of Animal Nutrition, Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing,

China, 2 Precision Livestock and Nutrition Unit, Gembloux Agro-Bio Tech, TERRA Teaching and Research Centre, Liège

University, Gembloux, Belgium, 3 School of Life Science and Engineering, Southwest University of Science and Technology,

Mianyang, China, 4Departments of Animal Sciences, Purdue University, West Lafayette, IN, United States, 5Hunan United

Bio-Technology Co., Changsha, China

Xylo-oligosaccharides (XOS) are considered as functional oligosaccharides and have

great prebiotic potential. XOS are the degraded products of xylan prepared via chemical,

physical or enzymatic degradation. They are mainly composed of xylose units linked

by β-1, 4 bonds. XOS not only exhibit some specific physicochemical properties such

as excellent water solubility and high temperature resistance, but also have a variety

of functional biological activities including anti-inflammation, antioxidative, antitumor,

antimicrobial properties and so on. Numerous studies have revealed in the recent

decades that XOS can be applied to many food and feed products and exert their

nutritional benefits. XOS have also been demonstrated to reduce the occurrence of

human health-related diseases, improve the growth and resistance to diseases of

animals. These effects open a new perspective on XOS potential applications for human

consumption and animal production. Herein, this review aims to provide a general

overview of preparation methods for XOS, and will also discuss the current application

of XOS to human and animal health field.

Keywords: xylo-oligosaccharides, preparation, application, human health, animal health

INTRODUCTION

During the few last decades, there is increasing interest in the use of nutraceuticals or functional
food additives for improving human health which has led to development of new food and
feed products during the last few decades (1). Many functional products, having prebiotic
characteristics, such as xylo-oligosaccharides (XOS), fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), chitooligosaccharides (COS), alginate-oligosaccharides (AOS) have been
extensively used as food and feed additives (2–6). Among these prebiotics, XOS are considered to
be very promising. XOS are the degraded products prepared by chemical, physical or enzymatic
degradation of xylan derived from biomass materials such as sugarcane residues, corn cobs, rice
straw, etc (7) (Figure 1). They are composed of xylose units linked by β-1, 4-xylosidic bonds, which
have a branched structure by the addition of different side groups (Moreira et al.). The degrees of
polymerization of XOS are usually 2–7 (Figure 2) and they are known as xylobiose, xylotriose, and
so on (8).
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FIGURE 1 | Schematic of XOS production from agricultural residues.

XOS have a high potential to be applied for human nutrition
due to its physicochemical properties such as low viscosity, high
water solubility, tolerance to high temperature and acidic pH
(9). Studies shown that XOS display a variety of pharmacological
activities, including anti-inflammation, antioxidative, antitumor,
antimicrobial properties. In addition, XOS have a potential
application in the animal husbandry (10, 11). This review aims
to summarize the methods of preparation of XOS and discuss the
application of XOS to human and animal health.

PREPARATION AND CHARACTERIZATION
OF XOS

The most widely used preparation methods of XOS are: (1)
chemical degradation methods (2) physical degradation methods
and (3) enzymatic degradation methods (Figure 3).

Chemical Process for the Production of
XOS
The chemical degradation process, especially the acid and the
alkaline hydrolysis methods, has been widely used for the mass
production of XOS in industry due to its advantages such as
simple operation and low production cost. Several studies have
been conducted on producing XOS with various inorganic acids
(12–16). Samanta et al. reported that the xylan from tobacco
stalks was hydrolysed by tartaric acid into XOS, mainly including
xylobiose and xylotriose, in addition to monomeric xylose (16).
XOS production can also be obtained from corn cob xylan
using weak sulphuric acid at 90◦C during 30min (12). The
production of XOS depends on both acid concentration and

hydrolysis time. A previous study showed that optimization of
XOS production from waste xylan optimized by an orthogonal
design of experiments, concluding a good extraction procedure
of 20min with 20% acetic acid at 140◦C. A maximum XOS
yield of more than 45.86% was obtained (14). Ying et al. studied
that the increment of sulfuric acid concentration promoted
the yield of xylooligosaccharides from hydrogen peroxide-acetic
acid-pretreated poplar from 0.69 to 20.45% (17). In addition,
Zhang et al. reported that acetic acid hydrolysis provided the
highest XOS yield, up to 45.91% compared to hydrochloric acid
and sulfuric acid pretreatment (15). It is widely known that the
alkali solution could degrade hemicelluloses. This destruction is
caused by the disruption of the hydrogen bonds with the alkaline
reagent (18). In order to enhance the xylan content recovery
from hemicellulose, use of appropriate alkaline concentration
and pretreatment parameters are the primary conditions (19).
For example, the use of higher concentration of alkali solution
(15%) for extracting pineapple peels led to maximum recovery
of hemicellulose. In the case of corn cobs, Samanta et al. also
documented that higher concentration of alkali produced greater
dissolution of hemicelluloses (12). However, these methods
caused corrosion of the equipment, thus limiting their use.

Physical Process for the Production of XOS
Production XOS products by physical degradation is relatively
simple and environmentally friendly compared to chemical
degradation. For example, XOS can be obtained from milled
aspen wood using a microwave oven, processing at 180◦C for
10min were and nextly subjected to fractionation to oligo-
and polysaccharides by size-exclusion chromatography. The
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FIGURE 2 | Chemical schematic structure of XOS with low degree of polymerization.

FIGURE 3 | Characterization of XOS preparation methods.

dispersion degree was smaller while the degradation effect was
better (20). The hydrothermal reactor can also be used to degrade
the xylan. Its fragments released from corn cob hemicellulose

are partially acetylated, which improves solubility of long xylo-
oligosaccharides by preventing molecular interactions between
the xylan and the main chains of the xylo-oligosaccharide
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TABLE 1 | Summary of XOS preparation and yields in the most recent studies.

Substrate Pretreatment Biocatalyst Yxylan/

biomass (%)

Yxos/

biomass (%)

Yxos/

xylan (%)

DP References

Corn cobs acetic acid pH 2.7, 150◦C, 30min 30.4% 13.97% 45.9% X2-X6 (14)

Dilute acid followed by 135◦C for

30min

Xylanase from Penicillium

corylophilum P-3-31

34.8% 23.6% 67.7% X2-X4 (26)

pH 6.5 and 60◦C Xylanase (PbXyn10A) 31.2% 23.4% 75% X2-X4 (27)

ultra-high pressure pretreatment Streptomyces

thermovulgaris TISTR1948

endoxylanase

33.4% 3.6% 10.7% X2-X4 (28)

190C, 13min GH10 xylanase 29.9% 14.8% 49.4% (21)

5% (w/v) KOH, 90◦C for 1 h 38.8% 11.5% 29.6% X2-X5 (29)

Sugarcane

Bagasse

Alkaline 10% (w/v) at room

temperature overnight

Endo-β-1,4-xylanase

rHlxyn11A

10.5% 6.0% 57.4% X2-X3 (30)

15% (w/v) aqueous ammonia β-xylosidase 28.40% 19.3% 68.0% X2-X4 (31)

0.24M dilute H2SO4 90C 31min 33.5% 9.7% 29% X2-X6 (13)

5% gluconic acid hydrolysis (w/v)

60min at 150◦C

Cellulase 26.5% 14.1% 53.2% X2-X6 (32)

10% acetic acid at 150◦C for 45min G. oxydans ATCC 621H 27.9% 10.9% 39.1% X2-X6 (33)

Wheat straw 2% NaOH at 80◦C for 90min The endoxylanase-variant

K80R

8.4% 3.3% 39.8% X2-X3 (34)

Hydrolysis at 50◦C and pH 5 for 5 h β-1,4-endoxylanase 44% X2-X3 (35)

180◦C 40min Endo-β-1-4-xylanase 73% 23% 31.5% X2-X3 (36)

Rice straw 2% w/w sulfuric acid, 100◦C, 0.5 h 65.3% 18.2% 27.8% (37)

Rice husk 12% w/v NaOH, 110–120◦C for

30min

β-1,4-xylanase 54.5% 9.5% 17.4% X2-X5 (38)

Pineapple peel 15% (w/v) alkali solution for 16 h at

45◦C, 50◦C, pH 5.0 and 15U enzyme

dose

Endo- 1, 4–Xylanase M1 23.5% 25.7% X2-X3 (39)

Finger millet seed

coat

Sodium acetate Xylanase of Thermomyces

lanuginosus

4.8% 3.4% 71.8% X2-X3 (40)

Tobacco stalk 8% KOH or NaOH 90◦C, 1M tartaric

acid

17.0% 6.1% 35.7% X1-X3 (16)

and also by preventing the binding of xylan to cellulose
(21). The purity of XOS products is relatively high from

physical degradation. However, there is limitation on the use

of this method for large-scale production of XOS due to

low yield.

Enzymatic Process for the Production of
XOS
The industrial process of XOS production from natural xylan-
rich agricultural residues involve enzymatic hydrolysis. As
compared to the acid and alkaline hydrolysis method, production
by the enzymatic degradation is relatively more economical,
quick, and eco-friendly. Furthermore, enzymatic hydrolysis
neither requires any special equipment nor produces undesirable
byproducts. Thus, the production of XOS by enzymatic means
was done from plant sources rich in xylan including corn
cobs, sugarcane bagasse, wheat bran, birch wood, oat spelt,
beech wood, natural grass, oil palm frond etc. These major
enzymes used include β-xylosidase, glycosynthases and endo-
xylanases, the latter being the key enzyme to produce XOS
from xylan. They are able to reduce monomeric xylose release

from the non-reducing ends of xylooligomers and xylobiose.
The endo-xylanases from families GH10, GH11, and GH30 act
specifically on the substituted and unsubstituted regions of xylan
chain (22). Other studies focused on the use of β-xylosidases
and glycosynthases for XOS production. β-xylosidases catalyze
subtrate hydrolysis by inversion or retaining mechanism and
are classified into six GH families: GH3, 30, 39, 43, 52, and
54. The β-xylosidases have been reported to produce longer β-
XOS from β-1, 4 linkages or synthesize novel XOS (23, 24). Kim
et al. documented that a glycosynthase derived from a retaining
xylanase could synthesize a great variety of XOS (25). Many
factors affect the yield of XOS from xylan such as the enzyme
activity, the raw material, and incubation conditions including
incubation pH, reaction time and temperature (19).

Table 1 summarizes the preparation process and the yields
of XOS produced from xylan and xylan biomass by different
approaches, often leading to high yields for several sources of
substrates. Importantly, the prebiotic action of XOS requires a
low degree of polymerization (DP) (9, 18). Hence, there are still
some parameters in the preparation process of XOS that need
to be optimized, including the production of a low DP (DP of
2–7) and the achievement of a high purity. Therefore, research
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FIGURE 4 | Potential health benefits of prebiotics [quoted from (41)].

focuses on the combination and integration of the processes,
testing different raw materials, extraction methods and enzymes
to achieve an economically viable and health promoting product
with an optimal production efficiency.

XOS APPLICATION TO HUMAN HEALTH

XOS were demonstrated to have various activities in human
health such as inducing immune modulation, anti-tumor,
antioxidant and anti-microbial effects (Figure 4).

Immune Modulation Effects of XOS
It is essential for protecting the host from diseases or repairing
tissue injury to release inflammatory mediators (42, 43), and XOS
is thus suggested to be an immunomodulator to prevent adverse
immune-related conditions. Indeed, XOS was shown to have
immunomodulatory effects by regulating expression of several
proinflammatory mediators in vitro. XOS not only suppressed
TNF-α, IL-1β, IL-6 and NO expression, but also triggered IL-10
production in lipopolysaccharide (LPS)-stimulated RAW264.7
cells (44). XOS feeding significantly decreased expression of
IL-1β and IFN-γ and attenuated systemic inflammation (45).

Moreover, the O-acetylated XOS derived from almond shells and
their deacetylated derivatives exhibited immunomodulatory
potential, based on a mitogenic rat thymocyte test
(46). Finally, XOS combined with inulin attenuated the
expression of IL-1β in the blood of healthy subjects fed a
high-fat diet (47). Schematic presentation of XOS health benefits
and their role in immune modulation are depicted in Figure 4.

Anti-tumor Effects of XOS
The main causes of cancer are the uncontrolled proliferation
of abnormal cells which may stay at the point of mutation or
metastasize into other locations. It has been shown that XOS
exposure showed effect in preventing cancer (48–50). Indeed,
β-1,3-Xylooligosaccharides with an average DP of 5 extracted
from green alga Caulerpa lentillifera inhibited the number of
viable human breast cancer MCF-7 cells in a dose-dependent
manner, and induced apoptosis (50). Thus, this XOS could be
a promising agent for prevention of breast cancer. Moreover,
XOS supplementation reduced the level of lipid peroxidation and
increased the activities of glutathione-S-transferase and catalase
in colonic mucosa and liver, which may have contributed to the
inhibition of colon carcinogenesis (51). In vitro approaches will
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be useful for future mechanistic characterization of the antitumor
properties of XOS. However, no systematic attempts have been
carried out to study the upstream signals of caspase activation
and the specific effects in vivo. Further research is necessary to
investigate the overall anti-tumor effect of XOS.

Antioxidant Effects of XOS
During both acute and chronic diseases in humans, the
abundance of free radicals usually increases. Several notable
studies demonstrated that XOS had exhibited strong antioxidant
and free radical scavenging activity, thus suggesting a potential
use in biomedical applications (52, 53). The scavenging ability of
XOS was shown to be dose-dependent (54), and this potential
is likely attributable to efficient release of phenolic compounds
and transfer of hydrogen atoms from the phenolic compounds
to free radicals (55). Jagtap et al. revealed that the percent of
antioxidant activity gradually increased reaching the maximum,
74% at a concentration of 6 mg/ml XOS using 1,1-diphenyl-
2-picryl-hydrazyl (DPPH) assay, after which it did not show
any further increase (56). Bouiche et al. studied that the
antioxidant activity of glucuronoxylooligosaccharides (UXOS)
and arabinoxylooligosaccharides (AXOS) was tested with the
2, 2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
method (57). The results showed that the antioxidant activity
of UXOS was significantly higher than the antioxidant activity
of AXOS. Although both have neutral molecules, UXOS also
has methylglucuronic acid (MeGlcA) decorations that confer a
negative charge to the XOS. It was assumed that the MeGlcA
decorations of the XOS were key elements influencing their
antioxidant and radical scavenging activity of XOS (58).

Anti-microbial Effects of XOS
It has been reported that XOS have significant antimicrobial
effects against several pathogenic bacterial. A host of clinically
important both Gram-negative and Gram-positive bacteria have
been documented to be sensitive to XOS exposure. Indeed, XOS
and FOS supplementations markedly reduced the cecal pH level
and increased the population of bifidobacterial compared with
the control and DMH (1,2-dimethylhydrazine) treatments and
the XOS treatment group had a lower abundance of E. coli than
the DMH group. These results indicated that XOS and FOS non-
digestible carbohydrates may promote the health of intestinal
tract (59). In addition, some in vitro studies have documented
that XOS supplementation produced lactic acid and acetic acid,
which contributed to growth of bifidobacteria and lactobacilli
strains and inhibited the growth of pathogenic strains (60–63).

XOS APPLICATION TO ANIMAL HEALTH

In this section, the recent studies on the application of
XOS in animal husbandry health are provided. We have
noted that most of the studies were focusing on XOS
modulation of growth performance, nutrient digestibility and
intestinal morphology, immune and anti-oxidant activity and gut
microbiome (Figure 5).

Effects of XOS on Growth Performance of
Animals
XOS have been used for animal nutrition and health
improvement due to their potential biological functions,
such as antioxidant, anti-inflammatory and antimicrobial effects.
Previous studies have demonstrated the benefits of XOS on the
growth performance of animals. Liu et al. reported that XOS
treatment at a dose of 200 mg/kg increased average daily gain
(ADG) by 17% and gain to feed (G/F) by 14% in the whole
experiment, improved the apparent total tract digestibility
(ATTD) of dry matter (DM), N and gross energy (GE) during
0 to 14 d in the piglets (27). Our study found that the effects
of 500 mg/kg XOS (XOS500) on the growth performance
during 1–28 days were very similar with that of the antibiotic
chlortetracycline in the piglets. The results showed that XOS500
(500 mg/kg XOS) supplementation could significantly increase
body weight (BW), ADG, average daily feed intake (ADFI) and
feed to gain (F: G) of piglets (64). However, another study failed
to notice significant improvement on growth performance after
0.01% XOS treatment in pigs (65). The discrepancy might be
caused by the different levels of XOS used in these studies. Thus,
further studies are needed to confirm the optimal dose of XOS
in pigs. In addition, Yuan et.al evaluated the effects of XOS on
growth performance and immune function of broiler chickens.
They reported that XOS supplementation in the diet of broiler
chickens significantly improved ADFI and ADG at 1–42 days
when compared to the control group (66). The results of a study
by Pourabedin et al. demonstrated that the feed conversion ratio
(FCR) in broilers fed 2 g XOS/kg diet was lower than those fed
1 g XOS/kg diet between days 7 and 21, which is in line with
other studies (67, 68). Some other researchers found that the
FCR in the control group was also significantly lower for the
group receiving the XOS-supplemented diet in broiler chickens
for the whole trial period (67, 68). These results showed that
XOS may dose-dependently improve the growth performance of
animals and have potential as novel alternatives to antibiotics as
growth promoters.

Effects of XOS on Nutrient Digestibility and
Intestinal Morphology of Animals
The growth promoting effect of XOS has been shown to be
related to improvement in nutrient digestibility. The addition of
200 mg/kg XOS with a purity of 50% supplementation has been
demonstrated to improve the apparent total tract digestibility
(ATTD) of dry matter (DM), nitrogen (N), and gross energy (GE)
in weaning pigs on d14 (11). Similarly, the XOS supplementation
significantly increased the apparent digestibility of the calcium
with the increasing concentration of dietary XOS (0.1, 0.2,
0.3, 0.4 or 0.5 g/kg) in laying hens (69). The improvement of
nutrient digestibility may be the result from XOS supporting
normal intestinal morphology. Intestine morphology indices are
often as a useful criterion to estimate the nutrient digestion
and absorption capacity of the intestine. It is generally believed
that the jejunum is the main segment involved in absorption of
nutrients andminerals (70). Our study indicated that the XOS500
supplementation increased the villus height and villus height
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FIGURE 5 | Health beneficial effects of XOS.

to crypt depth ratio in the jejunum and ileum in comparison
with the CON and XOS1000 group in the piglets, possibly
improving nutrient absorption (71). Liu et al. confirmed that
the XOS increased villus height to crypt depth ratio in jejunum,
but did not influence villus height, crypt depth in the piglets
(27). Similarly, Ding et al. reported that there was a linear
improvement in villus height and villus height to crypt depth
ratio of the jejunum as dietary XOS concentration increased
in the laying hens (10). This is in agreement with the study
of Maesschalck et al. showing that supplementation of 0.5%
XOS with a purity of 35% to broiler chicken feed significantly
increased the villus height in the ileum, suggesting an increase
in gut health and improved nutrient absorption (68). However,
0.01% XOS with a purity of 40% in the diet of weaned piglets had
little effects on the intestinal structure and villus surface area (65).
In addition, the addition of 75mg/kg XOS with a purity of 35% in
the diet decreased the crypt depth of the duodenum (67). These
results indicated that the use of an appropriate level of XOS may
be important for increasing intestinal health and function.

Effects of XOS on Immune Modulation and
Anti-oxidant Activity of Animals
XOS have been reported to display significant anti-inflammatory
and anti-oxidant activities in animals in previous studies. In
pigs, Yin et al. reported that dietary XOS markedly reduced
serum IFN-γ concentration, indicating an anti-inflammatory
effect of XOS (65), which is in line with a study in broilers
showing a downregulation of the IFN-γ gene mRNA expression
of jejunal mucosa. In addition, an increase in plasma IgG
concentration was observed in XOS-fed 21-day-old broilers
(66). Furthermore, XOS increased plasma IgA, IL-2, and
TNF-α concentration compared with the control diet, and

linearly improved the IgA and TNF-α concentration in plasma
increasing the dietary XOS concentration in the laying hens
(10). These results indicated that dietary XOS may improve
cell-mediated immune response in early weaned piglets by
regulating the production of cytokines and antibodies. In
addition, antioxidant defense systems are regarded as important
serum indices for assessing animal health. The changes in the
antioxidant defense systems mainly including total antioxidant
capacity (T-AOC), total superoxide dismutase (T-SOD), catalase
(CAT) and glutathione peroxidase (GSH-Px) may indicate
oxidative stress (72). Several studies revealed that XOS had
exhibited antioxidant and radical scavenging competency (73).
However, the research of Guerreiro revealed that the XOS
supplementation reduced antioxidant enzyme activities in
European sea bass (74).

Effects of XOS on the Modulation of Gut
Microbiome of Animals
Our recent study showed that XOS500 supplementation
could significantly increase the relative abundance of
Lactobacillus genus and reduce the relative abundance
of Clostridium_sensu_stricto_1, Escherichia-Shigella, and
Terrisporobacter genus in the ileum and cecum in piglets
(64). Moreover, 200 mg/kg XOS administration decreased
fecal Escherichia coli and increased Lactobacilli in piglets
(11). However, dietary XOS reduced the relative abundance
of the Lactobacillus and increased the relative abundances
of Streptococcus and Turicibacter (65). Furthermore, XOS
and GOS both markedly decreased the numbers of intestinal
Listeria monocytogenes in ileal samples from guinea pigs, and
selectively stimulated bifidobacteria and lactobacilli, which
are believed to have inhibitory effects against pathogens (75).
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Similar beneficial effects of XOS have been observed in broilers.
Indeed, 2 g XOS/kg diet increased the relative abundance of
the Lactobacillus genus in the cecal microbiota of broilers (76),
that can adhere to the mucosa and epithelium, promoting
colonization, immunomodulation and protecting the intestinal
barrier against pathogens (77). Furthermore, by the production
of lactate, the lower the intestinal pH, inhibiting the growth of
acid-sensitive pathogenic bacteria (78). However, the specific
effect mechanism of XOS on the gut microbiome remains
unclear as several studies were only done (18–20) or by microbial
culture methods (21) that fail to provide accurate taxonomic
composition and community structure. Thus, extensive research
will be required to determine effects of XOS on the microbiome
in animals.

CONCLUSION

In this review paper, we have summarized the preparation
methods for XOS and its potential use as a functional
food or feed additive for human and animal health. XOS
seem to beneficially promoting intestinal health by selective
stimulation of growth of bifidobacteria and lactobacilli. XOS
also reduce the abundance of potentially pathogenic organisms.
In addition, XOS exhibit a variety of biological activities
including effects in suppressing inflammation, antioxidative,
antitumor and antimicrobial properties. However, there are
still several bottlenecks in the preparation and application
of XOS. It is still difficult to obtain XOS products in large

scale with high purity, and lack of consistency in quality
of different batches of XOS from different polymerization
degrees due to a lack of standardized preparation methods.
The XOS products in the market are mainly mixtures not
monomers. Technologies should be developed for producing
XOS monomers with high purity at low cost. In addition,
new investigations are required to further elucidate the specific
molecular mechanisms of XOS. Additional information is
needed on the mode of absorption of XOS in the host after
oral ingestion, and the identification of related receptors or
responsible for the transportation of XOS into target cells.
Progress in these areas may enhance the value of XOS for
applications in the prevention and treatment of human diseases
and animal production.
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This study investigated the effects of different levels of methionine (Met) in a low protein

diet on the production performance, reproductive system, metabolism, and gut microbial

composition of laying hens to reveal the underlying molecular mechanism of Met in a low

protein diet on the host metabolism and gut microbial composition and function of hens.

A total of 360 healthy 38-week-old Peking Pink laying hens with similar body conditions

and egg production (EP) were randomly divided into four groups with nine replicates per

treatment and 10 hens per replicate. The hens in each treatment group were fed low

protein diets containing different levels of Met (0.25, 0.31, 0.38, and 0.47%, respectively)

for 12 weeks. Feed and water were provided ad libitum throughout the trial period. The

results showed that, compared with the 0.25% Met group, the final body weight (FBW),

average daily gain (ADG), EP, egg weight (EW), and average daily feed intake (ADFI) in

the other groups were significantly increased and feed egg ratio (FER) was decreased.

Meanwhile, the EW and yield of abdominal fat (AFY) in the 0.47% Met group were higher

than those in other groups. The triglyceride (TG), estradiol (E2), total protein (TP), albumin

(ALB), and immunoglobulin A (IgA) in the 0.38 and 0.47% Met groups were higher than

those in other groups. In addition, 16S rRNA gene sequencing revealed that there was no

difference in the Sobs index, ACE index, and Shannon index among all groups. However,

it is worth noting that feeding low protein diets with Met changed the gut microbial

composition (e.g., the supplementation of Met increased the level of Lactobacillus and

decreased the proportion of Faecalibacterium). Also, our results showed that the changes

in gut microbial composition induced by the diets with different levels of Met were closely

related to the changes of key parameters: ADFI, EW, FBW, TG, EM, EP, ADG, FER, and

uric acid (UA). Our results highlight the role of adding an appropriate amount of Met to

the low protein diet in laying hens, which could improve the gut microbial composition,

production performance, reproductive system, and nutrient metabolism of laying hens.

In conclusion, this study suggested that when the Met level was 0.38%, the production

performance of the laying hens was pretty good.

Keywords: laying hens, methionine deficiency, low protein diets, gut microbiota, production performance, nutrient

metabolism
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INTRODUCTION

The poultry industry shows a trend of large-scale, intelligent,
and standardized development, and the demand for protein
feed resources continues to increase (1, 2). However, there
are problems, such as limited protein resources, low nutrient
utilization rates, and environmental pollution, caused by fecal
nitrogen emission, thereby making the research on the low
protein diet is becoming more and more important. In order to
ensure the performance of animals, a large amount of protein
is added to the diet of laying hens. However, excessive protein
in the diet, which will increase the content of nitrogen and
phosphorus in feces and urine, is often not put to good use (3, 4).
Excessive ammonia nitrogen emission in feces will not only cause
environmental pollution, but also harm the health of laying hens
(5–8). Some studies have shown that reducing protein levels in
the diet can effectively reduce nitrogen emissions from the feces
and urine of livestock and poultry (9–11).

That refers to the low protein diet that containing less
crude protein than the nutrient requirements of poultry (NRC)
recommends for feeding in the diet. Following the ideal amino
acid pattern is the key to feed formulation design. In essence, the
need for protein in the diet is the need for amino acids, which are
essential nutrients for animal growth and development that are
involved in important biochemical reactions in animals (12, 13).
There have also been studies on livestock and poultry that have
shown that adding certain synthetic amino acids to a low protein
diet can improve protein digestibility, effectively reduce nitrogen
emissions (11, 14), and save feed costs (15, 16). Many studies
have shown that adding a certain amount of glycine, valine,
isoleucine, and methionine (Met) to a low protein diet has no
negative effect on livestock and poultry and can even improve
their performance in some way (17–19). In addition, it can also
improve the structure and composition of the gut microbiota
of livestock and poultry, increase the abundance of beneficial
microbes such as Bifidobacterium and Lactobacillus, maintain
the integrity of the intestinal epithelial barrier function, improve
the normal functions of the intestinal epithelium, and enhance
intestinal mucosal immunity in animals (20–23).

In order to avoid the negative effects of a low protein diet on
livestock and poultry, we can consider adding essential amino
acids to their diet to reduce harmful effects (24). Methionine,
as the main limiting amino acid in the corn-soybean meal diet
of laying hens, not only participates in protein synthesis, but
also plays an irreplaceable role in some molecular precursors
and intermediates to control oxidative stress in the body and
affect cell metabolism and function (25). It was also found that
dietary Met can enhance the immune response levels of poultry
(26, 27). Furthermore, Met can be added into the low protein diet
of broilers to meet the requirements of total sulfur-containing
amino acids, but it should be added appropriately, otherwise, it

Abbreviations: ADG, average daily gain; ADFI, average daily feed intake; AFY,

yield of abdominal fat; ALB, albumin; BW, body weight; EP, egg production; EW,

egg weight; EM, average daily egg mass; FBW, final body weight; FER, feed egg

ratio; GSH, glutathione; IBW, initial body weight; IgM, immune globulin M; Met,

methionine; SOD, superoxide dismutase; TG, triglyceride; TP, total protein; UA,

uric acid.

will affect the growth performance of poultry (28). Zhang found
that supplemented Met in the diet could change the intestinal
tissue morphology and increase the body weight of Peking ducks
(29). In addition, Met can provide methyl (30, 31), and use it
for the methylation of toxic substances to detoxify. It can also
combine with mycotoxin to weaken its toxicity. But there is
still a lack of research on the effect of Met supplementation
in low protein diets on laying hens, especially on the effect of
gut microbiota.

Due to the current situation, low protein diets will be a trend
in the future. However, the application of a low crude protein diet
in laying hens is relatively rare at present, and the study on its
functional effect on laying hens can better prepare balanced low
protein diets, which is conducive to exerting the genetic potential
of laying hens. To develop a practical understanding of Met use
in low crude protein diets, a study was conducted to evaluate
production performance, egg quality, reproductive system, host
metabolism, and the gut microbial composition responses to
different levels of Met in laying hens fed low protein diets.

MATERIALS AND METHODS

Animal Experimental Ethics
All experiments were approved by the China Agricultural
University Animal Care and Use Committee (AW32301202-2-1,
Beijing, China).

Animals and Experimental Design
A total of 360 commercial hens of the Peking Pink strain
(Yukou Poultry Co., Ltd., Beijing, China) at the age of 38 weeks
with similar egg production and healthy bodies were randomly
divided into four treatment groups with nine replicates per group
and 10 birds per replicate. The hens were placed in five cages
(two birds in each cage) and each cage (H45 cm × W45 cm ×

D45 cm) was equipped with a nipple drinker and an exterior
feed through to ensure feed and water were provided ad libitum
during the entire experimental period. At the same time, to
ensure that the chicken coop is closed and ventilated, the average
relative humidity was routinely maintained at ∼55%, and it was
ensured that the hens get 16 h of light every day. In order to
meet the nutritional requirements of the laying hens (NYT33-
2004), a basal corn-soybean meal diet was formulated. A pre-
experiment was conducted for one week before the start of the
formal experiment to ensure that the animals were acclimated
to the new experimental environment and diet, meanwhile, it
could empty the original intestinal contents, and estimate the
approximate feed intake of the experimental animals. The four
experimental groups were fed with low protein diets containing
0.25, 0.31, 0.38, and 0.47% Met (0.25% Met group, 0.31% Met
group, 0.38%Met group, and 0.47%Met group), respectively. The
ingredients and nutrient composition of the diets are shown in
Supplementary Table 1.

Laying Performance and Egg Quality
The difference between the full bucket weights and the remaining
feed was calculated as the weekly feed intake, and the body
weights of the laying hens were recorded every week at the
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same time to calculate the average daily feed intake (ADFI) and
feed egg ratio (FER). The number of eggs and egg weight were
accurately recorded every day to calculate the average daily egg
mass (EM), egg weight (EW), and egg production (EP) rate. The
hens were weighed in replicates at the beginning and end of
the experiment to calculate average daily gain (ADG). After the
beginning of the experiment, 30 eggs were randomly selected
from each treatment group every 4 weeks to measure egg quality
parameters as shown in Table 2.

The eggshell strength was measured by the egg force reader
(ESTG-01ĄCOrka Teachnology Ltd); The eggshell thickness was
measured using the eggshell thickness tester (ESTG-01, Orka
Teachnology Ltd); Haugh unit, yolks color, and egg weight were
measured by multifunctional egg quality tester (EA-01, Orka
Technology Ltd). The eggshell color was measured by QCR color
reflectometer (QCR SPA, TSS England). Weigh the eggshell, then
separate the yolk with a separator, and then weigh the ratio of
yolk and the ratio of albumen.

Blood Sampling and Biochemical Analysis
At the end of the experiment, blood samples were collected
from the wing veins of the laying hens on the same day of
sampling and centrifuged at 3,000 rpm for 15min at room
temperature to separate the serum. After that, the serum samples
were collected by a pipette into 1.5-ml tubes and stored at
−20◦C. Triglyceride (TG), uric acid (UA), urea, total protein
(TP), albumin (ALB), and immunoglobulin M (IgM) in serum
were determined using an automatic biochemical analyzer (7600,
Hitachi, Japan) according to the manufacturer’s instructions.
Superoxide dismutase (SOD) and glutathione (GSH) in the
serum were determined using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to
the kit instructions.

Collecting Samples
Seventy hens were euthanized and weighed by a sodium
pentobarbital injection (0.4 ml/kg·BW; Sile Biological
Technology Co., Ltd., Guangzhou, China). Abdominal adipose
tissue was weighed to calculate the yield of abdominal fat (AFY).
The liver, kidneys, fallopian tubes, and ovaries were removed,
weighed, and the number of follicles was recorded to calculate
the liver index, fallopian tube index, and ovary index.

DNA Extraction, Amplification, and
Sequencing
The cecal contents of laying hens were collected, immediately
frozen in liquid nitrogen, and stored at −80◦C. Cecal
microbial DNA was isolated with an Omega Bio-tek stool
DNA kit (Omega, Norcross, GA, USA) and quantified by
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Then, the V3–V4 region of the 16S
rRNA gene was amplified with 338F and 806R primers with
the sequence of 5′-ACTCCTACGGGAGCAGCA-3′ and 5′-
GGACTACHVGGGTWTCTAAT-3′. Afterward, DNA samples
were quantified, followed by the amplification of V3V4
hypervariable region of the 16S rDNA. Final amplicon pool
was evaluated by the AxyPrep DNA gel extraction kit (Axygen

Biosciences, Union City, CA, USA). Paired-end reads were
generated with an Illumina MiSeq PE250 (Shanghai MajorBio
Biopharma Technology Co., Ltd., Shanghai, China), and the
reads were filtered out with default parameters.

Statistical Analysis
All results were subjected to a one-way ANOVA procedure and
differences were examined using Duncan’s multiple range test
to evaluate the differences within treatments using SPSS version
18.0 (SPSS Institute Inc., Chicago, USA). The trends of the
linear and quadratic analyses were conducted using SAS software
version 8.0 (version 9.2, SAS Institute Inc., Cary, NC, USA).
Differences were considered significant at p < 0.05. Data were
expressed as the mean± SE.

The raw paired-end reads were assembled into longer
sequences, and quality was filtered by PANDAseq (version 2.9)
to remove the low-quality reads. The high-quality sequences
were clustered into operational taxonomic units (OTUs) with a
97% similarity using UPARSE (version 7.0) in QIIME (version
1.17) (32, 33), and the chimeric sequences were removed using
UCHIME (34). Taxonomy was assigned to OTUs using the
RDP classifier. The subsequent clean reads were clustered as
OTUs using UPARSE (version 7.0) and annotated with the
SILVA 16S rRNA gene database using the MOTHUR program
(version v.1.30.1) (35). Alpha-diversity (the Chao index, Ace
index, and Sob index) was calculated based on the profiles of
OTU by the MOTHUR program (36). Bar plots and heat maps
were generated with the “vegan” package in R (version 3.3.1).
A principal coordinate analysis (PCoA) was performed based
on the Bray–Curtis distance using QIIME (version 1.17). An
analysis of similarities (ANOSIM) was performed to compare
the similarity of bacterial communities among groups using
the “vegan” package of R (version 3.3.1). A linear discriminant
analysis (LDA) effect size (LEfSe) was performed to identify the
bacterial taxa that are differentially enriched in different bacterial
communities. In a redundancy analysis (RDA), the variance
between the samples (genus-level relative bacterial abundance)
is explained by the phenotype of laying hens, which were fitted
to corresponding matrices in the resulting illustration (37–39).
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) was also used to obtain a deeper
insight into different pathways based on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) orthology between the four
groups (40). Finally, the correlations between key parameters and
bacterial communities were assessed by Spearman’s correlation
analysis using the “pheatmap” package in R (version 3.3.1). Data
were expressed as mean values.

RESULTS

Effects of Different Levels of Met
Supplementation on the Laying
Performance of Laying Hens With Low
Protein Diets
During the experiment period (Table 1), dietary Met levels had
significant positive effects on the performance of laying hens.
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TABLE 1 | Effects of different dietary Met supplementation in low protein diets on the growth and laying performance of laying hens that are 38–50 weeks.

Indexes 0.25% 0.31% 0.38% 0.47% SEd P-value Linear P-value Quadratic P-value

Met group Met group Met group Met group

IBW (g) 1,507.3 1,507.6 1,502.9 1,512 15.77 0.982 0.896 0.78

FBW (g) 1,509.9b 1,647.2a 1,629.2a 1,652.9a 17.94 <0.001 <0.001 0.003

ADG (g/d) 0.03b 1.70a 1.54a 1.72a 0.19 <0.001 <0.001 <0.001

EP (%) 68.1b 83.9a 87.4a 86.9a 1.47 <0.001 <0.001 <0.001

EW (g) 56.4c 60.6a,b 60.1b 61.7a 0.39 <0.001 <0.001 0.002

EM (g/d) 38.4b 50.8a 52.5a 53.5a 0.87 <0.001 <0.001 <0.001

ADFI (g/d) 97.4b 110.2a 109.6a 110.7a 1.3 <0.001 <0.001 <0.001

FER 2.54a 2.17b 2.09b 2.07b 0.03 <0.001 <0.001 <0.001

AFY (%) 1.32b 2.52a,b 3.29a 3.08a 0.36 0.002 0.001 0.055

Liver index (%) 2.64a 2.35a,b 2.23b 2.29a,b 0.1 0.037 0.014 0.104

a,b,cMeans within a column with no common superscripts differ (p < 0.05).
dPooled SEM.

TABLE 2 | The effects of different dietary met supplementation in low protein diets on the egg quality of 42-, 46-, and 50-week-old laying hens.

Indexes Age 0.25% 0.31% 0.38% 0.47% SEc P-value

Met group Met group Met group Met group Total Linear Quadratic

Egg weight (g) 42 55.90b 59.94a 60.24a 61.90a 0.73 <0.001 <0.001 0.102

46 58.47b 61.67a 61.20a,b 61.70a 0.84 0.019 0.014 0.107

50 56.48b 60.23a 60.60a 61.61a 0.76 <0.001 <0.001 0.073

Shell (%) 42 10.94 10.81 10.8 10.63 0.15 0.523 0.154 0.922

46 10.95a 10.10b 10.93a,b 10.70a,b 0.23 0.033 0.930 0.177

50 10.8 10.8 10.72 10.37 0.19 0.345 0.118 0.366

Albumen (%) 42 62.36b 63.68a 63.53a,b 63.36a,b 0.32 0.025 0.056 0.026

46 63.56 65.55 63.17 62.83 1.06 0.270 0.340 0.280

50 61.37b 62.95a,b 62.32a,b 63.62a 0.54 0.026 0.012 0.79

Yolk (%) 42 26.69a 25.50b 25.68a,b 26.01a,b 0.28 0.018 0.138 0.008

46 25.53 24.20 25.82 26.47 1 0.417 0.315 0.323

50 27.82 26.27 26.96 26.01 0.52 0.071 0.045 0.560

Shell color 42 0.58 0.57 0.56 0.55 0.01 0.337 0.070 0.913

46 55.89 56.53 54.82 56.98 0.95 0.417 0.711 0.424

50 0.46 0.46 0.46 0.44 0.01 0.101 0.135 0.045

Shell thickness (mm) 42 0.58 0.57 0.56 0.55 0.01 0.337 0.070 0.913

46 0.46b 0.46b 0.48a 0.46b 0.01 0.001 0.189 0.229

50 0.46 0.46 0.46 0.44 0.01 0.101 0.135 0.045

Shell strength (N) 42 41.02 42.72 40.49 39.75 1.27 0.384 0.286 0.332

46 40.98 40.9 41.25 40.61 1.32 0.989 0.896 0.835

50 38.25 40.5 38.13 36.57 1.48 0.326 0.267 0.204

Haugh unit 42 84.49 83.23 82.96 83.47 1.03 0.740 0.471 0.388

46 85.85 84.00 80.41 83.38 1.80 0.216 0.168 0.182

50 82.23 85.58 81.61 82.53 1.89 0.466 0.717 0.523

Yolk color 42 4.86 4.77 4.83 4.60 0.10 0.240 0.100 0.500

46 4.78 4.71 4.80 4.83 0.11 0.897 0.630 0.680

50 4.73a 4.27b 4.43a,b 4.70a,b 0.13 0.029 0.906 0.004

a,bMeans within a column with no common superscripts differ (p < 0.05).
cPooled SEM.

There were no significant differences in FBW, ADG, EP, EW,
EM, and ADFI between the 0.31, 0.38, and 0.47% Met groups,

but they were significantly higher than those in the 0.25% Met
group (p < 0.001). On the contrary, the FER in the 0.25% Met
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TABLE 3 | The effects of different dietary Met supplementation in low protein diets on the serum parameters of laying hens that are 38–50 weeks.

Indexes 0.25% 0.31% 0.38% 0.47% SEc P-value Linear Quadratic

Met group Met group Met group Met group P-value P-value

TG (mmol/L) 7.64b 8.51b 10.56a 11.54a 0.39 <0.001 <0.001 0.89

UA (µmol/L) 82.33a 65.00b 67.22a,b 64.56b 4.48 0.03 0.02 0.11

Urea (mmol/L) 0.31 0.32 0.33 0.37 0.02 0.31 0.09 0.45

TP (g/L) 37.47 35.23 39.52 39.28 1.6 0.22 0.18 0.54

ALB (g/L) 12.81a,b 11.41b 13.62a 13.00a,b 0.42 0.006 0.15 0.36

P (ng/mL) 0.84 0.84 1.05 1.13 0.19 0.61 0.21 0.85

E3 (pg/mL) 101.03a,b 83.91b 165.41a 172.78a 18.74 0.003 0.001 0.52

IgG (g/L) 5.98 6.19 6.08 6.53 0.27 0.52 0.21 0.67

IgA (g/L) 1.06a,b 0.99b 1.04a,b 1.12a 0.03 0.04 0.09 0.02

IgM (g/L) 0.8 0.83 0.79 0.89 0.03 0.15 0.11 0.32

a,bMeans within a column with no common superscripts differ (p < 0.05).
cPooled SEM.

group was significantly higher than the other three groups (p
< 0.001), while there was no significant difference among the
other three groups. The AFY in the 0.47 and 0.38% Met groups
was significantly higher than that in the 0.25% Met group (p
< 0.01). The EW in the 0.38% Met group was significantly
lower than that in the 0.47% Met group (p < 0.001), the
liver index was lower than that in the 0.25% Met group (p <

0.05), and IBW was not significantly affected by different dietary
Met levels (Table 1).

When the diet was supplemented with 0.38% Met, the
maximum EP (88.83%) was obtained. When the Met level
was increased to 0.41%, the maximum EM (54.32 g/d) and
minimum FER (2.04) were obtained, and the Met intake was
0.45, 0.46, and 0.46 g/d, respectively (Supplementary Table 2).
When the dietary sulfur amino acid content was 0.62%, the
maximum EP (88.28%) was obtained. When the diet contained
0.63% sulfur amino acids, the maximum EM (53.98 g/d) and
the minimum FER (2.05) were obtained. At this time, the
intake of sulfur amino acids was 0.69, 0.7, and 0.7 g/day,
respectively (Supplementary Table 2).

Effects of Different Levels of Met
Supplementation on the Egg Quality of
Laying Hens With Low Protein Diets
As shown in Table 2, the EW in the 0.25% Met group at 42
and 50 weeks of age was significantly lower than that of the
other three groups (p < 0.001). The EW at 46 weeks of age
in the 0.25% Met group was lower than that in the 0.31 and
0.47% Met groups (p < 0.05). The eggshell proportion at 46
weeks of age in the 0.25% Met group was higher than that
in the 0.31% Met group (p < 0.05). The albumen ratio at 42
weeks of age in the 0.25% Met group was lower than that in
the 0.31% Met group (p < 0.05), while the albumen ratio at
50 weeks of age was lower than that in the 0.47% Met group
(p < 0.05). On the contrary, the yolk ratio at 42 weeks of age
in the 0.25% Met group was higher than that in the 0.31%
Met group (p < 0.05). The eggshell thickness in the 0.38% Met
group at 46 weeks of age was significantly higher than that in

the other three groups (p <0.01), and there was no significant
difference among the other three groups. The yolk color value
in the 0.31% Met group at 50 weeks of age was the lowest and
lower than that of the 0.25% Met group (p < 0.05). However,
other indicators such as eggshell color, eggshell strength, and
Haugh unit were not significantly affected by the different levels
of dietary Met (Table 2).

Effects of Different Levels of Met
Supplementation on the Host Metabolism
of Laying Hens With Low Protein Diets
The different levels of dietary Met had significant effects on
a number of biochemical indices (e.g., TG, ALB, UA, E2, and
IgA) in the serum of laying hens. In particular, the TG and E2
in the 0.47% Met group were significantly higher than those
in the 0.31% Met group (p < 0.01). Furthermore, IgA was
higher than that in the 0.31% Met group (p < 0.05), while the
TG, ALB, and E2 in the 0.38% Met group were significantly
higher than those in the 0.31% Met group (p < 0.01). The
TG in the 0.25% Met group was significantly lower than that
in the 0.38 and 0.47% Met groups (p < 0.001), and UA was
higher than that in the 0.31 and 0.47% Met groups (p <

0.05). However, other biochemical indices were not significantly
affected by different dietary Met levels (e.g., UREA, TP, P,
IgG, and IgM) (Table 3).

Effects of Different Levels of Met
Supplementation on the Reproductive
System of Laying Hens With Low Protein
Diets
As shown in Table 4, the different levels of dietary Met have
extremely significant effects on tubal weight. The tubal weight of
laying hens in the 0.47% Met group was significantly higher than
that in the 0.25% Met group (p < 0.01) but it had no significant
effects on oviduct length, ovary weight, and ovary weight after the
removal of dominant follicles, etc., (Table 4).
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TABLE 4 | The effects of different dietary Met supplementation in low protein diets on the reproductive system of laying hens that are 38–50 weeks.

Indexes 0.25% 0.31% 0.38% 0.47% SEc P-value Linear Quadratic

Met group Met group Met group Met group P-value P-value

Oviduct weight (g) 43.8b 49.7a,b 50.7a,b 55.3a 2.19 0.009 0.001 0.774

Oviduct length (cm) 67.9 73.9 71 71.6 2.4 0.383 0.444 0.278

Ovary weight (g) 33.1 34.3 35.6 42.3 2.5 0.061 0.014 0.28

Ovarian weight except the dominant follicles (g) 5.3 5.7 5.6 5.3 0.6 0.937 0.976 0.535

The number of rhubarb follicles 3.8 3.2 3.3 3.9 0.2 0.072 0.63 0.01

The number of small yellow follicles 1 1.2 1.2 1 0.1 0.227 1 0.04

The number of white follicles 0.9 0.9 0.9 1.4 0.29 0.455 0.214 0.352

a,bMeans within a column with no common superscripts differ (p < 0.05).
cPooled SEM.

FIGURE 1 | The effects of different dietary methionine (Met) supplementation in low protein diets on the alpha diversity of the cecal microbiota in laying hens. (A) Sobs

index of the community diversity. (B) Ace index of the community richness. (C) Shannon index of the community diversity. Data were presented as means ± SEM (n =

9 per group). Significant differences were tested by a Student’s t-test.

Effects of Different Levels of Met
Supplementation on the Gut Microbial
Composition and Function of Laying Hens
With Low Protein Diets
To investigate the effects of different Met levels in low protein

diets on the gut microbial composition of laying hens, 16S rDNA
sequencing was performed. In the end, 2,154,182 sequences

were obtained. Through a clustering operation, the sequences

were divided into many groups according to 97% similarity.
Each group was an OTU, and a total of 1,075 OTUs were

obtained, which could be divided into 19 phyla, 34 classes, and
174 genera. The results of the alpha diversity analysis showed

that there was no significant difference between the Sobs index,

ACE index, and Shannon index among the four treatment
groups (Figures 1A–C).

The relative abundance at the phylum and genus levels

was studied. Notably, different levels of Met in diets changed
the structure and composition of the intestinal microorganism
of laying hens. From the perspective of the phylum level,

Bacteroidetes and Firmicutes are the two kinds of bacteria that
account for the largest proportion in the cecum of laying
hens, exceeding 95% of the total cecum bacteria. In addition,
the proportion of Firmicute/Bacteroidetes in the 0.25% Met
group was similar to that in the 0.47% Met group, but both
were lower than that in the 0.38% Met group and higher
than that in the 0.31% Met group (Figure 2A). At the genus
level, Bacteroides, Rikenellaceae_RC9_gut_group, Lactobacillus,
and Unclassified_O_Bacteroidales accounted for nearly 50%
of the total cecal bacteria. Rikenellaceae_RC9_gut_group was
the highest in the 0.31% Met group, followed by the 0.47,
0.25, and 0.38% Met groups. The relative abundance of
Lactobacillus in the cecum of laying hens also increased with
the increase of dietary Met level (Supplementary Table 3). The
proportions of Bacteroides in all treatment groups was similar,
with these proportions in the 0.25, 0.31, 0.38, and 0.47%
Met groups being 19.62, 17.37, 18.69, and 20.31%, respectively
(Figure 2B). The results of the PCoA showed that the gut
microbiota in the 0.25, 0.31, 0.38, and 0.47% Met groups were
aggregated, respectively (Figure 2C). These results indicated

Frontiers in Nutrition | www.frontiersin.org 6 October 2021 | Volume 8 | Article 73967620

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


Ma et al. Methionine Affects Gut Microbiome Colonization

FIGURE 2 | The effects of different dietary Met supplementation in low protein diets on the relative abundance in the cecal microbiota of laying hens and the principal

coordinate analysis (PCoA) (Bray–Curtis distance) plot of the gut microbial community structure between the 0.25% Met group, 0.31% Met group, 0.38% Met group,

and 0.47% Met group (n = 9 per group). (A) Relative abundance of gut microbiota at the phylum level (n = 9 per group). (B) Relative abundance of gut microbiota at

the genus level (n = 9 per group). (C) The PCoA in the four treatments. (D) The PCoA in the 0.25 and 0.31% Met groups. (E) The PCoA in the 0.25 and 0.38% Met

groups. (F) The PCoA in the 0.25 and 0.47% Met groups.

that different dietary Met levels changed the gut microbiota
structure of laying hens to some extent. Moreover, compared
with the distribution of spots in the 0.25% Met group, the
distribution of spots in the 0.31 and 0.47% Met groups was
more dispersed, and the distribution pattern of spots in the
0.38% Met group was similar to that in the 0.25% Met
group (Figures 2D–F).

The LEfSe was used to figure out which bacterial
taxa were statistically and biologically responsible for
these differences. As shown in Figure 3, compared with
the 0.25% Met group, [Eubacterium]_brachy_group,

unclassified_p_Bacteroidetes, norank_c_OPB35_soil_group,
Butyricimonas, Solobacterium, and Streptococcus were enriched
in the 0.31% Met group (Figure 3A). Lachnoclostridium,
[Eubacterium]_brachy_group, Faecalitalea, Faecalicoccus,
Lachnospiraceae_UCG-002, Family_XIII_AD3011_group, and
Enterococcus were enriched in the 0.38% Met group (Figure 3B).
[Ruminococcus]_torques_group, Erysipelatoclostridium,
[Eubacterium]_brachy_group, Brachyspira, Faecalicoccus,
Faecalitalea, Coprococcus_1, [Clostridium]_innocuum_group,
and Lachnospiraceae_FCS020_group were enriched in the 0.47%
Met group (Figure 3C).
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FIGURE 3 | Differentially abundant genera in the gut microbiota of laying hens between the groups supplemented with different levels of Met. Histograms of the (linear

discriminate analysis) LDA score (threshold ≥ 2) are plotted. An LDA effect size (LEfSe) was performed to determine the difference in abundance (n = 9 per group). (A)

The LEfSe analysis of the gut microbiota in the 0.25 and 0.31% Met groups. (B) The LEfSe analysis of the gut microbiota in the 0.25 and 0.38% Met groups. (C) The

LEfSe analysis of the gut microbiota in the 0.25 and 0.47% Met groups.

As shown in Supplementary Figures 1A,B, the different
levels of dietary Met have significant effects on the intestinal
microorganisms of laying hens. For example, compared
with the other three groups, the 0.25% Met group has more
significant effects on [Eubacterium]_coprostanoligenes_group,
Ruminococcaceae_UCG-007, norank_f_Christensenellaceae,
Elusimicrobium, Ruminococcaceae_UCG-009,
norank_c_WCHB1-41, and norank_o_Gastranaerophilales.
In addition, Ruminococcaceae_UCG-009 and
Norank_O_gastranaerophilales were affected significantly,
and the 0.31% Met group has more significant effects on
[Eubacterium]_brachy_group. The 0.38% Met group has more
significant effects on norank_p_Saccharibacteria, Faecalitalea,
and Family_XIII_AD3011_group, while the 0.47%Met group has
more significant effects on Treponema_2, Coprococcus_1,
Faecalicoccus, and [Clostridium]_innocuum_group
(Supplementary Figures 1A,B). To elucidate the underlying
molecular mechanism of Met in a low protein diet on the
gut microbial function of hens, a KEGG pathway analysis
were performed (Figure 4B). Interestingly, the most enriched
pathways were closely related to carbohydrate metabolism,
amino acid metabolism, energy metabolism, metabolism of
cofactors and vitamins, and lipid metabolism.

Correlation Between the Differential
Microbes Induced by the Supplementation
of Met in Low Protein Diets and Key
Parameters
In order to predict the correlation between the intestinal
microbial communities and key parameters, an RDA
and Spearman correlation matrix were performed. As
shown in Figures 4A, 5, Ruminococcaceae_UCG-007,
Ruminococcaceae_UCG-00, norank_o_Gastranaerophilales,

and norank_c_WCHB1-41 were positively correlated with
ADFI, EW, FBW, TG, EM, EP, and ADG, among which
Ruminococcaceae_UCG-009 and Norank_o_gastranaerophilales
were negatively correlated with FER (p < 0.05). On the
contrary, Faecalitalea was negatively correlated with these
traits (p < 0.05), while it was positively correlated with FER,
but not significantly. Elusimicrobium was positively correlated
with ADFI, EW, FBW, EM, EP, and ADG but negatively
correlated with FER (p < 0.05). Norank_f_Christensenellaceae
was significantly positively correlated with ADFI, EW, TG,
EM, and ADG, but negatively correlated with FER and UA
(p < 0.05). Norank_P_Saccharibacteria was significantly
positively correlated with EW, ADFI, FBW, and TG (p < 0.05).
[Eubacterium]_coprostanoligenes_group was significantly
positively correlated with EW (p < 0.05). In contrast,
Faecalicoccus was significantly negatively correlated with
ADFI, FBW, TG, EM, EP, and ADG (p < 0.01), but positively
correlated with FER (p < 0.05). Family_xii_ad3011_group was
negatively correlated with ADFI, but positively correlated with
UA (p < 0.05). [Eubacterium]_Brachy_group was negatively
correlated with ADFI, FBW, EM, EP, and ADG (p < 0.05).
Coprococcus_1 was negatively correlated with EW and TG
(p < 0.05). [Clostridium]_innocuum_group was significantly
negatively correlated with FBW and TG (p < 0.05). There was
a certain correlation between the production traits and other
unmentioned intestinal microflora of laying hens, but their
influence is not significant (Figure 5).

DISCUSSION

For a long time, Met has been used as a feed additive in
livestock and poultry diets to maintain animal health and growth
performance. According to previous studies, because of the
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FIGURE 4 | The effects of different dietary Met supplementation in low protein diets on the composition and function of gut microbiota of laying hens. (A) A

redundancy analysis (RDA) of the distinctive genera and the phenotype of laying hens. (B) The 20 most significant Kyoto Encyclopedia for Genes and Genomes

(KEGG) pathways upon different dietary Met supplementation in low protein diets.

FIGURE 5 | The effects of different dietary Met supplementation in low protein diets on the difference of the gut microbiota and its correlation with the phenotype of

laying hens. The correlation between the various gut microbiota and the phenotype of laying hens. Asterisks indicate significant correlations (*p ≤ 0.05, **p ≤ 0.01,

***p ≤ 0.001). The blue represents a significantly positive correlation (p ≤ 0.05), the red represents a significantly negative correlation (p ≤ 0.05), and the white

represents no significant correlation (p > 0.05).
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lack of essential amino acids in low protein diets, production
performance and egg quality are negatively affected, the intestinal
morphology is damaged, and the immune response level is
reduced (41–43). In this study, Peking Pink laying hens were
selected as the experimental model to explore the effects of
different levels of Met in the low protein diet on the performance,
egg quality, serum biochemical indexes, and gut microbial
composition of the laying hens. Our results showed that the
supplementation ofMet in the low protein diet could significantly
improve various indices of laying hens.

When the dietary protein level is reduced to 13–14%, the
performance of laying hens will be directly affected if the
synthetic amino acids are not supplemented in time (44, 45).
Keshavarz showed that the addition of synthetic amino acids
to a low protein diet could effectively improve the performance
of laying hens and reduce nitrogen emissions, which is also
consistent with the results of others (46–48). From these, we
can understand the significance of additional amino acids in
the low protein diet, which is the same as the results in
this experiment.

Studies have found that, if the Met intake of laying hens
was increased, then EW would increase. Meanwhile, laying
performance would be significantly improved, but with a
decreased FER (19, 49). Similarly, we obtained the quadratic
equation between Met and sulfur-containing amino acids and
EP, EW, and FER. Within a certain range, the increase of
Met level can increase EP and EM, while decreasing FER.
These results indicated that the supplementation of Met in diets
promotes the feeding and growth of laying hens and improves
feed conversion ratio, which were also similar with Esteve (50).
In our experiment, with the increase of Met, egg weight also
increased at each stage. However, different Met levels had no
significant effects on eggshell color, strength, Haugh unit, and
other indices.

A number of indicators in the serum often reflect the health
status of animals. When animals are in a healthy state, protein
synthesis increases along with TP and ALB. In our experiment,
TP and ALB in the 0.38 and 0.47% Met groups were higher than
those in the other Met groups. The IgA in the 0.47% Met group
was higher than that in the other three groups, which was similar
to the research results of Liu et al. (51). Those indicated that the
metabolism of laying hens in the 0.47% Met group was more
vigorous, and the level of immune response was higher. As one of
the end-products of protein metabolism in poultry, UA is usually
used as an indicator to measure the requirement of amino acids.
It reflects the level of protein metabolism in animals (52). Our
results showed that the changes of UA were stable when the Met
level was in the range of 0.31–0.47%, and UA was lower than that
in the 0.25% Met group. Therefore, it could be inferred that the
amino acids in laying hens in the three groups with higher Met
levels were more fully utilized.

Dietary energy levels are the main nutritional factors affecting
egg quality (53). Our results showed that there was a positive
linear correlation between the dietary Met level and TG, which
was similar to the difference in EW among all groups. We
postulated that a higher TG in serum could synthesize more fat
and fully meet the energy needs of laying hens, thus affecting EW.

A certain amount of abdominal fat storage is beneficial to prevent
insufficient energy intake from affecting laying performance (54),
and, based on the results of the 0.25% Met group, we inferred
that when the Met in the diet is insufficient, the liver metabolism
of laying hens is disturbed and the fat transport is obstructed,
leading to fatty liver disease in the end.

Normal and stable microflora is an important prerequisite to
ensure the health of poultry. Intestinal microflora is involved
in the metabolism and growth of the host, and also affects feed
conversion and nutrient digestion and absorption by changing
the intestinal tissue morphology of poultry, thus affecting their
performance (55–57). Our results showed that, at the genus
level, Bacteroides, Rikenellaceae_RC9_gut_group, Lactobacillus,
and unclassified_o_Bacteroidales were the dominant genera
accounting for nearly 50% of the total cecal bacteria of
laying hens. In the meantime, the Lactobacillus proportion
increased with the increase of Met. Yan used a metagenomic
analysis technology to find that Lactobacillus could promote
the absorption of nutrients and improve the feeding efficiency
of poultry (58). Some scholars have found that Lactobacillus
and Bifidobacterium can synthesize a variety of VB beneficial
to animals by participating in their metabolism. It can also
convert mineral elements into ions that are easily absorbed by
animals to improve their utilization rate (59). In contrast to
the change in the proportion of Lactobacillus, the proportion of
Faecalibacterium decreases with the increase of Met in the diet.
Faecalitalea and Faecalicoccus of Clostridium had significantly
negative effects on ADFI, FBW, TG, EM, EP, ADG, and other
indices, but had positive effects on FER. Other studies have shown
that Clostridia has an adverse effect on animal performance
(60), and our results are consistent with this finding. We can
conclude that the supplementation of Met in diets is beneficial
to laying hens. In conclusion, it can be inferred that Met
in low protein diets may improve the intestinal morphology
and production performance of laying hens by promoting
beneficial bacteria proliferation and competitively inhibiting
harmful bacteria proliferation or infection.

CONCLUSION

The use of the low protein diet could alleviate the current
situation of the raw material shortage of protein feed and reduce
the nitrogen emission from the feces and urine of livestock and
poultry to reduce environmental pollution. Adding Met to the
low protein diet could have positive effects on the production
performance, reproductive system, host metabolism, and gut
microbial composition of laying hens. For example, the addition
of Met increased the abundance of Lactobacillus and decreased
the proportion of Faecalibacterium in the gut. Meanwhile, there
were also significant correlations between the gut microbiota and
traits of laying hens. Specifically, the proportion of Faecalicoccus
was significantly positively correlated with FER, but negatively
correlated with ADFI, FBW, ADG, and other traits. At present,
there are few studies on the effects of low protein diets on the
gut microflora of laying hens. We hoped that our study will fill in
some gaps in this field.
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This study aimed to investigate the beneficial effect of baicalin–zinc complex (BZN) on

intestinal microorganisms in deoxynivalenol (DON)-challenged piglets and the association

between intestinal microorganisms and host immunity and hormone secretion. Forty

weaned piglets were randomly divided into four treatments with 10 piglets in each

treatment: (1) control (Con) group (pigs fed basal diet); (2) DON group (pigs fed 4mg

DON/kg basal diet); (3) BZN group (pigs fed 0.5% BZN basal diet); and (4) DBZN group

(pigs fed 4mg DON/kg and 0.5% BZN basal diet). The experiment lasted for 14 days.

The BZN supplementation in DON-contaminated diets changed the intestinal microbiota

composition and increased intestinal microbial richness and diversity of piglets. The BZN

supplementation in DON-contaminated diets also alleviated the inflammatory responses

of piglets and modulated the secretion of hormones related to the growth axis. Moreover,

microbiota composition was associated with inflammatory and hormone secretion. In

conclusion, BZN alleviated inflammatory response and hormone secretion in piglets,

which is associated with the intestinal microbiome.

Keywords: baicalin-zinc complex, deoxynivalenol, intestinal microbiome, hormone secretion, inflammatory

responses, weaned piglets

INTRODUCTION

Deoxynivalenol (DON), originally known as vomitoxin, can cause vomiting, diarrhea, anorexia,
neurological disorders, and immune dysfunction in humans and animals (1, 2). DON was reported
to be the most common food-related mycotoxins all over the world (3–5). A study shows that DON
was detected in 73 and 92% of wheat and corn in the USA (6). In another study in China, the
detection rate of DON in corn was 93.2%, and the average concentration was 1,356.9 µg/kg (7).
The DON detection rate in each region is shown as follows: East Asia (84.8%), Northern Europe
(74.2%), Central America (70.0%), Central Europe (69.8%), North America (64.1%), South Africa
(63.2%), Eastern Europe (59.9%), Southern Europe (52.9%), sub-Saharan Africa (49.5%), Middle
East/North Africa Region (47.8%), Southeast Asia (42.5%), Oceania (34.5%), South America
(26.9%), and South Asia (23.1%) (8). Pigs are very sensitive to the toxic effects of DON, and
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the long-term consumption of DON in pig can delay growth
and reduce immune performance (9, 10). Therefore, repairing
intestinal damage induced by DON is an important subject in the
livestock production.

At low DON concentrations, DON promotes the production
of immune factors, thereby increasing the risk of chronic
immune disease or infection susceptibility (11, 12). DON induces
secretion of serum immunoglobulin M (IgM), immunoglobulin
A (IgA), immunoglobulin E (IgE), and immunoglobulin G (IgG)
in mice or farm animals (13–15). DON induces a significant
increase in tumor necrosis factor-α (TNF-α), interleukin-8 (IL-
8), interleukin-1α (IL-1α), interleukin-1β (IL-1β), and gene
expression in porcine intestinal epithelial cells (IPEC-1 cell
line) (16). Furthermore, some studies also showed that DON
can interfere with immune response by altering intestinal
microbiome balance (17, 18). Previous studies reported that
the growth retardation induced by DON is associated with
the secretion of satiety hormones, such as peptide YY (PYY),
cholecystokinin (CCK), and 5-hydroxytryptamine (5-HT), and
growth hormone (GH) (19, 20). Therefore, we intend to develop
a feed additive to reduce the toxic effects of DON. Baicalin–
zinc complex (BZN) is a complex of baicalin and zinc. Although
there are few studies on BZN at present, it has been proved to
have good anti-inflammatory and antioxidant properties, which
suggest that it may relieve the toxic effects of DON in pigs
(21, 22). Moreover, zinc is an essential trace element for animals.
It is involved in a multitude of body functions, ranging from
the metabolism of nutrients to bone development, and as an
activator to mediate the immune function of pigs (23, 24). It is
generally added at 2,000 mg/kg in swine production to reduce
diarrhea and promote pig growth. Baicalin (5,6-dihydroxy-
2-phenyl-4H-1-benzopyran-4-one-7-O-D-β-glucuronic acid) is
an extract from Scutellaria baicalensis Georgi and Oroxylum
indicum (L.) Kurz, and it is commonly used in the cure of
gastrointestinal infections and inflammatory diseases (25, 26).
The dietary baicalin supplementation is tightly correlated to the
intestinal microbiota composition, and it was also reported that
baicalin has good antioxidant and anti-inflammatory in some
studies (26–28).

This study aimed to investigate the beneficial effect of
BZN on intestinal microbiome, inflammatory responses,
and hormone profiles in DON-challenged piglets and the

Abbreviations: 5-HT, 5-hydroxytryptamine; HTR3A1, 5-hydroxytryptamine

receptor 3A 1; HTR3A2, 5-hydroxytryptamine receptor 3A 2; HTR3B2, 5-

hydroxytryptamine receptor 3B; AGRP, agouti-related protein; AKT, AKT

serine/threonine kinase 1; ALB, albumin; BZN, baicalin–zinc complex; BUN,

blood urea nitrogen; CCK, cholecystokinin; CCK-1R, cholecystokinin type A

receptor; CCK-2R, cholecystokinin B receptor; CHOL, total cholesterol; COX-2,

cyclooxygenase-2; DON, deoxynivalenol; GLP-1, glucagon-like peptide 1; GLP-

2, glucagon-like peptide 2; GLU, glucose; GH, growth hormone; hs-CRP, high-

sensitivity C-reactive protein; IgA, immunoglobulin A; IgE, immunoglobulin E;

IgG, immunoglobulin G; IgM, immunoglobulin M; INS, insulin; INR, insulin

receptor; IGF-1, insulin-like growth factor-1; IFN-γ, interferon-gamma; IL-1α,

interleukin-1α; IL-1β, interleukin-1β; IL-2, interleukin-2; IL-6, interleukin-6; IL-

8, interleukin-8; IL-17, interleukin-17; IL-23, interleukin-23; LEP, leptin; LDA,

linear discriminant analysis; NPY, neuropeptide Y; NF-κB, nuclear factor kappa B;

OTUs, operational taxonomic units; PYY, peptide YY; PCA, principal component

analysis; PCoA, principal co-ordinates analysis; PMOC, proopiomelanocortin;

SST, somatostatin; TLR-2, toll-like receptor 2; TNF-α, tumor necrosis factor-α.

association between intestinal microbiome and host immunity
and hormone secretion.

MATERIALS AND METHODS

DON-Contaminated Diet and BZN
Synthesis
Basal diet inoculate with Fusarium graminearum R6576 was
fermented for 14 days to form DON-contaminated diet as
described by Wu et al. (29). F. graminearum R6576 was supplied
by Huazhong Agricultural University and preserved by Institute
of Subtropical Sciences, Chinese Academy of Sciences (30).
Baicalin was fully dissolved in 1% sodium bicarbonate solution,
then equal molar ratio zinc sulfate was added to baicalin solution.
After completion of the reaction, the precipitation was BZN.
The dose of BZN and DON was referred to the previous
literature (31).

Animals, Diets, and Experimental Design
Forty weaned piglets with an average weight of 6.13 ± 0.42 kg
(Landrace× Yorkshire, 21 days of age) were individually housed
in a single column at the New wellful pig farm (New Wellful
Co., Ltd, Hunan, China). Piglets were randomly divided into
four diets, and 10 pigs were fed to each diet. The four groups
were as follows: (1) control (Con) group (basal diet); (2) DON
group (4mgDON/kg basal diet); (3) BZN group (0.5% BZN basal
diet); and (4) DBZN group (4mg DON/kg and 0.5% BZN basal
diet). The composition and nutrient level of the basal diet in
this experiment is shown in Supplementary Table 1, and it meets
nutrient requirements of pigs according to National Research
Committee (NRC) (32, 33). All pigs were acclimated to the room
for 3 days before the experiment, and experimental diets were
provided in four equal daily meals at 7:30, 11:00, 14:30, and
18:00 for 14 days. Piglets housed on a 12-h light-dark cycle with
free access to water, and the barn temperature was maintained
at 30◦C. Randomly selected seven pigs from each group for
sampling after slaughter. After blood was collected by blood
vessel, it was placed at room temperature for 1 h and centrifuged
at 3,000 R for 15min. The pale yellow liquid obtained was the
serum. The intestine was opened in the middle ileum, and an
appropriate amount of chyme was collected in a 50-ml sterile
centrifugal tube. The collected serum and ileal chyme samples
were quickly stored in liquid nitrogen. Serum and ileum chymes
were stored at −80◦C. The experiment was carried out under
the supervision of the experimental animal ethics committee
of the Institute of Subtropical Agriculture (Changsha, Human
Province, China) (29, 34).

16s rRNA Sequencing
The 16s rRNA analysis of ileal chyme was conducted by
Novogene Co., Ltd (Beijing, China) (35). The total DNA
from ileal chyme was extracted by the CTAB/SDS method,
and the DNA concentration and quality met the experimental
requirements. Then, diluted the DNA to 1 mg/ml with sterile
water. PCR was performed with specific primers as forward
primer: ACTCCTACGGGAGGCAGCAG and reverse primer:
GGACTACHVGGGTWTC TAAT (amplification of 16srRNA
gene V3–V4 region); the PCR amplification products were
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detected and purified using a 2% agarose gel, then purified
amplicons were used for the sequencing library. After the
library has passed the quality assessment, it was sequenced on
Ion S5TMXL (Thermo Fisher Scientific Co., Ltd., Waltham,
CA, USA).

Bioinformatics Analysis
Raw reads were demultiplexed and quality-filtered as previously
described (36). Operational taxonomic units (OTUs) were
clustered with 97% similarity for the effective tags of all samples
by using the UPARSE software (version 7.0.1001), then used the
Mothur method (https://www.mothur.org/) and SILVA database
to annotate the species at the level phylum, order, family,
genus, and class. The R software (version 2.15.3) was used to
draw principal component analysis (PCA) chart, principal co-
ordinates analysis (PCoA) chart and heatmap. Alpha diversity
was used to analyze the diversity of intestinal microbiome. Linear
discriminant analysis effect size (LEfSe) analysis was used galaxy
module [linear discriminant analysis (LDA) score >2.5].

Serum Indices (Immunoglobulins,
Cytokines, Biochemical Indices, and
Hormones Profiles)
Serum immunoglobulins: IgM, IgG, IgA, cytokines: TNF-α,
IL-2, IFN-γ, IL-6, IL-1β, and hormones: 5-HT, GH, PYY, LEP,
somatostatin (SST), insulin (INS), neuropeptide Y (NPY),
insulin-like growth factor-1 (IGF-1), proopiomelanocortin
(PMOC), agouti-related protein (AGRP), and glucagon-like
peptide 1 (GLP-1) were determined using the commercially
available ELISA kits from Nanjing Jiancheng Co., Ltd. (Jiangsu,
China) (37).

The CX-4 automatic biochemical analyzer (Beckman Coulter,
Brea, CA, USA) was used to measure the total cholesterol
(CHOL), albumin (ALB), glucose (GLU), and blood urea
nitrogen (BUN) in serum (38).

Real-Time Quantitative PCR
The total RNA was extracted from the hypothalamus and
pituitary using the TRIzol Reagent (Thermo Fisher Scientific
Co., Ltd, CA, USA). Real-time quantitative PCR was performed
with a Roche Light Cycler 480II system (Roche Co., Ltd,
Basel, Switzerland). Primers (PREMIER Biosoft International,
San Francisco, CA, USA) (Supplementary Table 1) were
designed using the Primer 5.0 software and synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). The RNA extraction
and real-time quantitative PCRwere conducted strictly according
to previous studies [RT-PCR procedure: step 1: predenaturation
program (30 s at 95◦C); step 2: PCR (5 s at 95◦C for denaturation
and 30 s at 60◦C for extension); and step 3: dissociation program
(5 s at 60◦C)] (37, 39, 40). In addition, the relative expression of
target genes was calculated by the formula 2−(11Ct) (41).

Statistical Analysis
In addition to sequencing data, serum indices and mRNA
expression were analyzed by the SPSS software (version 20,
IBM Corp., Armonk, NY, USA). We filled the missing values
with the mean, and the data were logarithmically transformed
while outliers existed. Dietary BZN, DON, and their interactions

were analyzed using two-way ANOVA. If there was a significant
difference, we performed the Bonferroni t-test. At the same
time, the Duncan’s test was used to analyze the significant
difference, and the criterion for significance judgment was p <

0.05. The GraphPad Prism Software (Version 7; La Jolla, CA,
USA) was used to draw the figures, and the column shows mean
± SEM (42–44).

RESULTS

Intestinal Microbiome Composition of
Piglets
To characterize the composition of bacterial communities in
the ileum, we collected a total of 28 piglets’ ileum chymes for
16s sequencing. After quality filtering, 20,694,594 reads that
were clustered into 1,096 OTU remained. At the phylum level
(Figure 1A), Firmicutes was the main phylum in the intestinal
microbiota of piglets among the four groups, and the relative
Firmicutes content in the DON group is much higher (95%). The
LEfSe analysis revealed that the relative Bacteroidetes content in
the DON group was noticeably lower than that in the DBZN
group (LDA > 2.5) (Figure 1D). At the genus level (Figure 1B),
over 43% of reads were identified as unidentified members
of Clostridiales. The LEfSe analysis revealed that the relative
abundance of Intestinibacter, Agathobacter, and Veillonella in
the DBZN group was noticeably higher than that in the DON
group (LDA > 2.5) (Figure 1D). At the species level, for
the Con group, intestinal microbiota was mainly enriched in
genera belonging to Bacteroides (Figure 1C). The BZN group
was mainly enriched by Streptococcus, Clostridium bornimense,
and Actinobacillus minor, and the DBZN group was mainly
enriched by Lactobacillus, Streptococcus, and so on (Figure 1E).
The LEfSe analysis showed that BZN markedly increased the
relative abundance of Clostridium perfringens in basal diet, and
BZN markedly increased the relative abundance of Streptococcus
porcorum in DON-contaminated diet (LDA > 2.5) (Figure 1D).

Diversity Change of Intestinal Microbiome
of the Piglet
To detect the changes of intestinal microbiota composition
during the experiment period, we evaluated the alpha diversity
of piglet gut microbiota. The alpha diversity was first calculated
using ace, chao 1, PD whole tree, and observed species. All
measurements revealed that the BZN supplementation increased
evenness and richness of the ileum microbiota in DON-
contaminated diet (p < 0.05) (Figures 2A–D).

To further reveal the differences in intestinal microbiota
composition among the four groups, we evaluated the beta
diversity of piglet intestinal microbiota using the binary Jaccard
indices and weighted UniFrac (Figures 2E,F). PCoA revealed
that although there was no obvious segregation of the BZN
group and Con group, the Con group, DON group, and DBZN
group can be distinguished from each other. Moreover, analysis
of molecular variance (AMOVA) indicated that the differences
in the binary Jaccard index between the DON group and DBZN
group are significant (p < 0.05).
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FIGURE 1 | Effects of BZN and DON on intestinal microbiome composition of piglet. (A) Intestinal microbiome composition at the phylum level. (B) Intestinal

microbiome composition at the genus level. (C) The LEfSe analysis at different gut microbiota taxa between Con and BZN groups (LDA score >2.5). (D) The LEfSe

analysis at different gut microbiota taxa between DON and DBZN groups (LDA score >2.5). (E) Heatmap showing significantly different species. Dietary treatment:

Con, basal diet; DON, 4 mg/kg DON-contaminated diet; BZN, 0.5% BZN supplementation diet; DBZN, 0.5% BZN supplement in 4 mg/kg DON-contaminated diet.

BZN, baicalin–zinc complex; Con, control; DON, deoxynivalenol; LDA, linear discriminant analysis.

Metabolic Functional Change of Intestinal
Microbiome of the Piglet
The Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUST) analysis was
used to predict the function of intestinal microbiota (Figure 3).
The results indicated that 10 pathways, including ATP-binding
cassette (ABC) transporters, translation proteins, general
function prediction only, ribosome Biogenesis, porphyrin and
chlorophyll metabolism, sporulation, chromosome, transcription

machinery, and arginine and proline metabolism were enriched
in the Con group. We also identified seven pathways, such
as two component system, purine metabolism, aminoacyl

tRNA biosynthesis, pyrimidine metabolism, DNA repair and
recombination proteins, methane metabolism, and amino

acid-related enzymes were predicted to be enriched in the DON

group. Seven pathways, including secretion system, transcription

factors, bacterial motility proteins, transporters, fructose and

mannose metabolism, cysteine and methionine metabolism
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FIGURE 2 | Alpha and beta diversity change of gut microbiota. (A) Alpha diversity base on the ACE index. (B) Alpha diversity base on the Phylogenetic diversity (PD)

whole-tree index. (C) Alpha diversity base on the observed species index. (D) Alpha diversity base on the chao 1 index. (E) Principal coordinate analysis (PCoA) based

on the binary Jaccard indices. (F) PCoA based on the weighted UniFrac indices. Dietary treatment: Con, basal diet; DON, 4 mg/kg DON-contaminated diet; BZN,

0.5% BZN supplementation diet; DBZN, 0.5% BZN supplement in 4 mg/kg DON-contaminated diet. *p < 0.05. BZN, baicalin–zinc complex; Con, control; DON,

deoxynivalenol.

and peptidases, were predicted to be enriched in the BZN and

DBZN groups.

Serum Inflammatory Responses
Correlation With the Intestinal Microbiome
Abundance
Serum immunoglobulin and cytokines were significantly
affected by either supplementation of BZN, DON, or interaction
(Figure 4A). Compared with the Con group, the BZN group
increased the level of IgA, IgG, IgM, IFN-γ, IL-6, IL-1β, and
IL-2 in serum (p < 0.05). In the DON-challenged group,
the dietary BZN supplementation decreased the level of
IL-2 and IFN-γ in serum (p < 0.05). The concentration
of CHOL in serum was significantly influenced by the
interaction effect of DON and BZN (p < 0.05). Moreover,
the dietary BZN supplementation significantly increased
the serum concentration of BUN and GLU in serum (p
< 0.05).

The Spearman’s correlation analysis was used to calculate the
relationship between inflammatory and intestinal microbiome
abundance. Intestinal microbiota was significantly associated
with some immunity indices (Figure 4B). Of these, the
abundances of Bacterium AD3011, Phaseolus vulgaris,
Bacteroides vulgatus, or Streptococcus suis was negatively

correlated to IgG, IgM, and IL-1β, and the abundance of
Anaerosalibacter bizertensis, Streptococcus ferus, Oceanobacillus
indicireducens, Bacillus coagulans, Oceanobacillus caeni, or
Streptococcus plurextorum was positively correlated to IL-2 and
IFN-γ. Moreover, the abundance of Lactobacillus ruminis was
negatively correlated to IL-2.

Hormone Secretion Correlation With the
Intestinal Microbiome Abundance
As shown in Figure 5A, after 2 weeks of experimental treatments,
the interaction effect of DON and BZN on GH-related hormones
in serum was statistically significant (p < 0.01). As compared
with the Con group, the concentration of INS and GH of the
BZN group was increased (p < 0.05). However, the dietary
BZN supplementation increased in the concentration of SS, and
decreased the concentration of INS in DON-challenged group
(p < 0.05). As revealed in Figure 5, the concentration of PYY,
AGRP, LEP, GLP-1, and NPY in serum was significantly affected
by either supplementation of BZN, DON, or interaction (p
< 0.05).

The Spearman’s correlation analysis was used to calculate the
relationship between hormone secretion and bacterial genera
abundance (Figure 5B). First, the abundance of Lactobacillus
agilis were positively correlated to the AGRP concentration
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FIGURE 3 | BZN supplementation changed the metabolic functions of intestinal microbiome of piglet at KEGG level 3. Dietary treatment: Con, basal diet; DON, 4

mg/kg DON-contaminated diet; BZN, 0.5% BZN supplementation diet; DBZN, 0.5% BZN supplement in 4 mg/kg DON-contaminated diet. BZN, baicalin–zinc

complex; Con, control; DON, deoxynivalenol; KEGG, Kyoto Encyclopedia of Genes and Genomes.

in serum. As the heatmap shows, the abundance of Neisseria
dentiae, Mobilibacterium massiliense, Bacteroides ovatus,
Pasteurella aerogenes, or Clostridium bornimense was negatively
correlated to the INS, GH, PYY, and PMOC concentration
in serum, and the abundance of Anaerosalibacter bizertensis,
Streptococcus ferus, Oceanobacillus indicireducens, Lactobacillus
agilis, Bacillus coagulans, Bacillus thermoamylovorans, Weissella
thailandensis, Oceanobacillus caeni, Streptococcus plurextorum,
or Rothia nasimurium was positively correlated to the IGF-1,
INS, GH, LEP, AGRP, and NPY concentration in serum.

Relative mRNA Expression in
Hypothalamus and Pituitary
As shown in Figure 6, among the 13 hormones or their receptor
genes assayed in the hypothalamus, eight genes were affected
by dietary DON, BZN, or their interaction. Specifically, dietary
DON exerted a main effect on the mRNA relative levels of insulin
receptor (INR), AKT, 5-hydroxytryptamine receptor (HTR)3A1,

HTR3A2, HTR3B2, and cholecystokinin (CCK)-2R (p < 0.05).
The BZN supplementation exerted the main effect on the mRNA
levels of SST and HTR3B2 (p < 0.05), whereas there were no
genes significantly influenced by an interaction between the
DON supplementation and the BZN supplementation (p> 0.05).
Among the 14 hormones or their receptor genes assayed in the
pituitary, four genes were affected by dietary DON, BZN, or their
interaction. Specifically, dietary DON exerted a main effect of
NPY, and the mRNA expression of INR and AKT in the pituitary
was affected by dietary BZN (p< 0.05). Notably, themRNA levels
of INR, GLP-2, and AKT in the pituitary were influenced by
the interaction between the DON supplementation and the BZN
supplementation (p < 0.05).

DISCUSSION

Deoxynivalenol is the most common mycotoxin in grains and
its products, and it can cause growth retardation, anorexia,
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FIGURE 4 | BZN- and DON-mediated inflammatory responses and correlations with intestinal microbiome. (A) Serum inflammatory indices. abDifferent letters mean

significantly difference. (B) The Spearman correlations between the intestinal microbiome and serum inflammatory indices. *p < 0.05, **p < 0.01. Dietary treatment:

Con, basal diet; DON, 4 mg/kg DON-contaminated diet; BZN, 0.5% BZN supplementation diet; DBZN, 0.5% BZN supplement in 4 mg/kg DON-contaminated diet.

IL-1β, interleukin-1β; IgG, immunoglobulin G; IFN-γ, interferon-gamma γ; IL-6, interleukin-6; IgA, immunoglobulin A; GLU, glucose; IgM, immunoglobulin M; CHOL,

total cholesterol; IL-2, interleukin-2; TNF-α, tumor necrosis factor-α; ALB, albumin; BUN, blood urea nitrogen; BZN, baicalin–zinc complex; Con, control; DON,

deoxynivalenol.

Frontiers in Nutrition | www.frontiersin.org 7 October 2021 | Volume 8 | Article 73828134

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


Zha et al. BZN Changed the Intestinal Microbiome

FIGURE 5 | BZN- and DON-mediated hormone secretion and correlations with gut microbiota. (A) The concentration of serum hormone. (B) The Spearman

correlations between the gut microbiota and serum inflammatory makers. *p < 0.05, **p < 0.01. Dietary treatment: Con, basal diet; DON, 4 mg/kg DON-contaminated

diet; BZN, 0.5% BZN supplementation diet; DBZN, 0.5% BZN supplement in 4 mg/kg DON-contaminated diet. IGF1, insulin-like growth factor 1; NPY, neuropeptide Y;

SST, somatostatin; INS, insulin; GH, growth hormone; 5-HT, 5-hydroxytryptamine; PYY, peptide YY; PMOC, proopiomelanocortin; AGRP, agouti-related protein; LEP,

leptin, GLP1, glucagon-like peptide-1; BZN, baicalin–zinc complex; Con, control; DON, deoxynivalenol. a,bdifferent letters means significantly difference (P < 0.05).
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FIGURE 6 | Effect of DON and BZN in mRNA levels of hormone genes in hypothalamus (A) and pituitary gland (B). Column was mean ± SEM (n = 7). Different letters

mean significant differences. Dietary treatment: Con, basal diet; DON, 4 mg/kg DON-contaminated diet; BZN, 0.5% BZN supplementation diet; DBZN, 0.5% BZN

supplement in 4 mg/kg DON-contaminated diet. SST, somatostatin; INR, insulin receptor; CCK-2R, cholecystokinin B receptor; NPY, neuropeptide Y; AKT, AKT

serine/threonine kinase 1; HTR3A1, 5-hydroxytryptamine receptor 3A 1; HTR3A2, 5-hydroxytryptamine receptor 3A 2; HTR3B2, 5-hydroxytryptamine receptor 3B;

COX-2, cyclooxygenase-2; CCK-1R, cholecystokinin type A receptor; GLP-2, glucagon-like peptide 2; BZN, baicalin–zinc complex; Con, control; DON,

deoxynivalenol. a,bdifferent letters means significantly difference (P < 0.05).

and immune abnormalities. In addition, DON also changes the
composition of intestinal microbiota, and intestinal microbiota is
closely associated with growth and immunity (17, 45). This study
showed the impact of BZN supplementation on the intestinal
microbiome composition, inflammatory, and hormone secretion
in DON-challenged piglets.

Intestinal microbiota is the primary target of DON in animals.
Dietary ingestion of DON impaired intestinal homeostasis and
changed the composition of intestinal microbiome in mice,
especially, DON reduced the abundance of Streptococcus (46, 47).
Moreover, baicalin regulates intestinal microbiota homeostasis
and participates in liver–gut axis interaction (48, 49). Our study
showed that dietary BZN in DON-contaminated diet increased
intestinal microbial richness and diversity of piglets. Increased
intestinal microbial diversity indicates a better resistance to
stress. This is similar to the argument that baicalin can
reverse intestinal microbiota dysfunction in rats. Moreover,
our results showed that there was a significant difference in
beta diversity between DON and DBZN groups, which means
that dietary BZN in DON-contaminated diets changed the
intestinal microbiota structure of piglet. Heatmaps showed that

Lactobacillus ruminis and Lactobacillus agilis were enriched in
the DBZN group, and they were able to inhibit Escherichia
coli, which means BZN may treat intestinal pathogen infection
(50, 51). PICRUST showed that the dietary BZN supplementation
in DON-contaminated diet enriched peptidases pathway and
dietary BZN supplementation in basal diet-enriched secretion
system and bacterial mobility protein pathway. In conclusion,
the dietary BZN supplementation in DON-contaminated diet
relieved the imbalance of the intestinal microbiome caused
by DON.

Deoxynivalenol also induced the activation of nuclear factor
kappa B (NF-κB) and trigger an inflammatory response, thus
selectively inducing the expression of some genes, includes
a series of cytokines, chemokines, and other inflammatory
factors (17, 52). Studies have also shown that with a high
dose of DON, the total serum IgA, IgG, and IgM levels are
significantly different from those in the Con group (13, 53).
Studies have shown that baicalin treatment can reduce the
serum inflammatory biomarkers of spontaneously hypertensive
rats, such as IL-6, IL-1β, and high-sensitivity C-reactive protein
(hs-CRP). In addition, baicalin treatment can also significantly
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reduce the expression of toll-like receptor 2 (TLR2), IL-1β, TNF-
α, and interleukin-23 (IL-23) in the colon in Spontaneously
Hypertensive Rats (SHRs) (54). Baicalin can significantly reduce
the serum interleukin-17 (IL-17), IL-6, and IL-1β expression
in Ulcerative Colitis (UC) rats (55). In addition, it can also
reduce the expression of CD14 and IL-6 in colonic mucosa and
alleviate the severity of ulcers (56). The results of these studies
have shown that baicalin treatment can inhibit the inflammatory
symptoms of the intestinal tract. Our research found that DON
and BZN and their interaction groups can make the expression
levels of IL-2, IL-6, IgG, IgA, IgM, and IFN-γ significantly
different from those of the Con group. Among them, BZN
reduced the expression of IL-2 and IFN-γ caused by DON,
which was in accordance with the results of a previous study
(52). We also observed that the dietary BZN supplementation
increased the serum IL-2, IFN-γ, and INS concentration in
normal piglets. These results indicate that the effects of DON in
normal piglets and DON-induced piglets are different. According
to the Spearman correlation analysis, the concentration of IL-2
and IFN-γ was correlated to the abundance of Anaerosalibacter
bizertensis, Streptococcus ferus, Oceanobacillus indicireducens,
Bacillus coagulans,Oceanobacillus caeni, Lactobacillus ruminis, or
Streptococcus plurextorum.

Previous literature studies have shown that the growth
retardation and anorexia caused by DON may be related to
the regulation of hormone secretion, such as 5-HT, GH, and
IGF1 (19, 57, 58). Our experiment showed that the dietary
BZN supplementation in DON-contaminated diets significantly
increased the SS concentration in serum and significantly
decreased the INS concentration in serum. SST is a kind
of tetrapeptide that can inhibit the secretion of GH and
control the secretion of pituitary hormone. It is assumed that
the increase of somatostatin concentration will cause growth
inhibition. However, it was also noted that the addition of
DON and BZN could increase the secretion of GH. Therefore,
we conclude that DON unbalanced the growth axis hormone
secretion, and the supplementation of BZN can rebalance
growth axis hormone secretion induced by DON. Notably, the
concentration of GH was positively related to the abundance of
Bacillus coagulans, Oceanobacillus indicireducens, Streptococcus
plurextorum, and Rothia nasimurium and was negatively
related to the abundance of Clostridium bornimense and
Neisseria dentiae.

CONCLUSION

Taken together, these data suggested that BZN was correlated to
the change in intestinal microbiota composition and modulated
inflammatory and hormone secretion in piglet after the DON
exposure. Moreover, the regulation of BZN on inflammation and
hormone secretion was related to the change of the abundance of
intestinal microbiota.
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Tianjin Key Laboratory of Metabolic Diseases, Tianjin Medical University Chu Hsien-I Memorial Hospital & Tianjin Institute of
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Scope: Gut microbiome-derived metabolites are the major mediators of diet-induced

host-microbial interactions. Aryl hydrocarbon receptor (AHR) plays a crucial role in

glucose, lipid, and cholesterol metabolism in the liver. In this study, we aimed to

investigate the role of indole-3-acetic acid (IAA) and AHR in sulforaphane (SFN) alleviates

hepatic steatosis in mice fed on a high-fat diet (HFD).

Methods and Results: The HFD-fed male C57BL/6 mice were intervened with

SFN for 6 weeks. HFD-mice showed classical pathophysiological characteristics of

hepatic steatosis. The results showed that SFN significantly reduced body weight, liver

inflammation and hepatic steatosis in HFD-fed mice. SFN reduced hepatic lipogenesis by

activating AHR/SREBP-1C pathway, which was confirmed in HepG2 cell experiments.

Moreover, SFN increased hepatic antioxidant activity by modulating Nrf-2/NQO1

expression. SFN increased serum and liver IAA level in HFD mice. Notably, SFN

manipulated the gut microbiota, resulting in reducing Deferribacteres and proportions of

the phylum Firmicutes/Bacteroidetes and increasing the abundance of specific bacteria

that produce IAA. Furthermore, SFN upregulated Ahr expression and decreased the

expression of inflammatory cytokines in Raw264.7 cells.

Conclusions: SFN ameliorated hepatic steatosis not only by modulating lipid

metabolism via AHR/SREBP-1C pathway but regulating IAA and gut microbiota in

HFD-induced NAFLD mice.

Keywords: NAFLD, AHR, indole-3-acetic acid, sulforaphane, gut microbiota, high-fat diet
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INTRODUCTION

Approximately 25% of the global population struggles with non-
alcoholic fatty liver disease (NAFLD) with a dramatically growing
prevalence (1). Currently, the widely accepted pathogenesis of
NAFLD is that lipid deposits accumulate in the liver, followed
by the activation of immune cells and the production of
proinflammatory cytokines (2, 3). Regulating metabolic nuclear
receptors, such as the sterol regulatory element-binding protein-
1c (Srebp-1c), carbohydrate response element-binding protein
(ChREBP), and peroxisome proliferator-activated receptor γ

(PPAR-γ) prevents hepatic steatosis caused by a high-fat
diet (HFD), indicating that uncontrolled de novo lipogenesis
contributes to the development of NAFLD (4–6).

Increasing numbers of studies have demonstrated that
Western and high-calorie diet influences the composition of the
gut microbiota (7), which in turn has gained attention with
respect to metabolic diseases, such as obesity (8), metabolic
syndrome (MS) (9), diabetes (10), cardiovascular disease (11),
and NAFLD (12). A myriad of studies has reported the effects
of gut microbial metabolites on host health and disease, which
might be mediated partially through the metabolome, such as
short-chain fatty acid, serotonin, bile acids, and tryptophan
metabolites (13). Especially the indole-3-acetic acid (IAA)
that is mainly synthesized by Clostridium, Bacteroides, and
Bifidobacterium (14), participates in the remission of NAFLD
by improving insulin resistance, oxidative stress, and lipid
metabolism (3, 15). Indole and its derivatives maintain the
integrity of the liver and benefit intestinal permeability and
immune function, which might inhibit liver inflammation (16).
Additionally, TH17/regulatory T (Treg) cells balance plays a
major role in autoimmune and inflammatory diseases. Notably,
previous studies reported that tryptophan catabolite promotes
the differentiation of naive CD4+ T helper cells into Treg cells
and TH17 cells via aryl hydrocarbon receptor (AHR) (17).

AHR is a ligand-activated transcription factor widely
expressed in all types of tissues and cells, especially immune
cells (18). Furthermore, AHR participates in several physiological
processes, including chemical and microbial defense, cell
proliferation, immunity, inflammation, and energy metabolism
via ligand binding and regulating target genes (19). Gut
microbiome-derived metabolites, such as endogenous ligands of
AHR alleviate gastrointestinal inflammation, atopic dermatitis,
and arthritis (20–23). Accumulating evidence suggested that
AHR plays a crucial role in glucose, lipid, and cholesterol
metabolism in the liver (24), thereby deeming its role in the
pathogenesis of NAFLD. Moreover, Kupffer cells are resident
liver macrophages and the primary cells that produce various
inflammatory and fibrosis mediators, play a major role in liver
inflammation (25). Previous studies have also shown that the
AHR agonist IAA reduces the level of proinflammatory cytokines

Abbreviations: AHR, aryl hydrocarbon receptor; LPS, lipopolysaccharide; SFN,

sulforaphane; IAA, indole-3-acetic acid; HFD, high-fat diet; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; SREBP-1c, synthase and sterol

regulatory element-binding protein-1c; NRF2, NF-E2-related factor 2; FAS, fatty

acid synthase; SCD1, stearoyl-CoA desaturase-1; NQO1, NAD(P)H: quinine

oxidoreductase 1.

produced by macrophages stimulated by fatty acids and LPS and
inhibits the migration of macrophages to chemokines, thereby
indicating that AHR and ligands regulate the macrophages (3).

Phytochemicals widely present in a variety of fruits and
vegetables can prevent lipid-related diseases (26). Sulforaphane
(SFN), a natural isothiocyanate compound extracted from
cruciferous vegetables, exerts strong anti-inflammatory and
anti-cancer effects (27). It also alleviates alcohol-induced
hepatosteatosis and HFD-induced lipid accumulation in mice
(28). However, whether SFN improves gut microbiota and its
metabolites is yet to be elucidated.

Therefore, the objective of the present study is to test the
hypothesis that SFN might regulate IAA and gut microbiota
in HFD-fed mice and prevent NAFLD through activating
AHR/SREBP-1C pathway.

MATERIALS AND METHODS

Animals and Treatment
Male C57BL/6 mice (3–4weeks) were housed in a specific-
pathogen-free (SPF) environment at the Laboratory Animal
Center of Chinese Academy of Medical Sciences Institute of
Radiation Medicine, with a 12 h light/dark cycle and access to
food and water freely. The animal chow was purchased from
Hua Fu Kang (Beijing, China). After acclimation for 1 week, the
mice were randomly classified into two weight-matched groups:
(1) normal chow diet (NCD) group (n = 10/group); (2) high-
fat diet (HFD) group (n = 20/group) (HFD: protein 18.1%,
fat 61.6%, carbohydrates 20.3%). After 22 weeks of the initial
feeding period, HFD group mice were randomly assigned to two
groups (n = 10/group): a HFD with saline, and a HFD with
Sulforaphane (purity >99%, Item NO.10496, Cayman) 25 mg/kg
intervention by gavage daily for 6 weeks. The liver tissues were
harvested, weighed, and stored at−80◦C for further analysis. All
animal welfare and experimental procedures complied with the
Laboratory Animal Management Regulations in China.

Biochemical Analysis
Following anesthetization, blood was collected from the retro-
orbital plexus, and the serum was separated and stored at
−80◦C. The levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), cholesterol (TC), and triglyceride (TG)
in serum were measured by standard procedures in the
Institute of Clinical Chemistry of the Tianjin Medical University
General Hospital.

Histopathology
The liver tissue specimens were immediately fixed in 4%
formaldehyde, embedded in paraffin, sectioned into 4-µm-thick
slices, and stained with hematoxylin-eosin (H&E) for histological
examination of fat droplets. The stained tissues were assessed by a
pathologist in a blinded manner, and images were captured using
Leica fluorescence microscope (Leica, Germany).

Cell Culture and Treatment
Raw264.7 and HepG2 cells were obtained from the Chinese
Academy of Sciences Cell Bank (Shanghai, China). Raw264.7
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murine macrophages were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% nonessential amino
acid solution (Solarbio, Beijing, China). Then, the cells were
pretreated with Sulforaphane (SFN, purity >99%) 20µM for 6 h,
followed by 300µM palmitate (PA, Sigma Aldrich) complexed
with Bovine serum albumin (BSA, #abs9156, Absin Bioscience
Inc.) treatment. After 18 h, 10 ng/mL lipopolysaccharide (LPS,
from Escherichia coli, O111:B4, Sigma Aldrich) was added to the
culture medium, and the cells were incubated for an additional
6 h. HepG2 cells were cultured in DMEM supplemented with
10% FBS. After reaching 70% confluency, cells were stimulated
with 10µM SFN or 500µM indole-3-acetic acid (IAA, purity:
99.1%, Sigma Aldrich) for 24 h, followed by treatment with
or without 250µM PA for another 24 h in serum-free media
containing 25mM glucose and 0.25% BSA. All cells were
incubated at 37◦C in a humidified atmosphere containing
5% CO2.

RNA Isolation and RT-qPCR Analysis
Total RNA was purified from liver or cells using TRIzol
(Invitrogen, Carlsbad, CA, USA.) and reverse transcribed to
cDNA using TIANScript RT kit (Tiangen Inc., Beijing, China).
Subsequently, quantitative PCR amplification was performed
using SYBRTM Select Master Mix on the ABI StepOne Plus Real-
Time PCR System (Applied Biosystems). Mir-155 was detected
by Bulge-LoopTM miRNA qRT-PCR Starter Kit (Ribobio,
Guangzhou, China). The relative mRNA or miRNA expression
levels were calculated by normalizing the level of the target genes
against that of the housekeeping genes, such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), using the 2−11Ct method.
The specific primer sequences are listed in Table 1.

Protein Extraction and Western Blot
Analysis
Total protein was extracted by RIPA buffer (Solarbio, Beijing,
China) containing protease inhibitors (PMSF) (Solarbio, Beijing,
China), while nuclear protein was extracted using a Nuclear
Protein Extraction kit (Solarbio, Beijing, China). The protein
concentrations were determined using a BCA Protein Assay
kit (Solarbio, Beijing, China). The tissue lysates were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes
(Pall Co, USA) at a voltage of 90V. Blotted membranes
were blocked with 5% BSA for 1.5 h at room temperature
and incubated overnight at 4◦C with anti-FAS(#3180, Cell
Signaling Technology), anti-SREBP-1(#NB100-2215, Novus),
anti-NRF2(#12721, Cell Signaling Technology), anti-AHR
(#sc-13308, Santa Cruz Biotechnology), anti-Lamin-B2(#12255,
Cell Signaling Technology) and anti-β-Actin(#3700, Cell
Signaling Technology), followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG
(1:5,000, Zhongshan Golden Bridge Biotechnology, Beijing,
China) for 1 h at room temperature. Fluorescent bands were
visualized and photographed using an SYNGENE CGQ/D2
GEL-Image System (Bio-Rad, America).

Targeted Metabolomics
Briefly, 100 µL of mouse serum samples were mixed with 10
µL indole-3-acetic-2,2-d2 acid (D2-IAA, purity: 98%, Sigma
Aldrich) 100 ng/mL, and 400µL chilled methanol. The mixture
was agitated for 3min, and the supernatant was collected
by centrifugation at 14,000 rpm for 10min. The liver tissues
(100mg) were homogenized with a grinding rod and mixed
with 10 µL D2-IAA (100 ng/mL) and 500 µL chilled methanol.
The mixture was vortexed for 3min, and the supernatant was
collected by centrifugation at 6,800 rpm for 10min at 4◦C four
times with an interval of 45 s each. Subsequently, the supernatant
liquor/0.01% formic acid solution (1:9, v/v) was transferred
to a new tube, vortexed for 1min, and spun at 14,000 rpm
for10min at 4◦C. Finally, 10 µL supernatant liquor was analyzed
by ultra-high-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) system. Themetabolite levels were
normalized to the sample weight.

Immunofluorescence and
Immunohistochemistry
Liver tissues were cut, deparaffinized, dehydrated, and incubated
with specific antibodies against F4/80(#70076, Cell Signaling
Technology) overnight at 4◦C. Subsequently, the slides were
washed with phosphate-buffered saline (PBS) three times and
incubated with fluorochrome-conjugated secondary antibody for
1 h at room temperature in the dark. Subsequently, the slides were
washed and incubated with Prolong Gold antifade containing
DAPI and mounted for IF. IHC was carried out to determine the
expression of F4/80 in the liver tissue. The slides were analyzed
under a Leica fluorescence microscope (Leica, Germany).

16S rRNA Gene Sequencing
The composition of mice feces was analyzed by16S rRNA gene
amplicon sequencing. The extracted genomic DNA was analyzed
by 1% agarose gel electrophoresis, and the product was purified
using Agencourt A MPure XP Nucleic Acid Purification kit
(Beckman Coulter). The V3 and V4 regions of the 16S gene were
amplified by PCR and sequenced on an Illumina MiSeqPE300.
Quantitative insights into microbial ecology (QIIME) software
pipeline v.1.8.0 was used to analyze the raw data files. Operational
Taxonomic Units (OTUs) were used clustered into represent
groups and assigned to taxonomy using VSEARCH 2.7.1 at
97% similarity. Then, a representative sequence of OUT was
subjected to the taxonomy analysis basing on the Sliva bacterial
16S rRNA database. Alpha-diversity (Chao1, Observed_species,
PD_whole_tree, Shannon) and beta-diversity were analyzed to
identify the species diversity. The relative abundance of bacteria
was expressed at the percentage.

RNA in situ Hybridization
RNAscope Multiplex Fluorescent Reagent kit v2 (ACDbio)
in combination with Opal 570 Reagent Pack (Perkin Elmer)
were used for RNA in situ hybridization according to the
manufacturer’s instructions. Before mounting, the slides were
counterstained with a primary antibody against F4/80 for 1 h
at room temperature and processed for IF detection. Probes for
murine AHR were used (ACDbio).
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TABLE 1 | Primer sequences used in RT-qPCR.

Gene Forward sequence (5
′

→ 3
′

) Reverse sequence (5
′

→ 3
′

)

Gapdh GGAGAAACCTGCCAAGTATG TGGGAGTTGCTGTTGAAGTC

Mcp1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

Il-1β GTGTCTTTCCCGTGGACCTT AATGGGAACGTCACACACCA

Il-6 CCAGTTGCCTTCTTGGGACT GGTCTGTTGGGAGTGGTATCC

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

Tnf-α GGTGCCATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG

Srebp-1c GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT

Acc1 GACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT

Fas GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG

Gclm TGACTCACAATGACCCGAAA CTTCACGATGACCGAGTACCT

Nqo1 AGCGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG

Gclc AGATGATAGAACACGGGAGGAG TGATCCTAA AGCGATTGTTCTTC

Gstm1 GCAGCTCATCATGCTCTGTT CATTTTCTCAGGGATGGTCTTC

GAPDH CCCTTCATTGACCTCAACTACATGG CATGGTGGTGAAGACGCCAG

SREBP-1C CTTCCGCCCTTGAGCTG CTGGTGTGTCCGTGTGG

NQO1 TGGTTTGGAGTCCCTGCCAT CACTGCCTTCTTACTCCGGAAGG

ACC1 ATGTCTGGCTTGCACCTAGTA CCCCAAAGCGAGTAACAAATTCT

FAS CCGCGGTTTAAATAGCGTCG CACCTCCTCCATGGCTGGT

Statistical Analysis
Data are represented as mean ± standard deviation (SD).
GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA,
USA) was used for statistical analysis. Significant differences were
analyzed using one-way ANOVA in multiple groups. P < 0.05
were considered as statistically significant.

RESULTS

SFN Attenuated Hepatic Steatosis in
HFD-Induced NAFLD Mice
To address whether SFN curbs the progression of the disease,
we used HFD-fed mice as the NAFLD model (Figure 1A).
Representative liver photographs ofmice are shown in Figure 1B.
The liver tissues of the HFD group showed severe hepatic
steatosis with marked fat droplets and balloon-like structures
in the hepatocytes by H&E staining, while the administration
of SFN caused a remarkable amelioration of the appearance
of hepatic steatosis (Figure 1B). In addition, body weight,
liver weight and index (liver/body weight) of the mice were
increased by HFD, which were also restored by SFN treatment
(Figures 1C–E). Similarly, the level of TC and TG in serum
were largely reduced by SFN. SFN also exhibited protective
effects against the HFD-induced liver damage, which was further
supported by low serum AST and ALT levels (Figures 1F–I).
Furthermore, SFN decreased mRNA expression of tumor
necrosis factor-alpha (Tnf-a) and monocyte chemoattractant
protein-1 (Mcp-1) in liver tissues (Figures 1J,K), suggesting
that it significantly alleviates liver inflammation. Notably, the
expression of anti-oxidative stress-related genes Gstm1 was
inhibited by HFD, but Gstm1 (P < 0.05) and Gclm (P <

0.01) were upregulated by SFN treatment (Figures 1L,M).
Thus, these data revealed that SFN drastically alleviates HFD-
induced NAFLD.

SFN Administration Improved Lipid
Metabolism of the Liver in HFD-Fed Mice
Herein, we assessed whether SFN displays a protective effect on
hepatic lipid metabolism and observed that the expression of
fatty acid metabolism genes, sterol regulatory element-binding
protein-1c (Srebp-1c), fatty acid synthase (Fas), stearoyl-CoA
desaturase-1 (Scd-1), and acetyl-CoA carboxylase 1 (Acc1) in
the liver, was decreased by SFN administration (Figures 2A–D).
SREBP-1C is a transcription factor involved in hepatic lipid
metabolism and regulation of the expression of multiple genes
in TG and fatty acid synthesis (29). Furthermore, we examined
the expression of SREBP-1C and FAS in the liver by Western
blot and found that the levels of both proteins were reduced by
SFN (Figures 2E,F). Moreover, SFN had no effect on endogenous
levels of total AHR protein, but markedly reduced the mRNA
expression of Ahr in the liver tissue of HFD mice (P <

0.01) (Figures 2G,H). We also observed that SFN significantly
elevated the expression of Nqo1 (P < 0.05) and Gclc (P < 0.01)
(Figures 2I,J).

SFN Alleviates Lipid Metabolism in
Hepatocytes by Activating AHR
To further explore the effect of AHR on lipid metabolism,
relevant experiments were conducted in vitro with HepG2 cells.
Intriguingly, SFN also reduced the protein levels of SREBP-1C,
ACC1, and FAS, and their mRNA expression in HepG2 cells
(Figures 3A–F), which was consistent with the data in mice.
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FIGURE 1 | Preventive effects of SFN on the development of HFD-induced NAFLD in mice. (A) Model development and treatment. (B) Representative liver images

and H&E staining of liver sections from different groups (×400). (C–E) The mice body weight, liver weight and index (liver/body weight). (F–I) Serum levels of TC, TG,

ALT and AST. (J,K) The expression of Mcp-1 and Tnf-a in the liver. (L,M) SFN attenuates the expression of anti-oxidative stress mRNA. Data are presented as mean

± SD. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. HFD group.

Especially, the protein level of ACC1 was potently reduced by
SFN. Furthermore, treatment with SFN increased the nuclear
protein content of AHR and NRF2 compared to the PA-treated
group (Figures 3G,H). We also observed that SFN significantly
reduces the expression of NRF2 target genes: NQO1 (P < 0.001)
and GCLC (P < 0.01) (Figures 3I,J). In addition, IAA was used
as a positive control, and the results of the SFN group were
like those of the IAA-positive group compared to the PA-treated
cells. Taken together, SFN inhibited the progression of NAFLD
by activating the AHR/SREBP-1c pathway.

Changes in Gut Microbiota Composition
and Species Diversity During
SFN-Treatment in HFD-Fed Mice
To evaluate the changes in the gut microbiota after SFN
treatment, we conducted the 16S rRNA sequencing analysis.
Compared to the NCD group, the relative abundance of
Deferribacteres, Proteobacteria, Firmicutes, and Actinobacteria
from HFD mice increased at the phylum level. Interestingly,
Tenericutes increased in the HFD+SFN group. Conversely, the
abundance of Deferribacteres was low, which was similar to the

NCD group. Moreover, the Firmicutes-to-Bacteroidetes ratio was
significantly higher in HFD-fed mice (84.182) compared to the
NCD-fed mice (1.028), but the ratio was decreased to 16.189 by
SFN treatment. At the genus level, HFD increased the abundance
of Mucispirillum, Helicobacter, Lachnospiraceae_UCG_006,
Lactobacillus, and Romboutsia and decreased the levels of
Bifidobacterium, Bacteroides, Ruminococcaceae_UCG-014,
Ruminococcaceae_UCG-010, Prevotellaceae_UCG-001, and
Eubacterium_fissicatena_group. However, SFN increased
the relative abundance of Bifidobacterium, Romboutsia, and
Ruminococcaceae_UCG-014 (Figures 4A,B). The Venn diagrams
indicated that the 184 operational taxonomic units (OTUs)
were identical among the three groups (OTUs). The HFD
group demonstrated the most unique genus (18 OTUs) followed
by the NCD group (345 OTUs) and HFD+SFN group (29
OTUs) (Figure 4C). Together, these findings indicated that SFN
regulates the composition of gut microbiota in HFD-fed mice.

As shown in Figure 4D, the rarefaction curve progressed
to a plateau, which indicated that the gut microbial
diversity in all the samples was captured at the current
sequencing depth. The Specaccum species accumulation
curves tended to flatten with the increase in sample size,
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FIGURE 2 | Effects of SFN on lipid metabolism of the liver. (A–D) Relative mRNA levels of Srebp-1c, Fas, Acc1 and Scd-1 were associated with de novo lipogenesis

in the liver. (E,F) Western blot showing SREBP-1C and FAS protein levels in the liver. (G) Levels of total AHR protein in the liver. (H) The expression of Ahr in the liver

tissue. (I,J) Antioxidant stress relative gene expression in the liver. Data are presented as mean ± SD. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001 vs. HFD group.

indicating that the sampling was sufficient for data analysis
(Figure 4E). For the microbial alpha diversity, the Chao 1,
observed_species, Shannon and PD_whole_tree showed that
SFN intervention increased the species diversity compared
with the HFD group after administration of SFN for 6
weeks (Figure 4F).

Principal component analysis (PCA) and principal coordinate
analysis (PCoA) based on Unifrac and Bray–Curtis distance
were utilized to analyze the difference in the gut microbiota of
each sample. As shown in Figures 4G,H, there was a large gap
between the HFD group and NCD group, suggesting that HFD
exerts a notable effect on the composition of gut microbiota.
Although there was some overlap, a certain distance was also
observed between the HFD and HFD+SFN groups, indicating
specific differences in the composition of gut microbiota between
the two groups. Furthermore, specific bacterial taxa with varied
relative abundance were identified among NCD, HFD, and HFD
+ SFN groups by linear discriminant analysis (LDA) effect size
(LEfSe) analysis (LDA threshold is 3). As shown in Figures 4I,J,
the major species in the NCD group were Bacteroidetes, at

the genus level, Bacteroidetes and Alloprevotella, and at the
family level, Prevodiaceae and Bacteroidales_S247_group.
The species that play a significant role in the HFD group
are Deferribacteres and Firmicutes. At the genus level,
Facecalibaculum, Romboutsia, Lachnospiraceae_UCG_006,
and Streptococcus, and at the family level, Peptostreptococcaceae,
Streptococcaceae, and Deferribacteraceae were abundant. The
key species of the HFD+SFN group were Clostridia class and
Clostridiales order.

SFN Administration Altered the Level of
IAA Metabolite in HFD-Fed Mice
To assess the metabolic changes in the gut microbiota remodeled
by SFN, we performed targeted UPLC-MS/MS experiments to
detect the content of IAA in serum and the liver of mice in
the NCD group, the HFD group, and the HFD+SFN group.
These analyses indicated that the levels of IAA in the liver
and serum of HFD mice were notably lower than that of NCD
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FIGURE 3 | SFN attenuates the expression of genes related to the de novo lipogenesis in HepG2 cells. (A–C) SFN decreased the mRNA expression of SREBP-1C,

ACC1, and FAS in HepG2 cells exposed to PA. (D–F) SFN decreased the protein expression of SREBP-1C, FAS, and ACC1 in HepG2 cells exposed to PA. (G,H)

Immunoblots showing NRF2 and AHR content in the nuclear fractions. (I,J) Antioxidant stress relative gene expression in HepG2 cells. Quantitation of results of

Western blot using Image J software. Data are presented as mean ± SD. ns means not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. HFD group.

mice but increased significantly by SFN (P < 0.05, P < 0.0001)
(Figures 5A,B).

To further explore the relationship between metabolite IAA
and gut microbiota, as shown in the Sperman heatmap
(Figure 5C), the abscissa is the differential metabolite,
and the ordinate is the different species. Red represents
positive correlation, blue represents negative correlation,
and the darker the color, the stronger the correlation.

Bacteroides, Alistipes and Prevotellaceae_UCG.001 were

positively correlated with serum IAA and negatively correlated

with serum total cholesterol (TC). However, Romboutsia,

Streptococcus, Lactococcus and Faecalibaculum were positively

correlated with serum TC and negatively correlated with
serum IAA.

Sulforaphane Attenuates the Expression of
Proinflammatory Cytokines in
Macrophages
The mRNA expression of F4/80 (macrophage surface marker)
was inhibited by SFN in the liver of HFD mice (Figure 6A),
and IHC showed similar results (Figure 6B). These results
demonstrated that SFN reduced the number of macrophages in
the liver and inhibited liver inflammation.

Furthermore, we treated Raw264.7 cells with PA and LPS to
simulate the two key factors affecting the development of NAFLD
to non-alcoholic steatohepatitis (NASH). Then, the expression
of Il-6, Il-1β , Mcp-1, Tnf-a, and Mir-155 increased significantly
after PA, LPS, and PA+LPS-treatment, whereas these mRNA
expression were suppressed by SFN (Figures 6C–G). Conversely,
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FIGURE 4 | SFN intervention manipulated the gut microbiota composition in HFD-fed mices, five animals from each group were analyzed. (A) At phylum level. (B) At

genus level. (C) Venn diagram representation of the number of OTUs at the genus level from the NCD, HFD, and HFD+SFN group. (D) The rarefaction curves, (E)

Species accumulation curves, (F) Chao1, Observed_species, PD_whole_tree, Shannon. (G) PCA based on the relative abundance of OTUs. (H) PCoA score plot

based on Unifrac and Bray–Curtis. (I) Taxonomic cladogram derived from LEfSe analysis. (J) The species with LDA scores higher than the set value 3.
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FIGURE 5 | IAA concentrations in the liver (A) and serum (B) from mice of different groups. (C) Heatmap of the Spearman r correlations between the gut microbial

species and biomarkers. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. HFD group.

the mRNA expression of Ahr was clearly increased by SFN
treatment (Figure 6H), while the results of AHR in RNA-ISH
showed that the AHR expression in the macrophages of the liver
was also upregulated under SFN administration. Similarly, RNA-
ISH combined with F4/80 IF staining for macrophages of mouse
liver sections showed that the expression of F4/80 decreased in
the HFD+SFN group, which was consistent with the results of
IHC (Figure 6I).

DISCUSSION

Gut microbiota plays pivotal roles in the onset and progression
of NAFLD and exert a marked impact on host metabolism (30,
31). Gut microbial tryptophan metabolites have been confirmed
as ligands of AHR and influence the progression of obesity,
type 2 diabetes (T2D), hypertension, inflammatory bowel disease
(IBD), multiple sclerosis (MS), and Huntington’s disease (HD)
(16). However, HFD alters the structure and metabolic ability
of intestinal microflora in mice, which further decreases the
level of gut microbiome-derived tryptophan metabolites (3,
32, 33). In addition, AHR contributes to the establishment
of intestinal microbiota in mice, and the cecal microbiota
of Ahr−/+ and Ahr−/− mice show different macrogenomic
metabolic pathways (34). In summary, the interaction among
gut microbiota, tryptophan catabolites, and AHR may plays an
essential role in the development of NAFLD. However, whether
metabolite IAA levels are correlated with the efficacy of drug
interventions is yet to be elucidated. Herein, we investigated the
diet-related AHR agonists that improved NAFLD by regulating
gut microbiome-derived metabolites.

In the present study, we find the therapeutic capacity
and improvement activity of sulforaphane against
NAFLD can be mediated by metabolic and immune
pathways (Figure 7).

Previous studies reported that SFN regulates lipid metabolism
(35). The current data demonstrated that SFN significantly
decreased the levels of serum TC and TG. In addition, SFN
inhibited the de novo lipogenesis in both mouse and HepG2 cell
experiments. These results further confirmed that SFN improves
lipid metabolism.

Reportedly, AHR is distributed in various tissues and cell
types, such as macrophages, Treg cells, dendritic cells (DCs),
and innate lymphoid cells (ILC). However, AHR exerts different
effects when activated by various ligands in different cell types,
which leads to differences in the data (18). In addition, the
activation of AHR/CD36 pathway promotes hepatic steatosis in
mice (36), while inhibiting the activity of AHR and altering the
expression levels of CYP1B1, PPARα, and SCD-1 that attenuate
the diet-induced obesity and hepatic steatosis in mice (37).
On the contrary, the activation of AHR by IAA negatively
regulates SREBP-1C and FAS, which in turn, improves NAFLD
(3). These findings implied that AHR might have a dual role
in regulating liver lipid metabolism. However, we demonstrated
that SFN negatively modulates the expression of lipogenesis
genes, SREBP-1C, FAS, and ACC1 via AHR activation, which
was consistent with the results of the IAA treatment group. As
shown in previous studies, SFN activated NRF2, indicating tight
bidirectional crosstalk between AHR and NRF2 (38, 39). These
results suggested that SFN improves NAFLD by activating AHR
to regulate lipid metabolism.

Targeted metabolomics profiles uncovered a prominent
decrease in the levels of IAA in HFD mouse serum and
liver tissues, which was consistent with previous results (3).
Importantly, IAA not only delays NAFLD progression by
activating AHR as an endogenous ligand but also alleviates
it by reducing liver lipid production, oxidative stress, and
inflammation (15). Nevertheless, SFN increased the level of
IAA in this study. Accumulating evidence clarified that IAA
is one of the foremost tryptophan metabolites produced
by intestinal bacteria, such as Clostridium, Bacteroides,
Bifidobacterium, Eubacterium hallii, Peptostreptococcus,
Asscharolyticus, Lactobacillus reuteri, and E. coli (14, 40).
Our data demonstrated that HFD decreased the abundance of
Bifidobacterium, Bacteroides, Eubacterium_fissicatena_group,
and Erysipelatoclostridium. However, the relative abundance of
Bifidobacterium and Bacteroideswas increased by SFN treatment.
Additional studies have shown that Gammaproteobacteria and
Prevotella are related to endogenous ethanol production (41).
The intrahepatic Proteobacteria was associated with NASH,
ballooning degeneration, lobular and portal inflammation,
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FIGURE 6 | SFN inhibited the liver inflammation effects and attenuated the expression of proinflammatory cytokines in macrophages. (A) The mRNA expression of

F4/80 in the liver tissue. (B) IHC staining displayed the expression of F4/80 (brown particles), in the livers of different groups. (C–F) Changes in the expression of Il-6,

Il-1β, Mcp-1and Tnf-a. (G) Mir-155 expression in Raw264.7 cells. (H) mRNA expression of Ahr. (I) AHR RNA-ISH combined with F4/80 IF staining for macrophages of

mouse liver sections. Arrows indicate AHR RNA and F4/80, respectively. Original magnification, 200×. Data are presented as mean ± SD. ns, not significant, *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the Control group or PA+LPS group or HFD group.

and liver fibrosis (42). Correlation analysis revealed that
Cyanobacteria and Bacteroides were positively correlated
with IL-10 and Ferribacteres, Tenericutes, Mucispirillum, and
Ruminiclostridi_6 were correlated with proinflammatory
reactions (43). The present study showed that SFN adjusted
the comparative abundance of the related microbiota described
above. Accumulating evidence showed that the abundance of
gut microbiota is elevated as a result of hepatic TG production
(44). Therefore, SFN could not only adjust the structure
and diversity of gut microbiota but also indirectly improve
NAFLD by modulating the content of gut microbiome-derived
metabolite IAA.

IL-1β produced by macrophages recruit the inflammatory
factors to the liver and activate hepatic stellate cells, thereby
developing liver fibrosis. IL-1β also promotes adipogenesis and

TG accumulation in hepatocytes by regulating the expression
of Srebp-1c, which together with TNF-α triggers hepatocyte
necrosis (45–47). In this study, SFN treatment reduced the
mRNA expression of proinflammatory cytokines as well as
upregulated the mRNA expression of Ahr in Raw264.7 cells.
Another recent study identified that AHR negatively regulates
the expression of LPS-induced inflammatory cytokines (48).
In addition, the mRNA expression level of Ahr in peritoneal
macrophages increased at 1h post-LPS treatment, reached a peak
at 2 h, and then declined gradually (49). Therefore, the mRNA
expression of Ahr in macrophages decreased after PA+LPS
stimulation for 24 h, and increased in the liver tissue of HFD
mice, which might be related to time.

In conclusion, the current findings demonstrated that SFN
altered the gut microbiota and microbiome-derived metabolite
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FIGURE 7 | SFN altered the gut microbiota of mice and microbiome-derived metabolite IAA. Additionally, SFN regulated liver lipid metabolism by activating AHR and

inhibited chronic low-grade inflammation.

IAA of mice and regulated the liver lipid metabolism by
activating AHR. These results may have important implications
for unraveling the metabolic basis of the disease and provides
evidence that modification of the intestinal microbiota could
be therapeutic for the amelioration of hepatic steatosis in
obese individuals.
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Surface-Displayed Amuc_1100 From
Akkermansia muciniphila on
Lactococcus lactis ZHY1 Improves
Hepatic Steatosis and Intestinal
Health in High-Fat-Fed Zebrafish
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Chen-Chen Gao 1, Dong-Dong Du 1, Juan Hu 1, Chao Ran 2, Zhen Liu 3 and Zhi-Gang Zhou 1*

1 Sino-Norway Fish Gastrointestinal Microbiota Joint Lab, Institute of Feed Research of Chinese Academy of Agricultural

Sciences, Beijing, China, 2 Key Laboratory for Feed Biotechnology of the Ministry of Agriculture, Institute of Feed Research of

Chinese Academy of Agricultural Sciences, Beijing, China, 3Hunan Provincial Key Laboratory of Nutrition and Quality Control

of Aquatic Animals, Department of Biological and Environmental Engineering, Changsha University, Changsha, China

Fatty liver and intestinal barrier damage were widespread in most farmed fish, which

severely restrict the development of aquaculture. Therefore, there was an urgent

need to develop green feed additives to maintain host liver and intestinal health.

In this study, a probiotic pili-like protein, Amuc_1100 (AM protein), was anchored

to the surface of Lactococcus lactis ZHY1, and the effects of the recombinant

bacteria AM-ZHY1 on liver fat accumulation and intestinal health were evaluated.

Zebrafish were fed a basal diet, high-fat diet, and high-fat diet with AM-ZHY1 (108

cfu/g) or control bacteria ZHY1 for 4 weeks. Treatment with AM-ZHY1 significantly

reduced hepatic steatosis in zebrafish. Quantitative PCR (qPCR) detection showed

that the expression of the lipogenesis [peroxisome-proliferator-activated receptors

(PPARγ ), sterol regulatory element-binding proteins-1c (SREBP-1c), fatty acid synthase

(FAS), and acetyl-CoA carboxylase 1 (ACC1)] and lipid transport genes (CD36

and FABP6) in the liver were significantly downregulated (p < 0.05), indicating

that AM-ZHY1 could reduce liver fat accumulation by inhibiting lipid synthesis and

absorption. Moreover, supplementing AM-ZHY1 to a high-fat diet could significantly

reduce serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)

levels, indicating that liver injury caused by high-fat diets was improved. The

expression of tumor necrosis factor (TNF )-a and interleukin (IL)-6 in the liver decreased

significantly (p < 0.05), while IL-1β and IL-10 did not change significantly in the

AM-ZHY1 group. Compared to the high-fat diet-fed group, the AM-ZHY1 group,

but not the ZHY1 group, significantly increased the expression of intestinal tight

junction (TJ) proteins (TJP1a, claudina, claudin7, claudin7b, claudin11a, claudin12,

and claudin15a; p < 0.05). Compared to the high-fat diet group, the Proteobacteria

and Fusobacteria were significantly reduced and increased in the AM-ZHY1 group,

respectively. In conclusion, the recombinant bacteria AM-ZHY1 has the capacity to
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maintain intestinal health by protecting intestinal integrity and improving intestinal flora

structure and improving fatty liver disease by inhibiting lipid synthesis and absorption.

This study will lay a foundation for the application of AM protein in improving abnormal

fat deposition and restoring the intestinal barrier in fish.

Keywords: Amuc_1100, Lactococcus lactis, fatty liver, intestinal health, microbiota, inflammation, zebrafish

INTRODUCTION

Fatty liver and intestinal barrier damage are widespread in
most farmed fish, which severely restrict the development
of aquaculture (1, 2). Therefore, there is an urgent need
to develop green feed additives to maintain host liver and
intestinal health. Akkermansia muciniphila is a human intestinal
gram-negative anaerobic bacteria, with promising probiotic
activities against manymetabolic-related diseases such as obesity,
diabetes, inflammatory bowel disease, etc. (3–7). Amuc_1100
(AM protein), a highly abundant pili-like membrane protein
of A. muciniphila, partly recapitulates the beneficial effects of
A. muciniphila (8, 9). Furthermore, AM protein can modulate
host immune responses and specifically induce high cytokine
production in peripheral blood mononuclear cells (PBMCs)
likely via Toll-like receptor 2 (TLR2) signaling (10). Oral AM
protein can activate the immune response of mice potentially
via TLR2 (8). Other than that, AM protein can restore gut
barriers and enhance the transepithelial resistance of Caco-2
cells (10). Specifically, oral AM protein enhanced the mouse
intestinal barrier likely by acting on TLR2 and restoring the
appropriate expression of tight junction proteins (8). AM
protein can also alleviate metabolic endotoxemia, improve
glucose and lipid metabolism, and reduce fat mass in high-
fat diet-fed mice (8). These results indicate that A. muciniphila
and AM protein have potential as a green feed additive
in aquaculture.

As a strictly anaerobic bacteria, A. muciniphila is difficult
to produce at an industrial scale, which limits its application
in aquaculture. Compared with the bacteria, its probiotic
element, AM protein, is easy to express heterologously and
can be produced on a large scale, with great application
potential. The applications of protein as a feed additive
will face a series of problems such as a complex expression
and purification process, poor stability, poor resistance,
and high cost. A microbial [especially generally recognized
as safe (GRAS) lactic acid bacteria] surface display can
well circumvent the above problems, becoming attractive
platforms for the surface display of heterologous proteins in
various fields.

In this study, AM protein was anchored to the cell wall
of fish-derived Lactococcus lactis ZHY1 using surface display
technology. The lipid-lowering effect of recombinant bacteria on
hepatic steatosis caused by a high-fat diet was tested, and the
effects of the recombinant bacteria on intestinal barrier function
and the inflammatory response of zebrafish were evaluated. This
study will lay a foundation for the application of AM protein in
improving abnormal fat deposition and restoring the intestinal
barrier in fish.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
In this experiment, L. lactis was isolated from the intestine of
Acipenser sinensis. After the intestinal contents were suspended in
0.1mM of phosphate-buffered saline (PBS), and then spread on a
De Man, Rogosa and Sharpe (MRS) agar medium supplemented
with calcium carbonate. Due to its high yield, we chose it as the
carrier for the surface display, and it was identified as L. lactis
by 16s rRNA sequencing, named ZHY1 (preservation number:
CGMCC No. 22024). This strain was grown in a medium in
M17 broth containing 0.5% glucose (HB0391, Qingdao Hope
Bio-Technology Co., Ltd., Qingdao, China) and was cultured
statically at 30◦C.

Construction and Expression of
Recombinant Bacteria AM-ZHY1
The 900-bp nucleotide coding sequence of AM was synthesized
and cloned into the pET28a plasmid (Generay Biotech,
Shanghai, China) and digested with XhoI (R0146S, NEB,
Beijing, China) and XbaI (R0145V, NEB). The gene fragment
of usp45 and AcmA was amplified by fusion PCR from
the signal peptide genomic major lactococcal autolysin N-
acetylmuramidase DNA of L. lactis MG1363 using a set of
primers, usp45F (5′-CGAGCTCATATGAAAAAAAAGATTA-
3′) and AcmAR (5′-GTCAGTATCTGCGAATAAAACTCGAG-
3′). The amplification reaction was performed using theQ5High-
Fidelity DNA Polymerase following the recommendations of the
manufacturer, and the amplicon was digested by SacI (R0156S,
NEB) and XhoI. The two M0515, NEB digested products
mentioned above were inserted into the shuttle vector pMG36e,
and the ligation mixture was transformed into Escherichia coli
MC1061 (TIANGEN, Beijing, China). The correct recombinant
plasmid, pMG36e-usp45-AcmA-AM, was identified by DNA
sequencing (Sangon Biotech, Shanghai, China) (Figure 1).

Lactococcus lactis ZHY1 competent cells were prepared and
transformed as described previously with slight modifications
(11). The overnight culture of L. lactis was inoculated at a 5%
ratio into a fresh GM17 medium with 2.5% glycine, and then
cultivated until OD600 = 0.5. The bacteria were washed two times
with a pre-cooled washing buffer (17.1% sucrose, 1% glycerol),
and then resuspended in a pre-chilled washing buffer and
mixed with the recombinant plasmid pMG36e-usp45-AcmA-
AM. The electroporator was pulsed, and the cells were plated
on a GM17 agar medium containing 10 ug/ml of erythromycin.
The recombinant bacteria AM-ZHY1 were selected after 48 h
of culture by PCR (MG36eF: 5′-ACTCTCTGGGGACTTTCG-3′;
MG36eR: 5′-TCGCCTTTACCAACTGTC-3′).

Frontiers in Nutrition | www.frontiersin.org 2 October 2021 | Volume 8 | Article 72610854

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


Zhang et al. AM-ZHY1 Can Improve Hepatic Steatosis

FIGURE 1 | Schematic view of building the pMG36e-usp45-AcmA-AM plasmid.

Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE) and
Western Blot
The inoculation of AM-ZHY1 was performed into a GM17
medium containing 10µg/ml erythromycin and cultured at 30◦C
for 48 h. The culture cells were then collected and resuspended
in 1ml of Tris-HCl (50mM, pH 7), which contained 10mM of
magnesium chloride (MgCl2) and 4% SDS buffer, at 37◦C for 2 h.
The mixture was denatured by heating at 100◦C before loading,
and the supernatant was the lysed cell wall components. The
samples were analyzed by 12% SDS-PAGE (BioRad, Hercules,
CA, USA) and electrophoresis at a 120-V constant voltage for 2 h.

After electrophoresis, the protein bands were transferred
to a polyvinylidene fluoride (PVDF) membrane (0.45 uM,
IPVH00010, Millipore, Beijing, China). After the electrotransfer
was completed, the membrane was blocked in 5% skim milk
and incubated overnight at 4◦C with an anti-His tag monoclonal
antibody (1:1,000 dilution, AB102, TIANGEN). Then, Goat
Anti-mouse IgG, HRP Conjugated (1:200 dilution, CW0102,

cwbiotech, Beijing, China) was added at room temperature for
2 h after washing with 0.05% TBST (50mM Tris-HCl, 150mM
NaCl, 0.05% Tween 20). Chemiluminescent HRP Substrate
(WBKLS0100, Millipore) was used to visualize protein bands.

Diets Preparation and Fish Husbandry
The experiment used zebrafish (1-month-old), AB strain. The
zebrafish (n = 480, mean initial weight: 50mg) were randomly
allocated to 20 3-L tanks in the recirculation system. The
zebrafish were fed for 4 weeks at 26◦C, 12/12 light/dark cycle,
dissolved oxygen ≥6 mg/L, total ammonia content ≤0.02mg
nitrogen/L, pH 7. All experimental and animal care procedures
were approved by the Feed Research Institute of the Chinese
Academy of Agricultural Sciences Animal Care Committee,
under the auspices of the China Council for Animal Care
(Assurance No. 2018-AF- FRI-CAAS-001).

The feed ingredients and formulas of the basal diet and high-
fat diet are shown in Table 1. The recombinant bacteria, AM-
ZHY1, and the control bacteria, ZHY1, were added to the high-fat
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TABLE 1 | Ingredient and nutrient composition of the basal diet and high-fat diet.

Ingredients (g/kg diet) basal diet High-fat diet

Casein 400 400

gelatin 100 100

dextrin 280 160

Lard oil 0 80

Bean oil 60 80

Lysine 3.3 3.3

VC lecithin 1 1

Vitamin premixa 2 2

Mineral premixb 2 2

Calcium dihydrogen phosphate 20 20

Choline chloride 2 2

Sodium alginate 20 20

Microcrystalline cellulose 40 40

Zeolite powder 69.7 89.7

Total 1,000 1,000

Proximate composition (g/kg dry diet)

Crude protein 449.4 448.9

Crude lipid 53.9 157.0

Vitamin premixa and mineral premixb were obtained from Beijing Xinlu United Aquatic

Products Co., Ltd. The nutrition provided by the feed meets NRC standards.

diet at the amount of 108 cfu/g before being named the AM-
ZHY1 group and ZHY1 group, respectively. Before preparation
and after the feed was crushed (stored at −20◦C), the viable
cell numbers of L. lactis were determined by the plate counting
method. The zebrafish were fed with the experimental diets two
times a day (9:00, 17:00) at a ratio of 6% of body weight.

Growth Performance
After 4 weeks of feeding, each fish in the tanks was weighed to
assess body weight gain (WG), feed conversion ratio (FCR), and
survival rate (SR) (12), which showed the following: WG: [100
× (Wt – W0)/W0], FCR: (Wf/Wd) × 100; SR = (N0/Nt) × 100;
where W0 (g), Wt (g), Wf, Wd, N0, and Nt are the initial weight,
final weight, total food intake, total weight gain, initial quantity,
and final quantity of the zebrafish, respectively.

Liver TAG Content and HE Staining
The determination of the triacylglycerol (TAG) content of the
zebrafish livers mainly referred to themethod of Zhang et al. (13).
The liver tissues (5–10mg) from five zebrafish were homogenized
in a PBS buffer. About 5ml of methanol/chloroform (1:2)
solution was added to the homogenate, and it was centrifuged
(3,000 rpm, 5min) to avoid protein sticking to the wall of the
centrifuge tube. The organic components were carefully dried at
70◦C with nitrogen steam. Then, the dried lipids were emulsified
in chloroformwith 1% Triton X-100. Each of the dried emulsified
lipids was dissolved in deionized water, and we then detected the
amount of TAG contained in the unit weight of the sample using
a triglyceride reagent (T2449, Sigma-Aldrich, Saint Louis, MO,
USA) and a free glycerol reagent (F6428, Sigma-Aldrich).

TABLE 2 | The primer sequences for quantitative (qPCR) analysis of lipid

metabolism and inflammation-related genes.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′)

Rps11 ACAGAAATGCCCCTTCACTG GCCTCTTCTCAAAACGGTTG

(Reference

gene)

CD36 TGAACAAAATCAAGGAGC ATCCGGGAAATCAGCTCATTCTT

ACACAA

FABP6 ACCCACAACCATCATCTC TCTTTACCGTCCCATTTC

SREBP-1c CAGAGGGTGGGCATGCTGGG ATGTGACGGTGGTGCCGCTG

ATGL GCGTGACGGATGGAGAAA AGGCCACAGTAAACAGGAATAT

FAS GGAGCAGGCTGCCTCTGTGC TTGCGGCCTGTCCCACTCCT

PPARγ CCTGTCCGGGAAGACCAGCG GTGCTCGTGGAGCGGCATGT

ACC1 GCGTGGCCGAACAATGGCAG GCAGGTCCAGCTTCCCTGCG

UCP2 TGCCACCGTGAAGTTTATTG CCTCGATATTTCACCGGACC

TNFα AAGGAGAGTTGCCTTTACCG ATTGCCCTGGGTCTTATGG

IL-6 TCAACTTCTCCAGCGTGATG TCTTTCCCTCTTTTCCTCCTG

IL-10 TCACGTCATGAACGAGATCC CCTCTTGCATTTCACCATATCC

IL-1β GGCTGTGTGTTTGGGAATCT TGATAAACCAACCGGGACA

The zebrafish liver was carefully removed and immediately
fixed in 4% paraformaldehyde. After embedding in paraffin,
the sections were cut and stained with hematoxylin-eosin (HE).
The cellular lipid vacuoles of the liver were observed under a
microscope (Leica DMIL-LED, Wetzlar, Germany).

Serum Biochemical Measurements
Blood samples were collected from the zebrafish as previously
described (14). The activities of zebrafish serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
were detected using commercial diagnostic kits (Nanjing
Jiancheng Bioengineering Institute, China) according to the
instructions of the manufacturer. Serum ALT and AST activities
were expressed as enzyme activity units per liter (U/L).

Quantitative Real-Time PCR Analysis
The total RNA of the zebrafish liver and intestine samples were
isolated using a Trizol reagent (Invitrogen, Waltham, MA,
USA) and reversed transcribed to cDNA using a FastKing-RT
Supermix (KR118, TIANGEN). The expression of CD36, FABP6,
sterol regulatory element-binding proteins-1c (SREBP-1c),
peroxisome-proliferator-activated receptors (PPARγ ), acetyl-
CoA carboxylase 1 (ACC1), adipose triglyceride lipase (ATGL),
and uncoupling protein 2 (UCP2) of the liver; tumor necrosis
factor (TNF)-α, interleukin (IL)-6, IL-10, and IL-1β of the liver;
and the intestinal tight junction (TJ) proteins (TJP1a, claudina,
claudin7, claudin7b, claudin11a, claudin12, and claudin15a)
were determined by quantitative real-time PCR (qRT-PCR)
using the SYBR Green Supermix (FP204, TIANGEN) on a Light
Cycler 480 system (Roche, Basel, Switzerland). The results were
analyzed by the 2−11Ct method (15). The primers of all detected
genes are listed in Tables 2, 3, and the reference gene was Rps11.
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TABLE 3 | Primers sequences for qPCR analysis of tight junction proteins.

Gene

name

Forward primer (5′-3′) Reverse primer (5′-3′)

Rps11

(Reference

gene)

ACAGAAATGCCCCTTCACTG GCCTCTTCTCAAAACGGTTG

Claudin7 GGAGCCCTCTGTAGCATTGTT ATTAGGAGATGACTGACCCTTTGA

Claudin11a ACCAGAAAGTGCCAAGAACA AAAGCCAAAGGACATCAGACC

Claudin12 CCTCCGTCTGGTTCCTCT GCTTTGGGTCATTGTGGG

Claudin7b GGAGCCCTCTGTAGCATTGTTGATTAGGAGATGACTGACCCTTTGA

TGTTG

Claudin15a CTCTGCTCGCTCTATCTGGTTA TTTCACGGGTGGGATGGTAT

TJP1a CAAAGACCAACAGCACTGCC GTGGTTTAGCGGTGATGGGA

Claudina TCAGTGAGTTTCCTCCTATTGT TATTCGCCGCTCCTCTTTT

TJP1b CCCACAGATCTCCCCAAACC CTGGAGCTCTGTAGGAGGGT

The Influence of Gut Microbes
After 4 weeks of feeding, the intestinal contents of the
zebrafish from the four diet groups were obtained 4 h
after the last feeding. The intestinal sample of each group
contained six replicates, and six fish were pooled as a replicate.
Afterward, DNA was extracted with a Fast DNA spin kit (MP,
Biomedicals, Solon, OH, USA), according to the instructions
of the manufacturer. The V3–V4 region of 16S rRNA was
amplified with U341F (5′-CGGCAACGAGCGCAACCC-
3′) and U806R (5′-CCATTGTAGCACGTGTGTAGCC-3′).
The high-throughput sequencing of the gut microbes was
performed at the MajorBio (Shanghai), using the Illumina
HiSeq platform. Microbiota sequencing data of zebrafish
intestinal flora are available from NCBI Sequence Read
Archive with accession number PRJNA739824. The UPARSE-
operational taxonomic unit (OTU) algorithm was used to
control the quality of raw pair-end readings (16). The RDP
classifier Bayesian algorithm was used to perform a taxonomic
analysis at the 97% similar level (17). According to the
results of the taxonomic analysis, a principal component
analysis of different groups was performed using R 3.3.1 at
(18).

Statistical Analysis
The statistical data were analyzed by the GraphPad Prism
5 software (GraphPad Software Inc., San Diego, CA,
USA). All statistics were from six repetitions. Differences
among groups were assessed using Student’s t-test.
p < 0.05, p < 0.01 and p < 0.001 were considered
significant differences.

RESULT

Oral Administration of AM-ZHY1 Reduces
Weight Gain and Liver Lipid Deposition
As shown in Figure 2, the fusion protein AcmA-AM was
successfully expressed in the surface of the recombinant bacteria
AM-ZHY1. After 4 weeks of the feeding experiment, the WG,
FCR, and SR of the four groups of zebrafish were calculated.

FIGURE 2 | Western blotting detects the expression of Amuc_1100 (AM) on

ZHY1. Line 1: protein marker (26630, Thermo Scientific), line 2: the whole cell

wall protein of recombinant strain AM-ZHY1, line 3: the whole cell wall protein

of control strain ZHY1.

As shown in Figure 3, both the WG of the AM-ZHY1 and
ZHY1 groups showed 17.7 and 43.5% lower than high-fat diet
group. The FCR of the AM-ZHY1 group was 25% higher
than the high-fat diet group. The SRs was unaffected by the
dietary treatments.

The improvement of AM-ZHY1 on hepatic steatosis induced
by the high-fat diet is shown in Figures 4A,B. The high-fat diet
significantly increased liver fat accumulation compared with the
basal diet (29.5% higher; p < 0.05). The supplementation of
AM-ZHY1, but not ZHY1, significantly reduced TAG content
in the liver compared with the high-fat diet group (by 31.6
and 7.6%, respectively; p < 0.05; p = 0.28). Moreover, the
TAG content in zebrafish fed the high-fat diet with AM-
ZHY1 was 26% lower than in the fish fed the high-fat diet
with ZHY1 (p < 0.05). Accordingly, histopathologic analysis
of the HE-stained liver sections showed hepatic steatosis in
zebrafish fed high-fat diets, which was obviously reversed by the
addition of AM-ZHY1. The effect of AM-ZHY1 on the lipid
metabolism of the high-fat diet-fed zebrafish was investigated
(Figure 5). The process of lipid metabolism mainly includes
fat synthesis genes, lipolysis genes, and fat absorption-related
genes at the genetic level. The expression of key enzymes
involved in the de novo fatty acid synthesis pathway, including
ACC1 and fatty acid synthase (FAS), was obviously lower in
the AM-ZHY1 group than the high-fat diet group (by 71.9
and 71.9%, respectively; p < 0.05; p < 0.05). The mRNA
expression of the transcription factors that regulate fatty acid
and triglyceride synthesis, including PPARγ and SREBP-1c, was
significantly downregulated in the AM-ZHY1 group (p < 0.05;
p < 0.05). However, the expression of PPARγ and SREBP-
1c was not significantly reduced in zebrafish fed with ZHY1
compared with those fed the high-fat diet (p = 0.12; p =

0.42). The AM-ZHY1 significantly inhibited the expression of
the lipid absorption genes CD36 and FABP6 (p < 0.05; p <

0.05). However, the expression of these two genes in zebrafish
fed with the high-fat diet supplemented with control bacteria
ZHY1 did not decrease significantly (p = 0.58; p = 0.74).
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FIGURE 3 | Effects of different diets on the (A) body weight gain, (B) feed conversion rate, and (C) survival rate of zebrafish. Data represent as the means ± SEM.

The asterisks on the horizontal line represent significant differences between the two groups. *p < 0.05, ***p < 0.001.

FIGURE 4 | Triacylglycerol (TAG) content of the livers of zebrafish in different groups. (A) TAG content of the liver, the significance level was determined by a Student’s

t-test (*p < 0.05). (B) Histological changes of liver sections measured by HE staining (scale bar is 50µm).

The addition of AM-ZHY1 and ZHY1 to the high-fat diet
both inhibited the expression of the ATGL of zebrafish (p <

0.05; p = 0.07). Taken together, these results demonstrated

that the supplement AM-ZHY1 with the high-fat diet led
to the improvement of hepatic steatosis. Furthermore, this

regulatory effect of AM-ZHY1 on liver lipid accumulation was
through inhibiting lipid synthesis and absorption, rather than
promoting lipolysis.

AM-ZHY1 Relieves High-Fat Diet-Induced
Liver Injury by Regulating Lipid Metabolism
and Inflammatory Responses
After the feeding experiment, the zebrafish serum ALT, AST,
and liver inflammatory factor expression levels were tested to
examine the effect of AM-ZHY1 on liver health. Compared
with the high-fat diet group, the levels of ALT and AST
were significantly reduced in the AM-ZHY1 group (p <
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FIGURE 5 | Relative mRNA expression of lipid metabolic-related genes PPARγ (A), SREBP-1c (B), FAS (C), ACC1 (D), ATGL (E), UCP2 (F), CD36 (G), FABP6 (H) of

the livers of zebrafish in different groups. Data are presented as mean ± SEM (n = 6). The asterisks on the horizontal line represent significant differences between the

two groups. *p < 0.05, **p < 0.01.

0.05, p < 0.05; Figure 6), and the expression level of TNF-
a and IL-6 of the liver were significantly decreased in the
AM-ZHY1 group (p < 0.05, p < 0.05; Figures 7A,B). The
expression level of IL-1β and IL-10 had no significant changes

in the AM-ZHY1 group (p = 0.24, p = 0.18; Figures 7C,D).

These results indicated that an AM-ZHY1 treatment could

alleviate liver injury and the inflammation caused by a high-

fat diet.

AM-ZHY1 Improves High-Fat Diet-Induced
Intestinal Injury by Altering Gut Microbiota
Dysbiosis and Protecting Intestinal
Integrity
A total of 1,519,923 high-quality 16S rRNA sequences were

generated from 30 samples. After subsampling each sample

to an equal sequencing depth of 33,004 reads per sample,
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FIGURE 6 | Serum alanine aspartate aminotransferase [AST, (A)] and alanine aminotransferase [ALT, (B)] levels of zebrafish fed with a basal diet and high-fat diet, with

AM-ZHY1(108cfu/g) and ZHY1(108cfu/g) supplemented with the high-fat diet. Data are presented as mean ± SEM (n = 6). The asterisks on the horizontal line

represent significant differences between the two groups. *p < 0.05.

sequences were clustered into 1,706 OTUs. Treating with AM-
ZHY1 could significantly change the structure of zebrafish
intestinal microbiota at both the genus and phylum level
(Figure 8). Compared to the high-fat diet group, Proteobacteria
were significantly reduced, and Fusobacteria were significantly
increased in the AM-ZHY1 group (p < 0.05; p < 0.05; Table 4).
At the genus level, the relative content of Aeromonas was
significantly reduced in the AM-ZHY1 group compared with
the high-fat diet group (p < 0.05). The relative abundance
of Cetobacterium was significantly increased in the AM-ZHY1
group (p < 0.05), which is higher than any other group. The
relative content of Plesiomonas in the AM-ZHY1 group was
consistent with that in the basal diet group. The relative contents
of Acinetobacter and Bacillus did not change significantly among
these groups (Table 5).

The effect of AM-ZHY1 supplementation on intestinal
health was elucidated by detecting the gene expression of
TJP1a, claudina, claudin7, claudin7b, claudin11a, claudin12, and
claudin15a. The AM-ZHY1 group, but not the ZHY1 group,
significantly increased the expression of the above-mentioned
intestinal TJ proteins vs. the high-fat diet group (p < 0.05;
Figure 9). The above results indicated that AM-ZHY1 could
improve zebrafish intestinal barrier structure.

DISCUSSION

In this experiment, the AM protein was displayed on the surface
of L. lactis ZHY1, and its probiotic effects, including relieving
high-fat diet-induced liver steatosis and improving the barrier
function of the intestinal tract, were confirmed in zebrafish. For

the first time, AM protein was used to treat fish fatty liver in
aquaculture, and this research, combined with surface display
technology, advanced its practical application.

Studies have shown that AM protein could decrease the body
weight and fat content of high-fat diet-fed mice (8). In this
experiment, AM-ZHY1 reduced the high-fat diet-induced weight
gain to the basal diet level, similar to the same function in
mammals. However, the ZHY1 group could also significantly
reduce weight gain. This may be due to the fact that lactic
acid bacteria themselves could play an anti-obesity effect by
regulating the lipid metabolism of the body and changing the
composition of intestinal microbes (9, 19–22). Next, we tested
the content of liver TAG and found that the content of liver
TAG in the ZHY1 group did not decrease compared with
the high-fat diet group, but the AM-ZHY1 group significantly
reduced the accumulation of liver fat. This further confirmed
that AM protein-induced weight loss by reducing liver fat
accumulation, while ZHY1-induced weight loss may be due
to the reduction of fat content at mesenteric, perirenal white
adipose tissues, or other body mass, similar to other Lactobacillus
species (22–24).

Furthermore, AM-ZHY1 significantly reduced the expression
of lipogenic genes (PPARγ , SREBP-1c, ACC1, and FAS) and fatty
acid transport-related proteins (CD36, FABP6) in high-fat diet-
fed zebrafish. However, compared with high-fat diet-fed zebrafish
treated with ZHY1, AM-ZHY1 had no significant effect on the
expression of ATGL and UCP2 in high-fat diet-fed zebrafish.
These results indicated that AM-ZHY1 mainly reduces high-
fat diet-induced fat accumulation by reducing fat synthesis and
inhibiting fat absorption.
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FIGURE 7 | Relative mRNA expression of inflammation related genes: TNFα (A), IL-6 (B), IL-1β (C), IL-10 (D) of liver of zebrafish of different groups. Data are

presented as mean ± SEM (n = 6). The asterisks on the horizontal line represent significant differences between the two groups. **p < 0.01, ***p < 0.001.

The intestinal barrier function was important as a defense
against foreign infections. The permeability and stability of the
epithelial barrier maybe dependent on the TJs and adherens
junctions between epithelial cells (25). The TJs of the intestinal
epithelium were a specialized structure, mainly composed of
transmembrane proteins, including occludin, trillulin and claudin
families, and zonula occludens (ZO-1) (26, 27). These TJ proteins

maintained dynamic balance through continuous remodeling
and renewal under the strict regulation of extracellular and
intracellular factors. The destruction of this dynamic balance
would lead to intestinal epithelial barrier dysfunction which
would increase intestinal epicellular paracellular permeability,
and cause the translocation of luminal toxic substances and
bacteria to the interior organization (28). It was reported that,
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FIGURE 8 | The effect of different diets on the relative abundance of intestinal flora at the phylum in zebrafish (A) and the genus (B) level. LFD, basal diet; HFD,

high-fat diet; HFD_AM_ZHY1, supplement 108cfu/g AM-ZHY1 based on a high-fat diet; HFD_ZHY1, supplement 108cfu/g ZHY1 based on a high-fat diet.

TABLE 4 | The relative abundance of each group of intestinal flora at the phylum level.

LFD HFD HFD_AM-ZHY1 HFD_ZHY1

Proteobacteria 73.51 ± 11.90ab 78.12 ± 6.56b 58.74 ± 16.23a 69.55 ± 9.57ab

Fusobacteriota 6.57 ± 4.16a 5.89 ± 1.78a 29.33 ± 16.03b 15.25 ± 11.33ab

Firmicutes 8.35 ± 2.57a 5.48 ± 3.13a 7.11 ± 2.82a 10.60 ± 7.82a

Bacteroidota 9.46 ± 6.15a 6.78 ± 4.65ab 2.70 ± 2.22bc 1.01 ± 0.86c

Actinobacteriota 0.61 ± 0.26a 3.13 ± 2.32b 0.719 ± 0.37a 1.20 ± 0.84a

Verrucomicrobiota 0.30 ± 0.19a 0.096 ± 0.034a 0.97 ± 0.66a 1.77 ± 2.26a

Values are means ± SEMs; n = 6 (pool of 3 zebrafish per sample). In the same line, different letters represent significant differences, p < 0.05.

LFD, basal diet; HFD, high-fat diet; HFD_AM-ZHY1, supplement 108cfu/g AM-ZHY1 based on a high-fat diet; HFD_ZHY1, supplement 108cfu/g ZHY1 based on a high-fat diet.

TABLE 5 | The relative abundance of each group of intestinal flora at the genus level.

LFD HFD HFD_AM-ZHY1 HFD_ZHY1

Aeromonas 36.69 ± 21.23bc 42.58 ± 23.57c 10.76 ± 5.29ab 22.05 ± 21.15abc

Plesiomonas 24.25 ± 10.79a 10.63 ± 9.07a 29.42 ± 10.36a 17.09 ± 16.95a

Cetobacterium 6.56 ± 4.16a 5.88 ± 1.78a 29.33 ± 16.03b 15.24 ± 11.32ab

Acinetobacter 0.66 ± 0.32a 12.04 ± 5.49a 6.63 ± 6.15a 0.35 ± 0.33a

Lactococcus 0.25 ± 0.09a 0.09 ± 0.05a 6.27 ± 2.66b 8.33 ± 5.94b

Bacillus 2.38 ± 1.54ab 3.81 ± 2.67a 0.54 ± 0.28a 0.33 ± 0.24a

Values are means ± SEMs; n = 6 (pool of 3 zebrafish per sample). In the same line, different letters represent significant differences, p < 0.05.

LFD, basal diet; HFD, high-fat diet; HFD_AM-ZHY1, supplement 108cfu/g AM-ZHY1 based on a high-fat diet; HFD_ZHY1, supplement 108cfu/g ZHY1 based on a high-fat diet.

as the TJ expression levels in the intestines of mice with high-fat
diet-induced obesity decreased, the permeability of the intestine
increased and even caused endotoxemia (29–31). We explored
whether AM-ZHY1 had a protective effect on the destruction
of intestinal barrier function caused by the high-fat diet. This
study had shown that AM-ZHY1 could maintain intestinal

health by increasing the expression of a series of TJ proteins
(TJP1a, claudina, claudin7, claudin7b, claudin11a, claudin12,
and claudin15a).

The homeostasis of the intestinal microbial community
was vital to the gut histologic structure, metabolism, and
gut immunity of fish (32, 33). A high-fat diet could cause
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FIGURE 9 | Relative mRNA expression of the tight junction protein genes TJP1a (A), TJP1b (B), Claudina (C), Claudin7 (D), Claudin7b (E), Claudin11a (F), Claudin12

(G), Claudin15a (H) of the intestines of zebrafish in different groups. Data are presented as mean ± SEM (n = 6). The asterisks on the horizontal line represent

significant differences between the two groups. (*p < 0.05,**p < 0.01).

a bad tilt of intestinal flora and reduce the abundance
and diversity of microorganisms (34, 35). In our previous
studies, the increase in the abundance of Fusobacteria and
the decrease in the abundance of Proteobacteria indicated
that the intestinal health of the zebrafish had improved
(36). In this study, the addition of the recombinant bacteria
AM-ZH1 could significantly increase the abundance of
Fusobacteria (Cetobacterium) in the guts of high-fat
diet zebrafish.

CONCLUSION

In conclusion, AM protein was successfully anchored to
the cell surface of L. lactis ZHY1. This recombinant L.
lactis AM-ZHY1 could reduce hepatic fat accumulation,
relieve liver injury, and inhibit liver inflammation in
high-fat diet-fed zebrafish. Furthermore, AM-ZHY1
could maintain the barrier function of the intestinal
tract by increasing the expression of intestinal TJ
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proteins. Moreover, the relative abundance of beneficial
commensal bacterium (Cetobacterium) was increased in the
AM-ZHY1 group.
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Following a ban on antibiotic use in the feed industry, trials on the effects of various

immunostimulants (prebiotics, probiotics, antimicrobial peptides [AMPs], and herbs) on

the survival, growth, immunity, and disease control of farmed fish in aquaculture are

being rapidly conducted. The wide variety of microbes with roles in nutrition, metabolism,

and immunity in the fish intestine is the primary factor affecting the fermentability and

functionality of dietary immunostimulants. For this reason, the dynamic interactions

between immunostimulants and the intestinal microbiome may influence fish health.

In this study, the effects of two agriculturally important AMPs (nisin and cecropin)

and one herb (Penthorum chinense) on the gut microbiome of common carp were

investigated, using 16S rDNA high-throughput sequencing. The results suggest that

all three substances can alter the richness, diversity, and composition of the intestinal

microbiota of common carp. P. chinense had a similar effect on the gut microbiota of

common carp to that of nisin, and both promoted more striking changes in the gut

microbiota community than did cecropin. The relative abundance of Proteobacteria was

lower in the nisin and P. chinense groups than in the control and cecropin groups. The

relative abundance of Bacteroidetes in the nisin, cecropin, and P. chinense groups was

markedly increased, comparedwith that of the control group. Additionally, nisin, cecropin,

and P. chinense showed obvious anti-inflammatory effects on the fish intestine, which

was reflected by significantly increasing the expression levels of two anti-inflammatory

cytokines IL-10 and TGF-β. Some digestive enzyme activities in the fish intestine were

also significantly enhanced by supplementing these three substances in feeds.

Keywords: nisin, cecropin, Penthorum chinense pursh, common carp, intestinal microbiome, feed additives

INTRODUCTION

Fishes are one of the main sources of consumable proteins for humans. Aquaculture has been
growing rapidly in recent years and has now overtaken capture fisheries as the main way for
humans to obtain food fish. With the increased use of intensive and high stocking-density breeding
in fish farming, the risk of disease outbreaks has increased significantly (1). To avoid economic
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losses caused by bacterial infections, antibiotics and
chemotherapeutics have been widely used as feed additives
to prevent and treat diseases in fish (2). However, studies have
demonstrated that supplementing antibiotics in feeds may
have negative effects on fish health, including oxidative stress,
immunosuppression, and histopathological damage (3–5). In
addition, overuse of antibiotics results in many side effects that
threaten human health, including presence of undesired drug
residues in the food chain, development, and enrichment of
drug-resistant genes, and emergence of drug-resistant bacteria
(6). Studies have projected that antibiotic resistance will cause
10 million deaths and $100 trillion loss in the US by 2050 if this
problem remains unsolved (7). Owing to their negative effects,
antibiotics used as feed additives and growth promoters in the
feed industry have been banned by the European Union (EU)
since 1997 (8).

To achieve sustainable development in aquaculture
and provide fish products for safe and nutritious human
consumption, developing alternatives to antibiotic feed additives
is urgent and economically significant. Antimicrobial peptides
(AMPs) are small peptide fragments with broad-spectrum
antimicrobial activity, including antibacterial, antifungal,
antiviral, and anti-carcinogenic properties (9). AMPs are a
key component of the innate immune system of almost all
organisms, and more than 2,600 AMPs have been identified
to date (10). Owing to their lack of drug resistance potential,
AMPs have been considered excellent alternatives to antibiotics
in both the medical and feed industries. When used as feed
additives, some AMPs have been shown to expedite the growth
of fishes and increase the resistance of fishes to pathogens
(11). However, several studies suggest that different types or
concentrations of AMPs have different effects on fish health
and performance when used as feed additives for specific
fish species (12). Thus, expanding our knowledge regarding
the effects of AMPs on different fish will help us to develop
suitable AMP-based feed additives for particular fish species.
Additionally, some immunostimulants, including probiotics,
prebiotics, and herbs, have also shown positive effects on
fish performance, disease prevention, and disease control
when supplemented as feed additives (2). Several studies have
investigated the effects of these reagents on growth, antioxidant
and immune responses, and disease resistance in fishes, but
effects on the intestinal microbiome have rarely been examined.
The intestinal microbiome—a large, diverse, complex, and
dynamic community of microbes that colonize the fish gut—is
receiving increased attention owing to its important roles in
host nutrient digestion, energy metabolism and absorption,
immunity, pathogen resistance, and health maintenance (13).
The composition of the fish gut microbiota is influenced by
many endogenous and exogenous factors, including genetics,
phylogeny, sex, body weight, age, immunity, diet, and habitat.
Maintaining a normal healthy gut microbiota is essential for
fish health.

Nisin is a ribosome-synthesized AMP that is naturally
produced by the probiotic bacterium Lactococcus lactis. Post-
translational modifications are needed to generate mature
nisin, which consists of 34 amino acid residues containing

dehydrobutyrine, dehydroalanine, one lanthionine, and four
methyl-lanthionine rings (9). Nisin shows good inhibitory
activity against gram-positive bacteria, including the foodborne
pathogen Listeria monocytogenes. Owing to its “generally
regarded as safe” (GRAS) status, nisin has been widely approved
in the food industry by many official organizations, including
the World Health Organization (WHO), the European Food
Safety Authority (EFSA), and the United States Food and Drug
Administration (FDA) (9). It has been reported that dietary nisin
can modulate the gut microbial community and enhance the
growth performance of broiler chickens (14). Cecropin, naturally
generated by themothHyalophora cecropia, is a strongly cationic,
amphipathic AMP with broad-spectrum antimicrobial activities
(15). When used as feed additives, members of the cecropin
family have shown the capacity to increase animal performance
and resistance to lethal pathogen infection. Dietary cecropin
increases nitrogen retention and crude fat digestibility; it also
enhances apparent metabolizable energy content in broilers
(16). Feeding cecropin improved the villus-height-to-crypt-
depth ratio in the jejunum and ileum in piglets challenged with
Escherichia coli, compared with that of controls (17).

Many Chinese medicinal herbs have been investigated as
alternatives to antibiotics in the feed industry. When used in fish
aquaculture, herbs have shown immunomodulatory, antiviral,
antibacterial, and antiparasitic activities and can stimulate
appetite and promote weight gain (18, 19). Penthorum chinense
Pursh is a traditional Chinese medicine that alleviates heat and
diuresis, causes detoxification, and promotes blood circulation
(20). It is now widely used to treat several liver diseases,
such as non-alcoholic and alcoholic fatty liver disease, as well
as infectious hepatitis. The extract of P. chinense has strong
antioxidant and anticomplement activities and can inhibit the
growth of many pathogens, including Staphylococcus aureus,
Staphylococcus epidermidis, and Pseudomonas aeruginosa (21).
Additionally, a recent study demonstrated that P. chinense can
alter the structure of the gut microbial community in mice and
increase the abundance of some probiotics (22). At present,
the application of P. chinense in aquaculture has not been
documented. We assumed that the properties of P. chinense
mentioned above may have positive effects when used as feed
additives in aquaculture.

The common carp (Cyprinus carpio L., family Cyprinidae)
is an omnivorous and stomachless fish. It represents the
fourth most-produced fish species in aquaculture worldwide
and is produced mainly in Asia and Europe (23). The
effects of AMPs and certain herbs as feed additives on
common carp have been reported previously; however, these
studies mainly assessed and compared the changes in fish
performance, blood biochemical parameters, antioxidant activity,
and immunity between experimental and control groups (2,
24–30). Considering that feed additives in the fish diet are
administered orally, they inevitably enter the gut and directly
interact with fish intestinal microflora. Understanding the
composition of the fish intestinal microbiota and the changes
caused by feed additives in diets will guide the development of
novel additives to improve the health and performance of fishes.
Here, we report the effects of nisin, cecropin, and P. chinense
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on the gut microbiome of common carp, and we evaluate
their effects on gut health and digestive enzyme activities in
this species.

MATERIALS AND METHODS

Experimental Fish and Diet Preparation
Common carp used in this study were obtained from a fish farm
in Luzhou City, Sichuan Province, China. Initially, 120 healthy
sub-adult fish of similar size (296.75 ± 7.22 g) were randomly
distributed into four groups. Each group was housed in six
plastic 200 L tanks (80 × 50 × 50 cm) with five individuals per
tank. Before the feeding trial, fish were acclimatized for 2 weeks
with the control diet. Commercially available nisin (amino acid
sequence: ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK)
was purchased from Hengkang Food Additive Co., Ltd. (Tianjin,
China). Cecropin (amino acid sequence: KWKLFKKIEKV
GQNIRDGIIKAGPAVAVVGQATQIAK) was obtained from
Shandong Ruitai Biotechnology Co., Ltd. (Shandong, China).
The stem of P. chinense was purchased from Sichuan Jiyuntang
Traditional Chinese Medicine Co., Ltd., and crushed into
powder using a high-speed universal grinder after freezing in
liquid nitrogen. A commercial basal diet for common carp
was used as the control diet (CON), and experimental diets
were prepared by mixing nisin (0.05%, NIS), cecropin (0.01%,
CEC), or P. chinense (4%, PCH) powder into the control
diet, according to the manufacturers’ instructions. The control
diet used in this experiment contained 16.0% fish meal (FM),
34.0% soybean meal, 4.0% corn oil, 9.0% wheat bran, 11.0%
wheat flour, 7.0% dextrin, 14.0% corn gluten, 3.0% Ca(H2PO4)2,
0.1% vitamin mixture, and 1.0% mineral mixture. For the feed
preparation, basal diets were completely ground, mixed with
the corresponding additive powder, made into sinking pellets at
room temperature, and stored at−20◦C until use.

Experimental Design and Feeding
Experiments in this study were reviewed and approved by the
Southwest Medical University Ethics Committee and performed
at Southwest Medical University (Luzhou, China). During the
experiment, the four groups of fish were fed twice daily with
their corresponding diets at 08:00 a.m. and 18:00 p.m. Half of the
water in the tanks was changed daily with tap water to maintain
water quality. The water parameters were recorded and were as
follows: temperature ranged from 20 to 28◦C; dissolved oxygen
concentration ranged from 5.2 to 6.1 mg/L; pH ranged from 7.1
to 7.9. The feeding experiment lasted for four consecutive weeks
under a 12 h light/12 h dark photoperiod. The fish in each group
were weighed at the beginning of the feeding experiment and at
the end. Weight gain was calculated by subtracting the starting
weight from the final weight.

Isolation of Intestinal Bacterial DNA and
Sequencing
After the feeding experiment, we randomly selected one fish
per tank, and a total of six fish from each group were used
for gut microbiome analysis. After euthanasia with tricaine
methanesulfonate (MS-222, Sigma, USA), the sampled fish were

washed with 70% ethanol and sterile water and then dissected,
and the intestinal tissues were aseptically removed from the
abdominal cavity. Then, the gut contents were gently squeezed
out and harvested separately into sterile tubes. After freezing in
liquid nitrogen, the gut content samples were stored at −80◦C
until use.

Bacterial DNAwas extracted from the fish gut content samples
directly using the E.Z.N.A. Stool DNA kit (OMEGA, Bio-tek,
USA). The purity and concentration of the resulting DNA in each
sample were determined using 1% agarose gel electrophoresis
and a NanoDropTM instrument (Thermo Fisher Scientific,
Wilmington, DE, USA), respectively. The V4/V5 hypervariable
regions of the bacterial 16S rRNA gene were amplified using
polymerase chain reaction (PCR) with the extracted genomic
DNA as a template. The primer pairs used in the PCR were 338f
and 806r (Table 1). The PCR mixture and reaction conditions
were set as previously described (13). In brief, the PCR mixture
consisted of 9.0 µl ddH2O, 2.5 µl PCR buffer (10×), 1.0 µl
KOD-Plus-Neo DNA polymerase, 2.5 µl dNTPs, 1 µl 338f/806r
primers, and 2 µl genomic DNA template. PCR conditions were
set as: 95◦C for 5min; 30 cycles of 95◦C for 30 s, 55◦C for
30 s, and 68◦C for 30 s; and a final extension at 68◦C for 5min.
After electrophoresis on a 1% agarose gel, the PCR products
were purified, and the sequencing libraries were constructed and
sequenced as described previously (13).

Sequence Processing and Bioinformatic
Analysis
The sequencing raw reads obtained in this study were deposited
into the National Centre for Biotechnology Information
short read archive database under the accession number
PRJNA738662. After sequencing, the resulting sequences were
processed and quality-filtered to remove low-quality reads using
the TrimGalore software and merged using FLASH 2, as
previously described (13). Sequences with a quality score <20,
ambiguous bases, mismatches in barcodes, or primers with more
than 2 bases were removed. To clarify the bacterial community
compositions of each group, operational taxonomic unit (OTU)
analysis was performed using the Quantitative Insights Into
Microbial Ecology (QIIME) toolkit (version 1.17). According
to currently accepted standards for prokaryotic species, OTUs
were clustered with a threshold of 97% similarity, and chimeric
sequences were identified and removed as described previously
(9). With a confidence threshold of 70%, the representative OTUs
were annotated with taxonomic information using the SILVA
ribosomal RNA gene database.

Bioinformatic analysis was performed using the i-Sanger
Cloud Platform (www.i-sanger.com). Rarefaction curves were
generated by plotting the number of OTUs against the number
of identified sequences. The Sobs, Chao, Good’s coverage, Ace,
Shannon, and Simpson indices that reflected the α-diversity
of each group were determined using the Mothur software.
The Sobs, ACE, and Chao indices were used to reflect the
richness of bacterial species in a community regardless of the
abundance of each species, whereas the Shannon and Simpson
indices were used to reflect species richness and species evenness.
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TABLE 1 | Primers sequences, amplification temperature, and amplicon information for qRT-PCR.

Primer Sequence (5′-3′) Annealing temperature (◦C) Amplicon size (bp) Accession no.

338-f ACTCCTACGGGAGGCAGCAG

806-r GGACTACHVGGGTWTCTAAT

IL1β-f AAGGAGGCCAGTGGCTCTGT 58 69 AB010701

IL1β-r CCTGAAGAAGAGGAGGCTGTCA

TNFα-f GCTGTCTGCTTCACGCTCAA 58 106 AJ311800

TNFα-r CCTTGGAAGTGACATTTGCTTTT

IL10-f GCTGTCACGTCATGAACGAGAT 58 132 AB110780

IL10-r CCCGCTTGAGATCCTGAAATAT

TGFβ-f ACGCTTTATTCCCAACCAAA 58 95 AF136947

TGFβ-r GAAATCCTTGCTCTGCCTCA

β-actin-f GAAGTGTGGTGTGGACATCCGTAA 58 247 JQ619774.1

β-actin-r AGACTCATCGTACTCCTGCTTGCT

β-diversity analysis, which reflects community diversity and
species differences among the four groups, was assessed by
weighted UniFrac-based principal coordinate analysis (PCoA)
and hierarchical clustering trees using the R software package.
The Wilcoxon rank-sum test were used to determine statistically
significant differences inmicrobial composition at the genus level
between the control and the other three experimental groups. The
main differences in the species level among the four groups were
revealed using hierarchical clustering heatmap analysis.

Quantitative Reverse Transcription-PCR
(qRT-PCR) Analysis
qRT-PCR was used to assess the transcriptional levels of target
genes. Total RNA was extracted from the intestinal tissues of the
sampled fish using the TRIzol method with an RNA Isolation
Plus kit (Takara, Dalian, China) according to the manufacturer’s
instructions. After verification of the integrity and purity of the
total RNA using 1.5% agarose gel electrophoresis, cDNA was
obtained by reverse-transcribing RNA with a HiScript R© Reverse
Transcriptase Kit (Vazyme, Jiangsu, China). The primers used in
this study are listed in Table 1. qRT-PCR was performed using
a Real-Time PCR Detection System (Bio-Rad, USA) with the
AceQTM qPCR SYBR R© Green Master Mix kit. The PCR program
was set up as follows: 95◦C for 10min, followed by 45 cycles of
95◦C for 15 s, 58◦C for 30 s, and 72◦C for 30 s. The relativemRNA
levels of target genes were normalized using β-actin as an internal
standard with the 2−11Ct method (31).

Enzyme Activity Analysis
Six fish in each group were randomly selected for digestive
enzyme activity analysis. The digestive enzyme activities in the
intestines of the sampled fish were determined using commercial
assay kits (Jiancheng Bioengineering Company, Nanjing, China).
After freezing in liquid nitrogen, intestinal samples were ground
into a powder and homogenized in phosphate buffer (pH 7.4) on
ice. Thereafter, the resulting samples were centrifuged at 4,000×
g for 10min, and the supernatant fraction was collected. After
quantification of the soluble protein concentrations using the
Bradford method, the activities of amylase, lipase, and protease

in each sample were analyzed. One unit of amylase activity was
defined as the amount of the enzyme required to hydrolyze
10mg starch in 30min. One unit of lipase activity was defined
as the amount of the enzyme required to hydrolyze triglyceride
substrate to form 1 µmol glycerol. One unit of protease activity
was defined as the amount of the enzyme required to release 1mg
tyrosine from the substrate per min.

Statistical Analysis
Unless otherwise indicated, statistical analysis was performed
in GraphPad Prism 8.0 software (USA) by one-way ANOVA
with Dunnett’s test (for comparison between two groups) or
post hoc Tukey-kramer test (for comparison among three or
more groups). All data were considered statistically significant at
p < 0.05.

RESULTS

Growth Performance
The results of growth performance of common carp at the end
of the experimental trials are shown in Figure 1. There were no
significant differences in survival rate or body weight gain values
among the four groups, indicating that the three additives used in
this study displayed negligible effects on the growth performance
of common carp.

Characteristics of the High-Throughput
Sequencing Data
A total of 1,182,758 valid sequences were obtained after
removing low-quality reads according to the criteria mentioned
in subsection Sequence processing and bioinformatic analysis
of “Materials and methods.” In each sample, the sequence
Good’s coverage index was ≥99%, and the rarefaction curve
reached a saturation plateau (Supplementary Table 1 and
Supplementary Figure 1). These results suggest that the
sequencing depth was adequate, and most bacterial phylotypes
could be identified. With a 97% sequence similarity cut-off
threshold, the obtained valid sequences were delineated into 688
OTUs. The total OTU numbers of the CON, NIS, CEC, and PCH
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FIGURE 1 | Effects of the three additives on the growth performance of common carp. (A) Survival rate of the common carp in the four groups. (B) Weight gain rate

(WGR) of the common carp in the four groups. WGR is calculated as: WGR= (final weight–initial weight) × 100/(initial weight). No significant differences were observed

among the four groups.

FIGURE 2 | The number of shared and unique operational taxonomic units

(OTUs) in different samples. Venn diagrams showing the numbers of unique

and shared OTUs among the four groups. Overlaps in the upper panel

represent the shared OTUs of corresponding sample groups. The total number

of OTUs in each group (n = 6) is shown in the lower panel.

groups were 426, 351, 341, and 388, respectively. The number of
shared OTUs in the four groups was 157, whereas the number of
unique OTUs was 113 in the CON group, 43 in the NIS group,
79 in the CEC group, and 61 in the PCH group (Figure 2).

Diversity Analysis of the Microbial
Community
The α- and β-diversity of the microbial communities of the four
groups were analyzed separately to determine the effects of nisin,

cecropin, and P. chinense, when used as feed additives, on the
diversity of intestinal microbial communities of common carp.
The richness and community diversity indices of each group
were calculated and compared. As shown in Figure 3A, the Sobs,
ACE, and Chao indices were significantly lower in the three
experimental groups than in the control group, indicating that
nisin, cecropin, and P. chinense as feed additives reduced the
species richness of the intestinal microbiota in common carp.
The Shannon index was higher in the control group than in the
three experimental groups, whereas the Simpson index showed
the opposite trend.

According to the hierarchical clustering tree shown in
Figure 3B, the cecropin group was clustered together with the
control group, whereas the nisin group and the P. chinense
group, clustered together, were located on different branches of
the tree. PCoA analysis was performed to compare the bacterial
communities among the four groups (Figure 3C). The weighted
UniFrac distance was used to determine the PCoA score plot,
and each symbol in the plot represents one sample. The discrete
degree of PC1 is also shown. The two principal coordinates
accounted for 58.75% of the total variation between the groups.
The nisin and P. chinense groups were clustered together to
the right of the plot and located far away from the control
group, whereas the cecropin group was located near, and showed
only slight dissimilarity with the control group. A structural
rearrangement of the gut microbiota of common carp in the three
experimental groups was also detected by partial least squares
discriminant analysis, as shown in Figure 3D.

Composition Analysis of the Microbial
Community
A total of 688 OTUs obtained in this study could be assigned
to 23 bacterial phyla based on phylogenetic information. The
distribution of bacterial phyla among the four groups is presented
by both pie and column diagrams in Figures 4A,B, and the
relative abundance of the bacterial phyla in each group is also
shown. Proteobacteria was the most abundant phylum in all
four groups, and the relative abundance of this phylum in the
CON, CEC, NIS, and PCH groups was 86.12, 89.74, 64.57, and
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FIGURE 3 | Diversity analysis of the gut microbial communities among the four groups. (A) The α-diversity of gut microbial communities is significantly different

between the control and the three experimental groups. Bacterial community diversity and richness were presented as the Shannon, Simpson, ACE, Chao, and Sobs

(Continued)
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FIGURE 3 | indices. One-way ANOVA with Dunnett’s test was used for statistical analysis to determine significant differences between the control and the three

experimental groups. p < 0.05 was considered statistically significant (*p < 0.05). (B) Hierarchical clustering tree of Bray-Curtis distances. Each branch represents

one fish gut bacterial community. (C) Principal coordinate analysis (PCoA) of the four groups. Principal component 1 (PC1) and 2 (PC2) explained 40.7 and 18.05% of

the variance, respectively. Distances between each symbol in the plot reflect relative dissimilarities of relative bacterial communities. Discrete degree of PC1 is shown

in the right panel. (D) Partial least squares discriminant analysis (PLS-DA) of the four groups.

63.89%, respectively, indicating that the relative abundance of
Proteobacteria was lower in the NIS and PCH groups than
in the control group. The relative abundance of Bacteroidetes
in the NIS, PCH, and CEC groups was significantly increased:
1.84% (CON), 6.62% (CEC), 34.68% (NIS), and 30.89% (PCH),
when compared with that of the control group, leading to an
increase in the Bacteroidota/Firmicutes (B/F) ratio in the three
experimental groups (Figure 4C). The phylum Desulfobacterota,
which was absent in the CON group, was present in the CEC and
PCH groups.

The number of bacterial genera identified from the four
groups was 399, and the relative abundance of each bacterial
genus is shown in Figure 4D. The five most abundant genera in
the control group were Aeromonas (25.35%), Enterobacteriaceae
(9.38%), Pseudomonas (8.56%), Bosea (6.25%), and Shewanella
(4.49%), whereas the top five genera in the nisin group
were Comamonadaceae (35.73%), Flavobacterium (32.11%),
Kaistia (7.79%), Pseudorhodobacter (4.37%), and Shewanella
(3.79%) (Supplementary Figure 2). The five most abundant
genera in the cecropin group were Shewanella (29.53%),
Pseudomonas (24.69%), Aeromonas (13.03%), Enterobacteriaceae
(4.79%), and Bosea (3.94%), and the top five genera in the P.
chinense group were Flavobacterium (30.2%), Comamonadaceae
(18.62%), Pseudomonas (10.79%), Pseudorhodobacter (9.4%), and
Rhizobium (4.70%). The relative abundance of each bacterial
genus in the individual fish is shown in Supplementary Figure 3.

Analysis of Overall Changes in Microbial
Community
Significant differences in the gut microbiome composition
among the four groups at the phylum level were shown in
Figure 5A. Significant variations in the relative abundance of
Proteobacteria (p = 0.03701), Bacteroidetes (p = 0.01154),
Actinobacteria (p = 0.01002), and Firmicutes (p = 0.03049)
were observed. The CEC, NIS, and PCH groups increased in the
relative abundance of Bacteroides and decreased in the relative
abundance of Actinobacteriota and Fusobacteriota, compared
with those in the control group. The relative abundance of
Proteobacteria significantly decreased in the NIS and PCH
groups, and the relative abundance of Firmicutes significantly
decreased in the NIS and CEC groups.

Using the Wilcoxon rank-sum test, significant variations
in the gut microbiome composition between the control
group and the other three experimental groups at the
genus level were determined (Figure 5B). The abundance
of three genera, including unclassified_f_Comamonadaceae,
Flavobacterium, and Legionella, significantly increased,
while that of five genera, including Aeromonas, Bosea,
Devosia, unclassified_f_Rhizobiaceae, and Mycobacterium,

significantly decreased in the NIS group compared with those
in the CON group. Furthermore, the genus Thermomonas,
which was detected in the CON group, disappeared in
the NIS group. The CEC group significantly increased
in the abundance of Shewanella, Chryseobacterium, and
Psychrobacter and decreased in the abundance of Bosea,
Devosia, Mycobacterium, unclassified_f_Rhizobiaceae,
Thermomonas, and norank_f_Rhizobiales_Incertae_Sedis,
compared with those in the control group. The abundance of the
genera Flavobacterium, unclassified_f_Comamonadaceae,
Pseudorhodobacter, and Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium increased, whereas that of the
genera Bosea, unclassified_f_Rhizobiaceae, Mycobacterium,
and Thermomonas significantly decreased in the PCH group,
compared with those in the control group. A ternary plot was
used to visually represent the composition and proportional
distribution of the dominant genera in the CON, NIS, and CEC
groups (Figure 5C). These results suggest that different AMPs
(nisin and cecropin) have different effects on the composition of
the gut microbial community in common carp. LEfSe analysis
was performed to determine significantly different bacteria
among the four groups (Figures 6A,B). We also performed
hierarchical clustering heatmap analysis at the species level
to reveal the changes in the entire gut microbial community
structure of common carp caused by nisin, cecropin, and P.
chinense (Figure 6C).

Effects of nisin, cecropin, and P. chinense

on Immune-Related Gene Expression
The expression levels of immune-related genes (TNF-α, IL-1β,
IL10, and TGF-β) in the four groups were determined using
qRT-PCR. As shown in Figure 7, the expression levels of IL10
significantly increased in the NIS and CEC groups compared
with that of the control group. By contrast, the PCH group did
not show any significant differences. The NIS and PCH groups
showed significantly higher TGF-β expression levels than the
CON and CEC groups. There were no significant differences
detected between the CON group and the three experimental
groups in terms of IL-1β or TNF-α gene expression levels.

Effects of nisin, cecropin, and P. chinense

on Gut Digestive Enzyme Activity
Digestive enzyme activities in the intestines of common carp
were determined and compared between the control and the
three experimental groups (Table 2). Intestinal amylase activities
in all groups were not significantly different. The NIS and CEC
groups showed significantly higher protease activity than the
CON group. The lipase activities in the CEC and PCH groups

Frontiers in Nutrition | www.frontiersin.org 7 October 2021 | Volume 8 | Article 72943772

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


Ke et al. Effects of AMPs and Herb on Common Carp

FIGURE 4 | Distribution of bacterial phyla and genera among the four groups. (A) Pie diagrams show the bacterial composition of the four groups at the phylum level.

The relative abundance of bacterial phyla in each group is shown. (B) Column diagrams of distribution of bacterial phyla among the four groups. (C) Ratio of

Bacteroidetes/Firmicutes (B/F) in the four groups. Data are expressed as mean with SD (n = 6). p < 0.05 was considered statistically significant (*p < 0.05). (D)

Column diagrams of distribution of bacterial genera among the four groups. “Others” refers to bacteria with <0.01% abundance.
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FIGURE 5 | Analysis of the differences in specific microbial taxa among the four groups. (A) The differences of microbial composition across the four groups at the

phylum level. One-way ANOVA with a post hoc Tukey-kramer test was used for statistical analysis to determine significant difference among the four groups;

(B) Wilcoxon rank-sum analysis of the differences between the control (CON) and the three experimental groups at the genus level. Data are presented as mean ± SD

(n = 6). p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01). (C) Ternary plot analysis of differences in the main genera in CON, nisin (NIS), and

cecropin (CEC) groups. Dot size indicates the relative abundance of the genera.

significantly decreased and increased, respectively, compared
with that of the CON group.

DISCUSSION

Application of immunostimulants, including prebiotics
(oligosaccharides, polysaccharides, and nutrients), probiotics,

herbs, and AMPs as feed additives is occurring frequently in
aquaculture (2). Studies have reported that supplementation
with probiotics and prebiotics, herbs, and AMPs, individually
or together (synbiotics) in the diet, could have beneficial effects
on survival, growth, gut microbiota, immunity, and disease
control in farmed fishes (32). However, in some cases, no
significant differences in the growth or survival indices of
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FIGURE 6 | LEfSe analysis of intestinal microbiota communities of the four groups. (A) Linear discriminant analysis (LDA) score in the four groups. Histogram showing

differentially abundant taxa (LDA score > 4) in the gut microbiota of the four groups. The length of the column is proportional to the taxa abundance. (B) LDA effect

size (LEfSe) analysis in the four groups. p, phylum; c, class; o, order; f, family; g, genus. (C) Heatmap of gut bacteria species from the four groups. The bacterial

phylogenetic tree (shown on the left of the figure) was generated using the neighbor-joining method. The relative abundance values of bacterial species in different

samples are depicted by color intensity, and the color legend corresponding to different values is to the right of the figure.

fish were detected at the end of the experimental trials, and
overdoses of these substances may have negative effects on the
performance of fishes (12, 33). The exact mechanisms of these
dietary immunostimulants on fish health status are unknown.
It has been speculated that prebiotics can affect immune
parameters via the production of short-chain fatty acids (SCFAs)
following gut microbial fermentation. SCFAs can regulate innate
immune activities by binding to G protein-coupled receptors
on immune cells (34). Herbs, which contain various bioactive
compounds, have the ability to regulate many biological
processes in fish, and some also demonstrate antimicrobial
properties (18). Fish intestinal microbial communities are the
main factors affecting the fermentability and functionality
of the dietary immunostimulants. Therefore, it is critical to
investigate the effects of immunostimulants on the intestinal

microbial communities of specific fish species for their rational
use in aquaculture.

AMPs that can perform immunomodulating functions,
endotoxin neutralization, and induction of angiogenesis, are
important components of the innate immune system of hosts and
are widespread in nature (35). Various studies have investigated
the effects of AMPs on growth, performance, antioxidant
and immune responses, and disease resistance in poultry and
livestock when used as feed additives, and many promising
results have been obtained (36). It has been shown that the
beneficial effects of AMPs on the growth performance of
animals are mainly due to antimicrobial and immunomodulatory
activities (37). A study by Ren et al. reported that dietary
composite AMPs increased T-cell populations, stimulated the
proliferation function of T cells, and decreased the percentage
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FIGURE 7 | Expression of immune-related genes in the intestine of the common carp in the four groups. The results were normalized against those of β-actin. Data

are expressed as mean ± SD (n = 6). A significant difference compared with the control (CON) group is indicated by an asterisk. Statistical analysis was performed

using one-way ANOVA with Dunnett’s test (*p < 0.05, **p < 0.01).

of apoptotic spleen cells in weaning piglets (38). Shan et al.
found that lactoferrin could improve the proliferation of spleen
lymphocytes in the peripheral blood and effectively increased the
concentration of serum antibodies and IL-2 levels in weaning
piglets (39). AMPs generated from pig and rabbit systems can
improve the intestinal mucosal immunity in broilers (40, 41).
Dietary AMPs A3 and P5 enhance the total tract digestibility
of weaning piglets and broilers toward crude protein and dry
matter, and gross energy production (42). Wang et al. found
that dietary AMP sublancin could increase villus height in the
duodenum, as well as induce a higher villus-height-to-crypt-
depth ratio in the jejunum of broilers (43). AMPs as feed additives
can also improve the health of host animals by regulating the
intestinal microbial ecology, including suppressing the growth of
harmful microorganisms such as Clostridium and promoting the
growth of beneficial microorganisms such as Lactobacillus and
Bifidobacterium (44).

Compared with results observed in poultry and livestock,
the effects of AMPs in aquaculture are understudied and may
be more complicated owing to their reduced stability in water
and direct interaction with the gut microecology in stomachless
fish. Liu et al. reported that feeding grass carp with compound

TABLE 2 | Comparative analysis of digestive enzyme activities of common carp in

the four groups.

Items CON NIS CEC PCH

Amylase (U/mg) 0.42 ± 0.07 0.36 ± 0.11 0.38 ± 0.11 0.43 ± 0.08

Protease (U/mg) 14.72 ± 1.96 31.09 ± 2.27a 22.99 ± 3.93a 15.02 ± 1.93

Lipase (U/mg) 25.51 ± 2.17 27.90 ± 4.44 20.66 ± 1.36a 32.26 ± 5.09a

a Indicates significant differences compared with the CON group. Statistical analysis was

performed using one-way ANOVA with Dunnett’s test.

(n = 6 fish for each group; p < 0.05).

AMP-containing diets improved growth performance, as well as
antioxidant and digestive capabilities, enhanced the expression
of immune-related genes, and increased resistance to Aeromonas
hydrophila challenge (12). Li et al. also claimed that AMPs
supplemented into the diet can promote growth performance,
improve oxidation resistance and immunity, increase digestive
enzyme activity, and improve the intestinal morphology of
juvenile largemouth bass (Micropterus salmoides) (24). AMP
has been found to reduce serum triglyceride levels, improve
immunity, and enrich the oxidation resistance of common
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carp (45). Recently, Dai et al. reported that cecropin AD
could improve intestinal immunity and enhance the disease
resistance of juvenile turbot (Scophthalmus maximus L.) (46).
Thus, these studies clearly demonstrate that AMPs have great
application potential in aquaculture. A large variety of microbes
with roles in nutrition, metabolism, and immunity can colonize
the fish intestine. However, little is known about the effects
of AMPs as feed additives on the gut microbiome of fish.
Systematically addressing this issue may be helpful in revealing
underlying mechanisms of the beneficial effects of AMPs on fish
growth performance.

This study investigated the effects of two agriculturally
important AMPs (nisin and cecropin) on the gut microbiome of
common carp. Our results suggest that both nisin and cecropin
alter the composition of the gut microbiome of common carp;
however, the changes caused by these two AMPs are distinct
from one another. The PCoA plot and hierarchical clustering
tree revealed that the nisin group clustered away from the
cecropin and control groups, whereas the cecropin group was
located close to the control group in the PCoA plot and was
clustered in the same branch of the tree (Figure 3). We speculate
that the different effects of these two AMPs on the microbial
communities of common carpmay be attributed to their different
antimicrobial spectra and mechanisms of action.

Chinese herbs have been used as traditional medicines to treat
human diseases for thousands of years in East Asia. Various
functional components from herbs, includingminerals, alkaloids,
flavonoids, vitamins, fatty acids, polysaccharides, and proteins,
have been shown to have immunostimulatory, antitumor,
antiviral, and antibacterial activities (2). The application of herbs
with immune-stimulating functions in aquaculture has recently
drawn increased attention. Several studies have demonstrated
that herbs can enhance phagocytosis in fish. The phagocytic
activity of blood leukocytes in crucian carp was enhanced after
feeding with Chinese herbs (I. indigotica, R. officinale, L. japonica,
and A. paniculata) (2). A mixture of Astragalus and Lonicera
extracts increased the respiratory burst and phagocytic activities
of blood phagocytes and plasma lysozyme activity in Nile tilapia,
and increased resistance to A. hydrophila infection (47). Both
Angelica sinensis and A. membranaceus showed the ability to
activate the immune systems of rainbow trout, catla carp,
Mozambique tilapia, common carp, and large yellow croaker (2).
Studies on the effects of herbs on the gut microbiota community
in fish are relatively limited. In this study, the effects of P. chinense
on the gut microbiota of common carp were investigated, and
it was found that it significantly altered the composition of the
microbial community. The P. chinense group partially overlapped
with the nisin group in the PCoA plot and was located in the
same branch of the hierarchical clustering tree (Figure 3). This
result indicates that P. chinense has a similar effect on the gut
microbiota community of common carp to that of nisin.

The predominant bacterial phyla in common carp detected
in this study were Proteobacteria, Bacteroidetes, Actinobacteria,
Firmicutes, and Fusobacteriota, consistent with the results
of previous study (48). After consuming nisin- and P.
chinense-containing feed, the abundance of Flavobacterium
was significantly increased in the gut microbiota community

of common carp. Flavobacterium is widespread in soil and
freshwater, and several species of this genus are known to cause
diseases in freshwater fishes (49). The relative abundance of
Shewanella was significantly increased in the cecropin group,
compared with that of the control group. Shewanella is an
opportunistic pathogen in fish and can damage the intestinal
immune system of its host (50). The relative abundance of
Aeromonas was reduced in the three experimental groups
compared to that in the control group. Most of the 14 described
species in Aeromonas genera have been associated with diseases,
including bacterial enteritis, septicemia, and furunculosis (51).
Based on these results, we conclude that nisin, cecropin, and P.
chinense can alter the abundance of some pathogens, including
opportunistic pathogens, in the gut microbial community of
common carp.

In this study, the effects of nisin, cecropin, and P. chinense
on the expression levels of four cytokine genes (TNF-α, IL-
1β, IL10, and TGF-β) were also determined. Cytokines are
key mediators of many biological processes, including tissue
repair, blood cell production, cell growth, immune response, and
inflammation (52). TNFα and IL-1β are typical proinflammatory
cytokines, whereas TGFβ and IL10 are two anti-inflammatory
cytokines. After consuming the nisin-, cecropin-, and P.
chinense-containing feeds, the expression levels of IL-10 and
TGF-β were significantly increased, which may indicate that
these three substances have anti-inflammatory effects in the
gut of common carp. Cecropin and P. chinense significantly
increased the expression levels of IL-10 and TGF-β, respectively,
whereas nisin upregulated the expression of both cytokines
simultaneously. Similar effects of dietary AMPs and herbs on
fish health have been reported by other research groups. For
example, dietary turmeric has antistress, antioxidant, and anti-
inflammatory effects in common carp (26). Dietary Ginkgo
biloba extracts can upregulate the expression of antioxidant
genes, immune-related genes, and anti-inflammatory cytokines
IL-10 and TGF-β in hybrid grouper (53). Eucalyptol has also
shown anti-inflammatory effects on common carp exposed to
ambient copper (54). Expression levels of IL-10 and TGF-β
are significantly upregulated in grass carp challenged with A.
hydrophila after feeding diets supplemented with compound
AMPs (12). However, in some cases, contradictory results are
reported. For example, when supplemented as feed additive,
Rehmannia glutinosa upregulates the expression of IL-1β, TNF-
α, and iNOS, and downregulates the expression of IL-10 and
TGF-β (25). Similarly, when guava leaves were added to the
diet of Labeo rohita, expression levels of IL-1β and TNF-α
were significantly increased, whereas levels of IL-10 and TGF-
β were significantly decreased (55). These contradictory effects
of immunostimulants on the expression levels of cytokines in
fishes may have many causes. It has been shown that both AMPs
and herbs are effectors of innate and adaptive immunity, capable
of modulating pro- and anti-inflammatory responses, and that
they also have chemotactic activity (9, 18). AMPs and herbs
with different bioactive compounds may have different targets
and mechanisms to regulate inflammatory responses. AMPs and
herbsmay also indirectly affect the inflammatory responses in the
gut of fishes by altering the gut microbiota composition, which
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is known to affect gut mucosal immunity. Our study supports
the assertion that different AMPs and herbs have different
effects on the gut microbial community of fishes. Additionally,
the supplied concentration and experimental conditions may
also affect the function of immunostimulants in inflammatory
responses in fishes.

Although dietary supplementation of nisin, cecropin, and
P. chinense did not produce any significant improvement in
growth performance in this study, all three demonstrated the
ability to alter specific digestive enzyme activities, which may
mean that supplementation of these substances in feed can
affect the digestive ability of common carp. Other studies with
similar results have been reported. When supplemented at a
concentration of 3 g/kg in the diet, aqueous extract of spade
flower (Hybanthus enneaspermus) significantly improves the
activities of amylase, lipase, and protease in rohu (56). Some
digestive enzyme activities in the stomach and intestine of
Japanese seabass were found to be significantly increased when
dietary supplementation of a Chinese herbal medicine mixture
was added (57). AMPs as feed additives may increase protease
and lipase activity, as well as reduce the amylase activity in
largemouth bass at specific concentrations (24). Notably, most of
these studies describe only the effects of immunostimulants on
the digestive enzyme activities, without underlying mechanism
analysis. We speculate that immunostimulants as feed additives
may affect digestive enzyme activity directly by regulating the
corresponding gene expression or indirectly by altering the gut
microbiota composition, which plays important roles in host
nutrition. However, understanding the molecular mechanisms
underlying the effects of supplemented immunostimulants
on digestive enzyme activities requires future experiments to
be conducted.

In summary, our current results suggest that nisin, cecropin,
and P. chinense, when supplemented as feed additives, affect
the diversity, abundance, and even the structure of the gut
microbial community in common carp. Additionally, these
three additives also show anti-inflammatory effects, and enhance
specific digestive enzyme activity in the gut of common carp.
For large-scale use of AMPs and Chinese herbs in aquaculture,
further investigations into in vitro and in vivo toxicological tests,
digestibility by fishes, and stability in the aquatic environment
should be conducted. Additionally, considering that a given AMP
or herb commonly shows various effects on different fish species,

identifying the most effective substances for use in a specific fish
species is also important.
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The gut microbiota is believed to play a significant role in psychological and

gastrointestinal symptoms in heroin addicts. However, the underlying mechanism

remains largely unknown. We show here that heroin addicts had a decrease in body

mass index (BMI) and abnormal serum D-lactic acid (DLA), endotoxin (ET) and diamine

oxidase (DAO) levels during their withdrawal stage, suggesting a potential intestinal injury.

The gut microbial profiles in the mouse model with heroin dependence showed slightly

decreased alpha diversity, as well as higher levels of Bifidobacterium and Sutterella and a

decrease in Akkermansia at genus level compared to the control group. Fecal microbiota

transplantation (FMT) further confirmed that the microbiota altered by heroin dependence

was sufficient to impair body weight and intestinal mucosal barrier integrity in recipient

mice. Moreover, short-chain fatty acids (SCFAs) profiling revealed that microbiota-derived

propionic acid significantly decreased in heroin dependent mice compared to controls.

Overall, our study shows that heroin dependence significantly altered gut microbiota

and impaired intestinal mucosal barrier integrity in mice, highlighting the role of the gut

microbiota in substance use disorders and the pathophysiology of withdrawal symptoms.

Keywords: heroin dependence, gut microbiota, intestinal mucosal barrier integrity, SCFAs, mice

INTRODUCTION

As a chronic and relapsing brain disease (1, 2), heroin addiction is usually characterized by
sensitization, dependence, and compulsive drug use (3, 4). Beyond neuropsychiatric disorders, our
previous studies showed that heroin abuse is often associated with decreased appetite, constipation,
nutritional and gastrointestinal symptoms that can lead to low abstinence rate and malnutrition
or nutritional risks during the withdrawal period (5–7). More seriously, drug-induced intestinal
barrier lesions and severe enterogenic infections or related death were observed in Rhesus
monkeys (5) and methamphetamine treated mice (8). Notably, lower zona occludens-1 (ZO-1)
immune positivity was observed in heroin abusers compared to healthy controls (9), indicating
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that heroin affects the molecular integrity of tight junction (TJ)
proteins, which correlates with gastrointestinal symptoms.

Although the mechanism of the gut microbiota in disease is
not fully understood, the gut microbiota is a critical component
of the brain-gut axis (10) potentially impacting behavior and
mood (11), key modulators of host immunity (12), metabolic
(13) and other diseases (14, 15). The role of gut dysbiosis
is considered an essential factor in the development of drug
addiction (10, 16). Furthermore, gastrointestinal disorders may
be accompanied by gut microbiota dysbiosis (17). However, the
association between gut microbiota and intestinal mucosa barrier
function in the context of substance use disorder remains largely
unknown. Further investigation is urgently needed to uncover
the roles of intestinal microbiota in gastrointestinal symptoms in
heroin addicts.

In this study, we investigated the serum indicators of
intestinal mucosal barrier damage in heroin addicts during
withdrawal stage and generated a mouse model mimicking
heroin dependence. High-throughput sequencing of 16s rRNA
gene and bioinformatic analysis was performed to determine the
variations in gut microbiota in heroin dependent mice compared
with saline-treated mice. To confirm the altered microbiota
contributing to the intestinal mucosal barrier integrity, donor
stool from mice with heroin dependence were transplanted
into recipient mice by fecal microbiota transplantation (FMT).
To assess intestinal mucosal barrier integrity, the serum
level of DAO, DLA, and ET, as well as protein expression
levels of Claudin-1 and ZO-1 were evaluated, respectively.
The concentrations of metabolic products SCFAs in mouse
fecal samples were analyzed using gas chromatography–mass
spectrometry (GC-MS).

We show that heroin dependence causes substantial changes
in the composition of the gut microbiota contributes to
pathological changes of intestinal mucosal barrier function.
Furthermore, it offers a deep insight into the function of the gut
microbiota in heroin dependence induced digestive diseases and
a new paradigm for addiction treatment.

MATERIALS AND METHODS

Study Populations and Ethics Statement
Thirty-eight male heroin addicts (age ranging from 18 to 58)
from the hospital of the Longchuan Drug Rehabilitation Center
in Dehong, China were recruited as the heroin group; 38
age-matched males with no heroin-use history were recruited
as healthy controls (HCs). The inclusion criteria were: (1)
male sex and aged between 18 and 58, (2) diagnosed with
heroin dependence, and (3) in withdrawal stage. Participants
were excluded if (1) severe neurological disorders, (2) severe

Abbreviations: BMI, body mass index; DLA, D-lactic acid; DAO, diamine

oxidase; EPM, elevated plus-maze test; ET, endotoxin; FMT, fecal microbiota

transplantation; FST, forced swimming test; GC-MS, gas chromatography–

mass spectrometry; LEfSe, linear discriminant analysis effect size; LDA, linear

discriminant analysis; OCL-1, occludin-1; OFT, open-field test; OTUs, operational

taxonomic units; PCA, principal component analysis; PLS-DA, partial least-

squares discrimination analysis; SCFAs, short chain fatty acids; TJ, tight junction;

TST, tail suspension test; ZO-1, zona occludens-1.

chronic illnesses, infections, (3) antibiotic treatments (<7 days
prior to study start), (4) refuse or inability to give informed
consent. All participants provided written informed consent
prior to study participation. The participants’ age, gender, body
weight, and height were collected. 2ml of blood was drawn
from each participant to measure intestinal mucosal barrier
damage indicator.

Animals
Male C57BL/6 SPF mice (6–8-week-old, weighing 20–25 g)
were obtained from the Kunming Medical University Center
for Laboratory Animals, housed individually under controlled
temperature (22± 2◦C) and humidity (50± 5%), andmaintained
on a 12/12 h light/dark cycle (lights on at 7 a.m.). The mice had
free access to tap water and a standard mouse chow diet. Animals
were deeply anesthetized with pentobarbital sodium (40 mg/kg,
i.p.) then sacrificed, colonic tissues were perfused with 0.1M
PBS (pH 7.4, 37◦C) followed by 4% (w/v) paraformaldehyde
in 0.1M PBS, prepared at 20µm thickness by using a cryostat
microtome (Leica CM 3500, Wetzlar, Germany). All experiments
were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Drugs
The Narcotics Department of Yunnan Provincial Public Security
Administration generously supplied the diacetylmorphine HCl
(heroin), and the heroin was freshly dissolved in 0.9% sterile
saline for intraperitoneal (10 mg/kg).

Experimental Design
In order to generation the mouse model with heroin dependence,
mice were randomly separated into two groups after 1 week of
adaptation: (1) control group (0.2ml saline i.p. n = 10); (2)
heroin group (10 mg/kg heroin i.p. n = 10). The experimental
design is showing in Figure 1A. Mice were treated with 10
mg/kg of heroin or saline for 21 continuous days. After 48 h
withdrawal (day 24), fecal were collected and behavioral tests
were performed. Mouse weight was periodically monitored every
fourth day during the heroin treated, thus we collected the body
weight on day 0–4–8–2–16–20–24, respectively. The intestinal
mucosal integrity was investigated and heroin dependent mice
were sacrificed at days 21 (Heroin-addicted) group and at days
24 (Heroin-withdrawal) group (Figure 2A).

Behavioral Locomotor Sensitization
Heroin-induced behavioral sensitization, which indicated
addiction behavior, was measured using an open field test (OFT)
and the ANY-maze software (Stoelting Co.) (18). Mice were
placed individually in the corner of an open-field box (45 ×45
×30 cm) and allowed to explore for 1 h in the OFT apparatus
after heroin/saline treatment. The tracked plot and total distance
traveled were collected and analyzed using a video tracking
system (ANY-maze, Stoelting Co.).

Fecal Microbiota Transplantation (FMT)
We performed FMT as described previously (19, 20): fecal pellets
(collected on day 24) from different mice in the corresponding
group were resuspended together in PBS (1 fecal pellet/ml) for
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FIGURE 1 | Heroin-induced mouse behavior sensitization, neurobehavioral deficits, and body weight loss in C57/BL mice. (A) experimental design: C57/BL mice

were administered an intraperitoneal (i.p.) injection of 10 mg/kg heroin for 21 days. After a 48-h withdrawal period, fresh fecal samples were collected for 16s rRNA

sequencing, and cecal tissues were collected after sacrifice. (B–D) A 10 mg/kg heroin administration induced behavior sensitization. Track plots showing the position

of the animal for 60-min tests where treatment with control (B) and heroin (C) (n =10); (D) Bar graphs show total distance traveled of the open field during the test. (E)

Heroin- administrated mice showed reduced body weight compared to controls. (F–K) heroin-administrated mice exhibit anxiety and depression-like behavioral

deficits: (F) time spent in the central area of the open field during the test; (G) time spent in open arms of the elevated plus maze; (H) Immobility time during the tail

suspension test; (I) Immobility time in the forced swim test; (J)Track plots showing the position of the animal for 5-min tests in OFT where treatment with saline (left)

and heroin (right); (K) Track plots showing the position of the animal for 5-min tests in EMP where treatment with saline (left) and heroin (right) (n = 10). The student’s

t-test was used to determine whether differences existed between the two groups, **p < 0.01; ***p < 0.001; ****p < 0.0001. All data are expressed as the mean ± SD.

about 15min, shaken and then centrifuged at 1,000 rpm, 4◦C
for 5min. The suspension was centrifuged at 8,000 rpm, 4◦C
for 5min to get total bacteria, then filtered twice in PBS. The

final bacterial suspension was mixed with an equal volume of
40% sterile glycerol to a final concentration of 20%, then stored
at −80◦C until transplantation. The recipient mice (SPF male
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FIGURE 2 | Disrupted the intestinal mucosal integrity in mice with heroin dependence. (A) experimental design. The serum and colon tissues were collected on day

21 as heroin-addicted group, and after a 48-h withdrawal period (on day 24) as heroin-withdrawal group. (B–D) The serum levels of D-lactic acid (DLA), endotoxin (ET)

and diamine oxidase (DAO) in heroin-addicted, heroin- withdrawal and control mice. (E) Immunofluorescence showed decreased expression levels of Claudin-1 in

heroin-addicted and heroin-withdrawal groups. (F) Mean fluorescence intensity of Claudin-1 expression. All data are expressed as the mean ± SD *p < 0.05; **p <

0.01; ***p < 0.001 (n = 5 in each group).
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C57/BL/6) were gavaged with 200 µl of the fecal slurry or PBS
once a day for seven consecutive days. Body weight changes
of recipient mice in pre-FMT and post-FMT were monitored,
using pre-FMT body weight as baseline for FMT. A total of 30
mice were used in FMT experiment: donor mice (administrated
with heroin for 21 days and collected fecal to prepare bacterial
suspension n =1 0), recipient mice: (gavaged with 200 µl of the
fecal slurry n= 10, gavaged with 200 µl of PBS n= 10).

Open-Field Test (OFT)
The OFT assessed the effects of chronic psychological stress on
anxious behavior. The mice were subjected to OFT for 5min.
The time spent in the center (inner 25% of the surface area) were
recorded by ANY-maze software (Stoelting Co.) The open field
arena was cleaned with 70% ethanol between each trial.

Elevated Plus-Maze Test (EPM)
The elevated plus-maze test was performed as previously
described (21). The apparatus includes two open arms, two
enclosed arms, and a central platform. The entire device was
elevated 45 cm above the floor. Amouse was placed on the central
platform and allowed to roam freely for 5min. The time spent on
open and closed arms were recorded.

Forced Swimming Test (FST)
A day before the test, a mouse was placed individually into a
glass cylinder (20 cm height, 17 cm diameter) filled with water
to a depth of 10 cm at 25◦C for 5min. During experimentation,
subjects were placed individually in a filled glass cylinder for
a period of 6min and the total duration of immobility was
measured for 5min by ANY-maze software as indicative of
depressive-like behavior. Motionless floating was considered
immobile behavior (21).

Tail Suspension Test (TST)
The tail suspension test was conducted as described previously
(21). Mouse was suspended 60 cm above the surface by adhesive
the tip of the tail. Duration of immobility in a 6-min period was
recorded by a video tracking system (ANY-maze, Stoelting Co.),
which was indicative of depressive-like behavior.

Fecal Sample Collection and Microbial
DNA Extraction
Fecal samples were collected from the control and heroin
dependent mice, frozen immediately and stored at −80◦C.
Microbial DNA was extracted from fecal samples fusing the
MagPure Stool DNA KFKit B (Magen, China). The quantity of
genomic DNA was verified using the Qubit dsDNA BR Assay
kit (Invitrogen, USA).

16S rRNA Gene Sequencing and
Bioinformatic Analysis
16S rRNA gene sequencing procedure was performed by
BGI (Shenzhen, China). Briefly, the V4 regions of the 16S
rRNA gene in the DNA extracted from fecal samples were
amplified using the following degenerate PCR primers:
515F (5′-GTGCCAGCMGCCGCGGTAA−3′), 806R (5′-

GGACTACHVGGGTWTCTAAT-3′) and sequenced on the
Illumina HiSeq2500 platform following the standard pipelines
of Illumina and generating 2 × 250 bp paired-end reads.
Taxonomic annotation was based on a customized version
of SILVA reference database. Alpha and beta diversities were
analyzed using QIIME. The relative abundance of bacteria was
expressed as the percentage. Partial least-squares discrimination
analysis (PLS-DA) was performed using the R package mix
Omics, whereas principal coordinate analysis (PCoA) was
performed using QIIME.

The Serum Levels of D-Lactic Acid (DLA),
and Endotoxin (ET) and Diamine Oxidase
(DAO)
The serum levels of DLA, ET, and DAO reflect intestinal
mechanical barrier dysfunction, usually regarded as a very
important evaluation of intestinal mucosal barrier damage (5).
The indicators were determined by a combined test kit developed
by the Institute of Biophysics, Chinese Academy of Sciences
(Beijing Zhongsheng Jinyu Diagnostic Technology Co., Ltd.).

Immunofluorescence Staining
Expressions of Claudin-1 and ZO-1 were evaluated with
immunofluorescence staining. Briefly, mouse colon tissue was
fixed in 4% paraformaldehyde for 24 h, dehydrated using 30%
sucrose, embedded in frozen section embedding agent and
sliced (10-microns thick), permeabilized using 0.3% triton X-
100 for 10min, and blocked with 10% BSA for 60min. The
following primary antibodies was used: Claudin-1 (1:100, Abcam
#ab15098), ZO-1 (1:200, Abcam #ab96587). The tissue sections
were then incubated with the appropriate Anti-rabbit IgG
(H+L) or F(ab’)2 Fragment (Alexa Fluor R© 488 Conjugate)
(1:1000, CST#4412). Nuclei were stained with DAPI. The
immunofluorescence quantification was analyzed by image J.
Each experiment was repeated three times.

Detection of SCFAs in Fecal Samples
SCFAs contents were detected using MetWare (http://www.
metware.cn/) based on the Agilent 7890B-7000D GC-MS/MS
platform. As previously described (22), 20mg of fecal samples
were accurately weighed and placed in a 2-ml EP tube. A
total of 1ml of phosphoric acid (0.5% v/v) solution and a
small steel ball were added to the EP tube. The mixture was
grinded for 10 s, three times, then vortexed for 10min and
ultrasonicated for 5min. A total of 0.1mL supernatant was added
to a 1.5-mL centrifugal tube after the mixture was centrifuged
at 12,000 rpm for 10min at 4◦C and 0.5mL MTBE (containing
internal standard) solution was added to the centrifuge tube. The
mixture was vortexed for 3min and ultrasonicated for 5min.
Subsequently, the mixture was centrifuged at 12,000 rpm for
10min at 4◦C, and the supernatant was collected and used for
GC-MS/MS analysis.

Statistical Analysis
The data were analyzed using the GraphPad Prism v.8 Software,
data reported as means ± SD. Student’s t-test and a Wilcoxon-
test were performed to determine whether differences existed
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TABLE 1 | The clinical information and intestinal barrier indicators of study population.

HCs Heroin p-value

Subjects N = 38 N = 38 NA

Sex Male Male NA

Age (years) 34.44 ± 11.86 34.47 ± 8.40 0.122

BMI (Kg/m2) 22.34 ± 2.60 21.02 ± 2.02 0.0162*

Diamine oxidase (U/L) 10.97 ± 3.24 13.54 ± 3.27 0.0009***

Exotoxin (U/L) 18.22 ± 3.41 20.83 ± 5.36 0.0135*

D-lactic acid (mg/L) 7.92 ± 4.21 10.36 ± 5.01 0.0247*

The population demographics and serum levels of diamine oxidase (DAO), exotoxin (ET) and D-lactic acid (DLA) in heroin addicts and healthy controls (HCs). The results represent mean

± SD (p-values were calculated using unpaired t-test), *p < 0.05; ***p < 0.001.

between the two groups. One-way ANOVA was used to compare
between three ormore groups. A p-value of<0.05 was considered
statistically significant (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p
< 0.0001). Notable non-significant differences were indicated in
the figures by “n.s.,” non-near significant (0.05 <p < 0.1) were
indicated in the figures.

RESULTS

Subject Characteristics
A total of 76 participants (38 healthy controls and 38 heroin
addicts) were included in the survey sample, and population
demographics revealed that the distribution of the sample
population by sex and age was not statistically different between
the two groups (Table 1). The mean BMI was 22.34 ± 2.60
in the HCs, and 21.02 ± 2.02 in heroin addicts and there
was a significant difference (p < 0.05) (low nutritional status)
between the two groups. The serum levels of D-lactic acid
(DLA), endotoxin (ET) and diamine oxidase (DAO) were the
main indicators for evaluating the function of intestinal mucosal
injury, intestinal wall permeability, and bacterial translocation
(5). Compared to HCs, heroin addicts have a higher level of DAO,
ET, and DLA (10.97± 3.24 U/L vs. 13.54± 3.27 p< 0.0001; 18.22
± 3.41 U/L vs. 20.83 ± 5.36 U/L p < 0.05; 7.92 ± 4.21 mg/L vs.
10.36 ± 5.01 mg/L p < 0.05; respectively, Table 1). These results
suggest a potential intestinal injury in the group of heroin addicts
of withdrawal stage.

Generation of a Mouse Model With Heroin
Dependence
After repeated 10 mg/kg heroin administrations for 14 days,
the mouse model with heroin dependence was established and
confirmed by behavior sensitization (Figures 1A–D). The total
traveled distance collected in the OFT showed that heroin
dependent mice traveled a significantly longer distance than
control mice (101.09 ± 16.43 vs. 600.95 ± 93.86, p < 0.0001
Figures 1B–D), which was considered an addiction behavior
(18). Data analysis showed that the body weight of the heroin
dependent mice was significantly decreased relative to that of
control mice (Figure 1E). Symptoms related to anxiety and/or
depression were most often reported in drug withdrawal; herein,
after 48 h withdrawal, anxiety and depression-like behaviors were

evaluated by OFT, EMP, TST, and FST. The heroin dependent
mice spent less time in the center of the open field (p < 0.05,
Figures 1F,J) and decreased exploration of the open arms of the
elevated-plus maze (p = 0.07, Figures 1G,K) during the 5-min
test compared to mice that had received saline. For the TST
and FST, heroin treated mice during withdrawal have reduced
mobile time (p < 0.0001, Figure 1H) and swim time (p < 0.001,
Figure 1I). Thus, mice with heroin dependence exhibited worse
depressive and anxiety symptoms.

Disrupted the Intestinal Mucosal Integrity
in Mice With Heroin Dependence
In our heroin-dependence mouse model, heroin-induced gut
barrier dysfunction may occur at any time within the 21
days during heroin treatment or after the initiation of drug
withdrawal. We thus compared the serum level of DLA, ET,
and DAO, the expression of Claudin-1 at both day 21(Heroin-
addicted stage) and at 48-h after initiation of withdrawal (Heroin-
withdrawal stage) (Figure 2A). Compared to non-treated control
mice, both heroin-addicted and heroin-withdrawal groups
decreased the integrity of the intestinal mucosal barrier, as
demonstrated by significant increases in the levels of serumDLA,
ET, and DAO (Figures 2B–D), lower expression level of Claudin-
1 (Figures 2E,F). These results were consistent with previous
analysis in heroin addicts (Table 1). In addition, no significant
differences were observed between the heroin-addicted and
heroin-withdrawal groups (p > 0.05). For better mimicking the
heroin dependence and withdrawal syndrome in patients, we
decided to profile the microbiota in the heroin dependent mouse
model undergoing withdrawal stage to explore the associations
with intestinal mucosal integrity.

Discrepancy in the Gut Microbiota
Structure and Diversity Between
Heroin-Dependent and Control Groups
In general, greater bacterial diversity was considered beneficial
to health; the gut microbiota in the heroin-dependent group
was slightly decreased although no statistical differences were
presented based on sob, chao, ace, Shannon, and simpson indices
(Figure 3A). The fecal microbiota of the two groups could
be divided into clusters according to community composition
using Unweighted UniFracmetrics and clearly separated in
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FIGURE 3 | Heroin administrated altered the gut microbiota structure and diversity. (A) Comparison of the alpha-diversity indices between the control and heroin

groups based on the observed species, chao, ace, shannon, and simpson index. (B) Principal coordinate analysis (PCoA) of the samples using Unweighted-UniFrac

from pyrosequencing. The red squares represent the control group, and the yellow dots represent the heroin administrated group. The fecal microbiotas of the two

groups could be divided into clusters according to community composition using Unweighted UniFrac metrics and separated clearly using PCoA analysis. (C)

Operational taxonomic unit (OUT)-based partial least-squares discrimination analysis (PLS-DA). (D) Linear discriminant analysis effect size (LEfSe) cladogram

representing differentially abundant taxa. (E) Linear discriminant analysis (LDA) scores, as calculated by the LEfSe of differentially abundant taxa in the two groups.

Cladogram showing differentially abundant taxonomic clades with an LDA score >2.0 among cases and controls.
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the PCoA plot demonstrating the structural changes in the
microbial communities (Figure 3B). The OUT-based PLS-
DA analysis also showed apparent differences between the
groups (Figure 3C). The linear discriminant analysis effect
size (LEfSe) cladogram represents differentially abundant taxa
(Figure 3D). Bacteraidaceae, Prevatellaceae, Ruminococcaceae,
Verrucomicrobia, and Akkerrnassia were the key types that
contributed to the difference in the microbiota composition
between the two groups. The significant difference in bacterial
abundance was compared using linear discriminant analysis
(LDA). Moreover, the composition of the gut microbiota was
significantly different from the two groups according to the LDA
score (Figure 3E).

Heroin Dependence Altered Microbiota
Composition in Mice
We identified the top microbiota (the relative abundance
>0.01%, <0.01% were classified into ‘others’) at the family
(Figure 4A) and genera (Figure 4B) levels in the heroin
and control groups. At the family-level, the top microbiota
includes S24-7, Verrucomicrobiaceae, Lachnospiraceae,
Paraprevotellaceae, Bacteroidaceae, Ruminococcaceae,
Lactobacillaceae, Helicobacteraceae, Alcaligenaceae,
Desulfovibrionaceae, Rikenellaceae, Prevotellaceae, and
Erysipelotricchaceae (Figure 3A). The relative abundances
of Verrucomicrobiaceae, Paraprevotellaceae, and Alcaligenaceae
differed between the two groups (p < 0.05). Mice with heroin
dependence had a higher abundance of Bifidobacteriaceae,
Planococcaceae, Streptococcaceae, Desulfovibrionaceae (the
relative abundance of these bacteria <0.01%) compared to
control mice (Figure 4C). At the genus-level, 11 genera were
observed in the top microbiota of both groups (the relative
abundance >0.01%) (Figure 4B), of these, Akkermansia was
significantly decreased while Bifidobacterium and Sutterella were
significantly enriched in the heroin group (Figure 4D). The
remaining genera were not significantly enriched in either group
(Prevotella, Bacteroides, Lactobacillus, Oscillospira, Coprococcus,
Ruminococcaceae, Turicibacter, and Helicobacter). In addition,
the level of Bifidobacterium, Sporosarcina, Streptococcus, and
Alistipes (the relative abundance of these bacteria <0.01%) were
increased more in heroin dependent group than that in the
control group (Figure 4D).

Altered Gut Microbiota Is Associated With
Impaired Intestinal Mucosal Barrier
Integrity in Heroin Dependent Mice
To investigate whether heroin-dependent altered gut microbiota
was sufficient to influence the integrity of the intestinal
mucosal barrier in mice, the FMT experiments were performed
(Figure 5A). Recipient mice receiving microbiota from heroin
dependent mice showed a decreased body weight compared to
mice that received FMT from controls (Figure 5B). Significant
elevation of serum DAO (p = 0.0305) and ET (p = 0.0476) were
observed in the FMT mice receiving microbiota from heroin
dependent mice compared to control mice (Figures 5C,D),
although the DLA levels increased was not statistically significant

(p = 0.36, Figure 5E). The intestinal mucosal barrier integrity
was crucial for intestinal homeostasis, and its function was
maintained by intercellular TJs. Intestinal TJs, such as OCL
and ZO-1 have been shown as the principal determinants
of intestinal mucosal barrier integrity (23). Furthermore, we
examined the expression and distribution of TJ proteins in the
colon using immunofluorescence. As shown in Figures 5F,G, the
expression of Claudin-1 and ZO-1 (Supplementary Figure 1)
were decreased in both heroin dependence and FMT groups
and these results indicated intestinal mucosal mechanical
barrier impairment. Taken together, the results showed that
heroin dependence induced intestinal mucosal barrier function
impairment could be transmissible via gut microbiota in mice.

Analysis of Fecal Short-Chain Fatty Acids
(SCFAs) in Mice
SCFAs are the primary products of microbial fermentation
of undigested dietary carbohydrates especially acetate,
propionate, and butyrate (24). Several reports highlighted
the immunomodulatory capacities and the ability to strengthen
epithelial barrier integrity (25, 26). The intestinal microbiota and
their derived SCFAs are crucial to intestinal barrier integrity.
Therefore, the levels of acetic acid, propionic acid, butyric acid,
valeric acid, isobutyrate, and isovalerate in the fecal samples were
analyzed by GC/MS. Acetic acid, butyric acid and propionic
acid were the principal fecal SCFAs present in the mouse model,
the concentrations of propionic acid significantly decreased in
heroin dependence and FMT mice compared to control mice
(Figure 6).

DISCUSSION

The microbiota-gut-brain axis were considered as the
bidirectional system of communication between central
nervous system (CNS) and the gastrointestinal tract (27). Many
CNS diseases such as autism spectrum disorder, Parkinson’s
disease, and major depressive disorder are more susceptible
to gastrointestinal symptoms disorder (28, 29), even more,
gastrointestinal symptoms of individuals seems to strongly
correlate with the severity of CNS diseases (28). Gastrointestinal
ailments are the most frequent complications in heroin abusers,
which not only aggravate the disease process, but even lead
to low abstinence rate. The role of microbiota contribute
more than 50% to the development of GI symptoms (30).
In this study, a significant reduction in body weight was
observed in heroin addicts and heroin dependent mice, as well
as colonization with heroin dependence-altered microbiota
by FMT. As body weight is commonly used to monitor the
nutritional status, these results revealed that the gastrointestinal
dysfunction-related decline in nutritional status was associated
with heroin dependence.

According to the results of 16S rDNA sequencing, there
were no significant differences in the alpha diversity, consistent
with the results comparing cocaine users and non-users (31).
At the genus level, Akkermansia, which belongs to the family
of Verrucomicrobia, was significantly increased in the heroin
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FIGURE 4 | Family and genus-level taxonomic distribution of intestinal microbiota and the top microbiota (the relative abundance >0.01%) at the family and genus

levels in the control and heroin groups. (A,B) Bacterial community structures in the heroin administrated and control groups at the family (A) and genus levels (B).

Abundance is presented in terms of the percentage of the total effective bacterial sequences in each group. (C,D) All significantly different bacterial are listed in the

heroin and control groups at the family (C) and genus levels (D). Data are represented as boxplots, with median, minima, and maxima, statistical significance was

calculated using Wilcoxon-test (n = 10) *p < 0.05; **p < 0.01; ***p < 0.001.

dependent mouse group (Figures 4C,D). Previous study
suggested that higher body weight and lower Akkermansia
abundance were found in the monosodium glutamate-induced
abdominal obesity mice study (32), while in our present
study lower Akkermansia abundance and lower weight
were shown in heroin dependent mice. We speculate that
Akkermansia may synergrise with other bacteria and involve
in tighten intestinal barrier integrity, lipid storage, adipose
tissue inflammation and insulin resistance. Therefore, it is
reasonable to believe that the body weight loss was to some
extent related to the change of Verrucomicrobia. In parallel,
it has been shown in previous reports that the abundance of
Akkermansia may directly exacerbate intestinal inflammation
(33). Furthermore, Akkermansia was found to be involved in
regulating inflammatory factors (34) and played an important

anti-inflammatory role in the development of metabolic
syndrome (35). Recent human studies have also shown that
reduced Akkermansia were found in IBD patients (36, 37), and in
children with autism spectrum disorder with a thinner GI mucus
barrier (38). Mechanistically, Akkermansia may lead to dry
stool and eventually intestinal mucosal barrier dysfunction by
degrading intestinal mucin (32). Therefore, heroin dependence
induced Akkermansia altering should trigger our more attention
in clinical diagnosis and treatment. The relative abundance of
Bifidobacteriaceae at family and genus levels were increased
in mice with heroin dependence (p < 0.001, Figures 4C,D)
compared with control mice. However, it is generally agreed that
Bifidobacteriaceae is considered to be beneficial in humans and
animals (39). A recent study showed that the Bifidobacterium
were significantly elevated in early days while returned to
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FIGURE 5 | Effect of FMT treatment on intestinal permeability and expression of tight junction proteins in mice. (A) Scheme of FMT experiment. (B) The body weight

of pre-FMT and Post-FMT in receive control microbiota and heroin microbiota groups. (C–E) The serum levels of DLA, ET and DAO in control and FMT groups. (F,G)

Immunofluorescence showed decreased expression levels of Claudin-1 in heroin and FMT groups. (F) Mean fluorescence intensity of Claudin-1 expression. (G)

Example images. All data are expressed as the mean ± SD *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

baseline levels after 7 days of methamphetamine cessation in
rat model (40). Additionally, a higher level of Bifidobacteriaceae
was found in major depressive disorder (41). These results

align with our findings, and we speculated that increases in
relative abundance of these gram-positive bacteria may act
as a protective mechanism against heroin acute withdrawal,

Frontiers in Nutrition | www.frontiersin.org 10 November 2021 | Volume 8 | Article 76541490

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


Yang et al. Heroin-Dependence Altered Gut Microbiota

FIGURE 6 | Composition of short chain fatty acids in fecal samples of control, heroin-administrated and FMT treated mice. The levels of propionic acid were

significantly altered in the heroin and FMT groups (A). (B–G) Concentrations of the major SCFAs acetate, butyrate, isovaleric, isobutyric, valeric, hexanoic. All data are

expressed as the mean ± SD (n = 6 per group). Statistically differences were analyzed with one-way ANOVA, **p < 0.01; ****p < 0.0001.

alternatively, specific strains of Bifidobacterium may have
inflammatory potential.

Sutterella is a genus of the family Sutterellaceae which
belongs to the class β-Proteobacteria, have already proven that
low levels are associated with gut immune homeostasis and
high levels of IgA (42), meanwhile, low fecal IgA levels were
attributed to the presence of high levels of Sutterella in a mouse
model (43). Sutterella could impair the functionality of the
intestinal antibacterial immune response, mainly it’s capacity to
limit intracellular bacterial species, rather than directly induce
inflammation (44). Thus, Sutterella species are considered as
commensals or bystanders in the context of gastrointestinal
diseases (45, 46). Herein, we found that mice with heroin
dependence exhibited an increased abundance of Sutterella
which suggest intestinal barrier injury should be focused on.
To date, the role of the Prevotella genus within the intestinal
microbiota and its effects on the host are not entirely understood,
whereas somewhat conflicting interpretations are available
linking the Prevotella genus to health markers. Beneficial effects
of some Prevotella strains in the gut have been reported,
such as cardiovascular disease risk factor profile and glucose
metabolism improvement (47, 48). Furthermore, Prevotella
strain abundance has been found in healthy gut microbiota
and was associated with plant-rich diets (49, 50). However,
studies have also suggested a potential role of Prevotella species

as intestinal pathobionts, as some strains promoted diseases,
such as metabolic syndrome, obesity, inflammatory bowel
disease or other inflammatory diseases (51). In mouse models,
Prevotella enrichment was positively correlated with high risk
of irritable bowel syndrome (IBD) and associated with higher
susceptibility to chemically-induced colitis (52) by reducing
interleukin (IL)-18 (53). Herein, as one of the top bacteria,
Prevotella exhibited a relatively higher abundance, although the
difference did not reach statistical significance (p = 0.08). In
addition to the details described above, the altered bacterial
such as Desulfovibrio, Prevotella, and Oscillibacter may utilize
microbial exopolysaccharides synthesized by Bifidobacterium to
produce SCFAs in the intestine (54).

The balance of gut microbiota helps to maintain the biological
barrier of the intestine (55). Mice with heroin dependence
exhibited several changes in bacterial, which might damage
the integrity of the intestinal barrier. To further explore
the role of microbiota in the intestinal barrier function, we
performed FMT for subsequent studies. Consistent with our
expectation, we observed the changes of intestinal mucosal
barrier integrity and permeability (Figures 5C–E), further
supported by immunofluorescence results of Claudin-1 and
ZO-1 (Figure 5F, Supplementary Figure 1). FMT experiments
suggest that the alteration of microbiota is closely related to the
function change in the intestinal barrier.
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In addition, SCFAs are the most critical and pleiotropic
functional components of microbe-to-host signaling (56). It is
now well-established that SCFAs modulate colonic motility by
stimulating serotonin secretion from gut enterochromaffin cells
(56, 57) and SCFAs are closely related to intestinal growth
and barrier function (58). In the present study, we observed
a significant decrease in the concentration of propionic acid
in both heroin dependent mice and FMT mice (Figure 6A)
compared to controls. Considering propionate can readily cross
the gut-blood barrier and has potential health-promoting effects
(59–61), we speculate that propionic acid may participate in TJ
assembly by regulating TJ proteins and modulating the integrity
of intestinal mucosal in mice.

In the current study, the strength of our work is that
we utilized FMT mouse model to prove of concept that
heroin dependence-altered microbiota is associated with
disrupted intestinal mucosal integrity and permeability.
However, there are some limitations. First, the results warrant
further validation in other independent cohort studies with
larger sample sizes. Second, there might be other subtle
differences between undergoing heroin exposure and in
withdrawal stage. Thus, additional animal models distinguishing
between heroin-induced vs. withdrawal-induced damage to
intestinal mucosal integrity and gut microbiota will be useful to
determine the best timing for preventive intervention for heroin
withdrawal management.

In summary, our study provides evidence showing that
heroin dependence could alter gut microbiota and modulate
mucosal barrier integrity, highlighting the role of the gut
microbiota in substance use disorders and the pathophysiology
of gastrointestinal disease.
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Breast milk is rich in sialic acids (SA), which are commonly combined with

milk oligosaccharides and glycoconjugates. As a functional nutrient component,

SA-containing milk components have received increasing attention in recent years.

Sialylated human milk oligosaccharides (HMOs) have been demonstrated to promote the

growth andmetabolism of beneficial gut microbiota in infants, bringing positive outcomes

to intestinal health and immune function. They also exhibit antiviral and bacteriostatic

activities in the intestinal mucosa of new-borns, thereby inhibiting the adhesion of

pathogens to host cells. These properties play a pivotal role in regulating the intestinal

microbial ecosystem and preventing the occurrence of neonatal inflammatory diseases.

In addition, some recent studies also support the promoting effects of sialylated HMOs

on neonatal bone and brain development. In addition to HMOs, sialylated glycoproteins

and glycolipids are abundant in milk, and are also critical to neonatal health. This article

reviews the current research progress in the regulation of sialylated milk oligosaccharides

and glycoconjugates on neonatal gut microbiota and health.

Keywords: breast milk, sialic acids, oligosaccharides, glycoconjugates, new-born, gut microbiota

INTRODUCTION

Sialic acid (SA), known as N-acetylneuraminic acid (Neu5Ac), was originally isolated from bovine
mandibular salivary gland mucin by a scientist named Blix. It is a negatively charged acidic
monosaccharide containing nine carbon atoms, with a free carboxyl group at the anomeric carbon
C2, and an N-acetyl group at C5 (1–3). More than 50 forms of SA have been found in nature, of
which more than 15 have been identified in humans (4). SA is an essential functional sugar with
multiple known roles (Figure 1), which are crucial for infant health, promoting the development
of the brain and nervous system, and enhancing immunity. SA can also increase the absorption
of minerals and vitamins in the intestinal tract and promote bone development (5). SA also
demonstrates pharmaceutical value due to its anti-adhesion, antiviral, and anti-cancer properties,
and plays a vital role in red stabilization and prevent blood component aggregation by its negative
charge and hydrophilicity. SA also affects fertilization and plays an important role in biological
recognition and diseases (2).
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FIGURE 1 | The physiological function of sialic acid (SA).

SA is very abundant in human milk, as ∼70–83% of all SA
are bound to human milk oligosaccharides (HMOs), 14–28% are
bound to glycoproteins, and 0.2–0.4% to glycolipids, whereas
the free form of SA is only 2–3% in human milk (6, 7). Recent
studies showed that HMOs play an essential role in regulating
neonatal intestinal microecology. Among these HMOs, ∼10–
30% of oligosaccharides are sialylated (6, 8). In addition to
HMOs, sialylated glycoproteins and glycolipids in milk are also
abundant and critical to neonatal health (6), they were found
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regulate intestinal microbial ecosystem and prevent development
of neonatal diseases by promoting probiotic growth and
metabolism, inhibiting pathogen adhesion, inducing intestinal
epithelial differentiation, promoting intestinal maturation, and
optimizing immune function (6, 7, 9–11). Some recent studies
also support the promoting effects of sialylated milk components
on neonatal bone and brain development (12, 13).

Given the important role of intestinal gut microbes in infant
nutrition and health, as well as the development of immune
system, this article reviews the research progress in the regulation
of sialylated milk oligosaccharides and glycoconjugates on
neonatal gut microbiota and health. Although some of their
effects on neonatal health have been reviewed in the past,
the content has been incomplete and most of the discussion
has focused on sialylated oligosaccharides. Here we focused
on the regulation of sialylated milk components on neonatal
gut microbiota, and updated new related researches for better
understanding the important role of sialylated milk components
in improving neonatal physiology and health through regulating
neonatal gut microbiota.

THE SIALYLATED COMPONENTS IN MILK

The Structures of Sialylated Milk
Components
The Structures of Sialylated Milk Oligosaccharides
Human milk oligosaccharide is the most common solid
component in breast milk, which is the third most abundant
breast milk component, after lactose and lipids (14). It comprises
D-glucose (Glc), D-galactose (Gal), N-acetylglucosamine
(GlcNAc), L-fucose (Fuc), and Neu5Ac. So far, more than 200
HMO structures have been identified. These HMOs range from
3 to 32 monosaccharides in size and indigestible by the host
(15). HMOs are divided into acidic and neutral oligosaccharides.
Acidic oligosaccharides contain SA molecules, while neutral
oligosaccharides do not (7). Neu5Ac is the only form of SA found
in human milk, while milk of other mammals may also contain
N-glycolylneuraminic acid (Neu5Gc)-bound oligosaccharides
(16). Sialylated HMOs are mainly composed of 3′-sialyllactose
(3′-SL), 6′-sialyllactose (6′-SL), LS-tetra-saccharide a (LSTa),
LS-tetra-saccharide b (LSTb), LS-tera-saccharide c (LSTc),
and disialyllacto-N-tetraose (DSLNT) (17, 18) (Figure 2A),
and the concentration of them is about 1,000–3,300 mg/L in
the colostrum and droped to about 135–2,150 mg/L in the
matured human milk (Table 1). Among all sialylated HMOs,
the content of sialyllactose (SL) is the highest, with an estimated
concentration of 170–500µg/mL for 6′-SL in mature breast milk
(6, 22–24). SL play important roles in neonatal gut maturation,
prevention of pathogen invasion, immune regulation, and
prebiotic function (33).

The Structures of Sialylated Milk Glycoconjugates

Sialylated Glycoproteins in Milk
Researchers estimated that up to 70% of human milk proteins
are glycosylated, and these proteins help shape the intestines
and immune system of developing infants (34). The most
abundant human milk glycoproteins include lactoferrin
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FIGURE 2 | The sialylated structures in breast milk (7, 17–20). (Monosaccharide key is shown at the bottom of the figure.) (A) Sialylated HMOs: lactose can be

fucosylated or sialylated in different linkages to generate trisaccharides, such as 3′-SL and 6′-SL; The elongated chains can be sialylated by α2–3 or α2–6 linkages at

the terminal positions forming structural isomers, such as DSLNT and LST. (B) Sialylated N-glycans of glycoproteins: The two most common structures in human milk

N-glycome are presented; Asn-asparagine. (C) Sialylated O-glycans of glycoproteins; Ser-serine, Thr-threonine. (D) Gangliosides: In Svennerholm nomenclature, the

capital letter “G” is used to denote the core saccharide of the “Ganglio” series, followed by the capital letters (M, D, T, Q) to indicate the total number of sialic acids.

The following Arabic numerals (1–4) denote the length of the neutral core (21).

(LF, 17% of total protein), α-lactalbumin (17%), secretory
immunoglobulin A (sIgA, 11%), and κ-casein (9%). The
antipathogenic effects of human milk glycoproteins, such as
LF, κ-casein, sIgA can be partly attributed to their sialylated
glycan moieties (27).

Lactoferrin (LF)
LF is a highly sialylated iron-binding glycoprotein, which is
the most abundant glycoprotein (80 KDa) in human milk,
accounting for 1/4 of the total protein in human milk (35).
Its concentration is highest in colostrum approximately

9.7 g/L and declines to 2–3 g/L in humans’ mature milk
(Table 1). LF concentration in mature bovine milk is 0.03
g/L−0.1 g/L, about 1/10 of that in human milk (28). Human
lactoferrin (HLF) exhibits three potential N-glycosylation sites
(Asn137, Asn478, and Asn623) (36, 37). In contrast, bovine
lactoferrin (BLF) exhibits five (Asn233, Asn281, Asn368,
Asn476, and Asn545). Alternatively, murine LF exhibits
only one potential N-glycosylation site: Asn476. Glycans
attached through N-glycosidic bonds may contribute to the
functional activity of LF (38, 39). Researchers reported that
HLF possesses multiple sialylated or fucosylated N-glycans
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TABLE 1 | The concentrations of sialylated oligosaccharides and glycoconjugates in human milk.

Structures Concentration in human milk (mg/L) References

Colostrum Transitional Mature

Total Sialylated HMO 1,000–3,300 n.a. 135–2,150 (6)

6′-SL 250–1,300 n.a. 170–500 (6, 22–24)

3′-SL 90–350 n.a. 170 - 500 (6, 22–24)

DSLNT 78–2,500* (25)

LSTa/b n.a. 104 ± 46 31 ± 25 (26)

LSTc n.a. 488 ± 224 11 ± 8 (26)

6′-SLN n.a. 15 ± 15 5 ± 1 (26)

Total protein 8,000–10,000 n.a. 7,000–8,000 (27)

LF 9,700 n.a. 2,000–3,000 (28)

SIgA 6.51–1,359.61* (29)

Mucins 729 ± 75* (30)

κ-casein 450 ± 80 n.a. 1,050 ± 280 (31)

OPN 178.0 ± 17.9 n.a. 48.3 ± 10.2 (32)

BSSL 100–200* (30)

Total GA n.a. 21.18 ± 11.46 20.18 ± 9.75 (26)

GM3 n.a. 9.47 ± 8.37 18.62 ± 9.69 (26)

GD3 n.a. 11.71 ± 9.46 1.57 ± 2.24 (26)

n.a. = Data not available. *The stages of breast milk samples were not indicated.

Values (mg/L) are means ± standard deviation.

(Figure 2B), which exhibit highly branched complexes or hybrid
or both (40).

κ-casein
κ-casein is another major glycoprotein in human milk, especially
rich in the matured human milk (Table 1). It possesses seven O-
glycosylation sites at its C-terminal (27). Its carbohydrate content
is 40–60%, while bovine κ-casein carbohydrates are only ∼10%
(41). Compared with bovine κ-casein, the glycan part of human
κ-casein is rich in SA (6).

Secretory Immunoglobulin A (sIgA)
SIgA is a heavily glycosylated protein, built from
“fucose, galactose, SA, and mannose residues.” Moreover,
monosaccharides, namely, GlcNAc is missing (42, 43). SIgA
exhibits both N-linked and O-linked glycans (Figure 2C). More
than 75% of the N-glycans in the J chain are sialylated, while
<15% of the N-glycans in the H chain are sialylated (43). SIgA
accounts for 80–90% of all immunoglobulins in human milk,
with the highest concentrations found in premature mothers’
colostrum and breast milk (Table 1).

Mucin
Mucin is an acidic glycoprotein with high molecular weight,
ranging in size from 200 KDa to 2,000 KDa. Lactadherin
is a mucin-related sialylated glycoprotein in the milk fat
globule membrane (MFGM), which includes five N-linked
glycosylation sites.

Osteopontin (OPN)
OPN is an acidic glycosylated protein with rich SA (44), which
is found in high levels in breast milk (Table 1) but in low levels
in milk and infant formula, and is an important immunoactive
protein in breast milk. The glycosylation of OPN was dominated
by O-glycan. Studies have shown that OPN plays an important
role in improving immunity, promoting intestinal health and
promoting cognitive development in infancy (45).

Bile Salt-Stimulated Lipase (BSSL)
BSSL is a highly glycosylated protein in human milk, with
10 potential O-linked glycosylation sites at the C-terminus of
the protein, heavily decorated with carbohydrates including
galactose, glucosamine, fucose, galactosamine and SA in molar
ratios of 3:2:1:1:0.3, respectively (27). The concentration of
BSSL in colostrum of GDM mothers was lower than that of
normal mothers. BSSL helps infants digest fat early in life, and
its levels are associated with breastfeeding (46). Purification
and characterization of recombinant human bile salt-stimulated
lipase expressed in milk of transgenic cloned cows (27).

Sialylated Glycolipids in Milk
Glycolipids of human milk are divided into neutral glycolipids-
without SA and acidic glycolipids-containing SA (such as
gangliosides). Gangliosides (GAs) are the most abundant
in human milk glycolipids (Table 1) (47–50). Many types
of GAs exist in breast milk, such as GD3, GM3, GM2,
GM1a, GM1b, GD1a, GD1b, GT1b and GQ1b, among which
monosialoganglioside 3 (GM3) and disialoganglioside 3 (GD3)
are key (51) (Figure 2D). In breast milk, the content and
distribution of GAs change during lactation and vary between
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individuals. GD3 is the most abundant GA in colostrum, whereas
GM3 is the main GA in mature milk (27). Milk GAs seem to
prevent the adhesion of pathogens and improved the intestinal
ecology of new-borns. GM3 is a receptor analog of intestinal cells,
which can resist pathogens, such as enterotoxigenic and EPEC,
and it has a protective role against infections (52).

Factors Affect the Levels of Sialylated
Components in Milk
Sialylated oligosaccharides are a crucial component of HMOs,
especially in the early stages of breast feeding, as they account
for 20–30% of the total HMOs, and keep decreasing along
with the extension of lactation process (53). The composition
and concentration of HMOs vary among individual mothers
and change during different lactation stages (54–56). The
variation among different mothers is in part due to the
genetic polymorphisms in fucosyltransferase-2 (FUT2) and
FUT3, which encode the Secretor and Lewis genes, respectively.
The polymorphisms in these genes altered the activities of
fucosyltranserase and thus lead to distinct fucosylation patterns
of HMOs (54, 55, 57, 58). However, the levels of sialylated
HMOs were also found affected by mothers’ secretor status. Xu
et al. reported a higher content of sialylated HMOs in milk
of non-secretor compared to milk of secretor mothers, they
found that the sialylation level of secretory mothers is 26%
lower than that of non-secretory mothers on the 120th day after
birth (56, 59), while others found no difference (60, 61). In
a study on the effects of breast milk oligosaccharides on iron
and galactose oligosaccharide interventions in Kenyan infants,
researchers found no significant anthropometric difference at
baseline between infants of secretory and non-secretory mothers
(61). Another study on stunted infants in Malawi found that
non-secretory mothers of severely stunted infants exhibited
lower concentrations of sialylated and fucosylated breast milk
HMOs than those of non-secretory mothers of healthy infants
(29). In addition to genetic factors, environmental factors such
as geographic location and maternal nutritional status may
also influence HMO concentration and composition (62–64).
Preterm milk is another factor to affect HMOs concentration
and composition. Alteration in concentration of sialylatedHMOs
were found in preterm milk, in particular the concentration
of 3′-SL was elevated (65). Interestingly, HMOs were also
detected in the serum of pregnant women and with increasing
concentrations along with pregnancy (65). In a prospective
longitudinal cohort study including 87 overweight or obese
women, Jantscher-Krennand et al. (66) found that the sialylated
HMOs, including 3′-SL and 3′-sialyllactosamine (3′-SLN), in
serum of the pregnant women, were positively associated with
fasting glucose level, suggesting that metabolism alterations
during pregnancy may also affect HMOs pattern, and this
influence may last till lactation to affect the infants. A previous
study of our group (67) using mouse models with high-fat diet
and streptozotocin-induced gestational diabetes mellitus (GDM)
found that, there was a decreasing pattern in the concentration
of milk oligosaccharides of GDM mice compared with that of
the control mice, but with no significant statistic differences.

TABLE 2 | The key technologies and methods for investigating sialylated

oligosaccharides and glycoconjugates in milk.

Technologies and methods References

Milk oligosaccharides

High performance liquid chromatography, HPLC (69)

High-performance anion-exchange chromatography, HPAEC (70)

Pulsed amperometry detection, HPAE-PAD (61)

Liquid chromatography with mass spectrometry and multiple

reaction monitoring, LC-MS/MS-MRM

(71)

Capillary electrophoresis, CE (72)

Nuclear magnetic resonance, NMR (73)

Nano-liquid chromatography-chip-time of flight,

Nano-LC-chip-TOF

(74)

Hydrophilic interaction chromatography, ESI-CID-MS/MS (75, 76)

Collision-induced dissociation tandem ESI-MS,

SPE-HILIC-MS

(75, 76)

Milk glycoconjugates

Mass spectrometry, MS (43)

HPLC (43)

LC-ESI-MS/MS (43)

Nano-LC-chip-TOF (43, 52)

HPLC-MS (77, 78)

However, themilk of GDMmaternal mice contained significantly
higher concentrations of fucosylated and sialylated N-glycans
than the control mice. The alteration in milk glycobiome of
GDM mice had direct effects on the intestinal microbiome of
the offspring, which in turn affected their immune responses.
Given this study is based on mouse models, which differs largely
from human samples, future studies in the feature of HMOs
of GDM mothers, as well as the pattern of glycoconjugates in
human milk are urgently needed and will lay a foundation for
the development of specific nutritional care for the GDM infants.
In addition to HMOs, the levels of milk protein and lipids can
also be affected by many maternal factors, including smoking,
BMI, birth route, pregnancy weight gain, and energy intake
during lactation. For example, Aksan et al. (68) have detected
significant correlations between body weight, length, and head
circumference, respectively, and OPN levels after one (r = 0.442,
p= < 0.001; r =−0.284, p= < 0.001; r =−0.392, p= < 0.001)
and 3 months (r = 0.501, p = < 0.001; r = −0.450, p = < 0.001;
r =−0.498, p= < 0.001) of lactation.

Technologies and Methods of Investigating
Sialylated Milk Components
The key technologies and methods of investigating sialylated
oligosaccharides and glycocomplex in recent years are
summarized in Table 2. The most common analytical
method used to quantify HMOs were high performance liquid
chromatography (HPLC) (69) with fluorescence detection and
high-performance anion-exchange chromatography (HPAEC)
(70) with pulsed amperometry detection (PAD) (61). Other
methods involved LC-MS (liquid chromatography with mass
spectrometry)/MRM (multiple reaction monitoring) (71),
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CE (capillary electrophoresis) (72), NMR (nuclear magnetic
resonance) (73), and nano-LC-chip-TOF (time of flight)
(74) were also used to precisely detect the concentration
and structures of the milk oligosaccharides. But for a long
period, detection of acid milk oligosaccharides has been
a technical problem. In recent years, Yan et al. (75, 76)
developted a new method of solid-phase extraction (SPE) with
hydrophilic interaction chromatography (HILIC) followed
by mass spectrometry (MS) identification for the analysis of
sialylated milk oligosaccharides. Collision-induced dissociation
tandem ESI-MS (ESI-CID-MS/MS) is then used for sequence
and sialic acid α2-3/α2-6 linkage analysis. For the detection of
glycoconjugates in milk, the LC-MS method (43) was generally
adopted. For example, the most common analytical methods for
N-Glycans or O-Glycans were MS, HPLC, LC-ESI-MS/MS and
Nano-LC-chip-TOF (43, 52). The ganglioside in breast milk was
normally determined by HPLC-MS (77, 78).

EFFECTS OF SIALYLATED MILK
COMPONENTS ON NEONATAL GUT
MICROBIOTA AND HEALTH

Anti-infection
The Anti-infection Function of Sialylated Milk

Oligosaccharides
The intestinal epithelium cells are covered by a large number of
glycoproteins such as mucins. The glycans on these glycoproteins
are major components of the gastrointestinal mucosa, and
provide essential nutrients and ligands to induce host signaling to
defense the invasion of pathological microorganisms and regulate
the commensal microbiota. SA-containing glycans were found
ubiquitously expressed by gastrointestinal epithelial cells (79–81).
As the infection receptors, specific sugar residues, particularly
sulfated or sialylated glycans on the mucosal surface can be
recognized by many viruses. HMOs were found to prevent
the colonization of viral pathogens through two proposed
mechanisms. Firstly, as the structures of HMOs share homology
with glycans on epithelial cell surface, they can prevent the
early cellular attachment as soluble decoy receptors for virus
or pathogens. For example, the sialic acid-α2,6 galactose (SA-
α2,6Gal) epitope was found to be a receptor for human influenza
virus (79) and the sialic acid-α2,3 galactose (SA-α2,3Gal) is a
receptor for coxackievirus A24 (80). Another way is that HMOs
bind to epithelial cell surface receptors to block viral adhesions
(82). Therefore, supplement of SA-linked HMOs from mother’s
milk can protect intestinal cells of the infants from many viral
infections, including influenza, rotavirus (83) and the respiratory
syncytial virus (RSV). For example, an in vitro hemagglutination
inhibition assessment of 3′-SL and 6′-SL against thirteen avian
influenza (AI) viruses showed that 3′-SL can inhibit almost all
subtypes of the tested AI viruses, whereas 6′-SL only exhibited
anti-virus activity against few strains such as H1N1, H1N2, and
H3N2. Further in vivo study found that administration of 3′-
SL to H9N2-infected chickens resulted in elimination of the
virus within 24 h post infection (84). The underlying mechanism
is their ability to bind to haemagglutinin (HA) glycoprotein

spikes of the influenza virus (85). Another study had proved
that the combination of 3′-SL and 6′-SL was more effective
than single application of each of them in binding to VP8∗

in a porcine rotavirus model. SA-containing HMO was also
shown to inhibit rotavirus infectivity in vitro (86); however,
both acidic and neutral HMOs were able to decreased NSP4
replication during acute rotavirus infectionin situ. Laucirica et
al. (87) demonstrated that sialylated oligosaccharides can reduce
the infectivity of human rotavirus, and they were considered
as possible components to inhibit cholera toxin. The rabbit
intestinal loop method was used to observe the effect of SL
on cholera toxin-induced diarrhea. The results showed that SL
was related to the inhibitory activity of milk against cholera
toxin (88). In addition, application of 3′-SL has been shown to
significantly decrease the cytokine level and RSV viral in airway
epithelia (89).

Similar to the anti-virus activities, different sialylated HMOs
can also selectively inhibit bacterial pathogens adhesion to
sialylated receptors on the intestinal epithelium by direct
binding (10). For example, sialylated HMOs have a strong
inhibitory effect on hemagglutination induced by enterotoxigenic
Escherichia coli (ETEC) and uropathogenic Escherichia coli
(UPEC) (90). 3′-SL was found to bind to Helicobacter pylori
and enteropathogenic Escherichia coli (EPEC) to inhibit their
adhesion to human intestinal cells (HT-29, Caco-2) (38, 39, 91).
Angeloni et al. (91) found that in vitro, 3′-SL reduced the
expression of sialyltransferases ST3Gal1, ST3Gal2, and ST3Gal4,
resulting in reduced glycosylation on the surface of Caco2 cells,
thus reducing 50% reduction of EPEC adhesion. Further the
study (92) found that 3′-SL also had an inhibitory effect on
Salmonella fyrisby. 6′-SL has anti-adhesion effect on Escherichia
coli O119, but on Salmonella fyris. And 6-SL has been shown to
effectively inhibit pneumocyte invasion Pseudomonas aeruginosa
strains. Acidic HMO components have an inhibitory effect on
pathogens expressing specific fimbrial types, such as Escherichia
coli expressing P and CFA fimbriae (92). In addition to
Escherichia coli, Streptococcus agalactiae (Group B Streptococcus,
GBS) is another leading cause of invasive bacterial infections in
infants. Studies found that HMOs may function as an alternative
substrate to modify a GBS component by impairing growth
kinetics (93). A recent study demonstrated that sialylated variants
of lacto-N-tetraose exert antimicrobial and antibiofilm action
against GBS by increasing cellular permeability (94).

The Anti-infection Function of Sialylated Milk

Glycoconjugates
The major sialylated glycopriteins in milk also possess the
ability to inhibit the infection of both pathogenic bacteria
and virus. LF is an antibacterial agent with a bacteriostatic
effect on the neonatal intestinal mucosa. Its iron-chelating
properties can prevent various pathogen growth dependent on
iron proliferation (95, 96). The basis of these mechanisms of
action is mainly attributed to the protein trunk; however, the
N or O-glycans attached on LF protein may play a vital role.
For instants, the SA residue on BLF was found to directly bind
to Ca2+ ions that otherwise seem to stabilize LPS on the outer
membrane of bacteria, and the SA portion of HLF can act in
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a similar manner. In addition, LF can act as a decoy to bind
to a variety of microbial pathogens, causing these pathogens
to deviate from receptor sites on the surface of host cells (27).
LF inhibits the adhesion of intestinal enteric to eukaryotic cell
lines (96) and the adhesion inhibition of microorganisms to host
cells. It exhibits direct cytotoxicity to bacteria, viruses, and fungi
(97). Sialylated glycans of human milk κ-casein was found can
inhibit the combination of Streptococcus mutans GS-5 to saliva-
coated hydroxyapatite (98). After entering the intestine, κ-casein
is cleaved by proteases to form glycomacropeptide (GMP), which
exhibits antimicrobial properties. Casein GMP is the C-terminal
part of κ-casein and locates on the 106–109th amino acid. GMP is
present in both human and bovinemilk (96, 99). κ-casein exhibits
multifaceted protective effects on intestinal infection in infants.
Researchers reported (27) that the probiotic effect of GMP may
be because it contains Neu5Ac. For example, researchers showed
that GMP with SA in bovine κ-casein can inhibit the adhesion
of enterohemorrhagic Escherichia coli and Salmonella enteritis to
Caco-2 cells. Further, κ-casein can inhibit pathogens’ adhesion
to the surface of gut cells in infants. Researchers reported
(100) that GMP can inhibit splenocyte proliferation induced by
concanavalin A and phytohemagglutinin. After neuraminidase
digestion, GMP loses its inhibitory activity on mitogen-induced
splenocyte proliferation, indicating that SA is the key to this
phenomenon. However, after GMP digestion with trypsin and
Streptomyces protease, the inhibitory effect was enhanced,
indicating that the peptide chain was also involved. Together,
studies suggest that κ-casein is crucial for protecting the infant
intestinal tract. O-glycans of sIgA can bind to microorganisms,
thereby inhibiting pathogens from adhering to the intestinal
epithelium (101). Further, sIgA glycans containing SA can be
used as bait to prevent pathogenic bacteria from binding to their
glycosylated targets on the intestinal mucosa’s surface (30, 101).
sIgA can effectively inhibit the adhesion of S-fimbrial Escherichia
coli by the specific interaction between sialylated N-and O-linked
glycans and bacterial adhesins, thus, protecting new-borns from
sepsis and meningitis caused by these pathogens (43, 101, 102).
Also, the sIgA glycan plays a structural and functional role.
For instance, sIgA is resistant to proteolytic digestion in the
gut due to its glycan moiety attachment. Therefore, sIgA plays
a vital role in protecting new-borns from pathogenic infection
and promoting intestinal homeostasis. The antipathogenicity
properties of lactadherin in human infants are mainly related to
the prevention of rotavirus infection (27, 47). Sialylated glycans
of milk mucins can bind to rotavirus and inhibit its replication
both in vitro and in vivo (98). Mucin 1 and 4 are two key
mucins identified in human MFGM, which can interact with
microorganisms (27). The most researched mechanism is that
the SA portion of mucin 1 interacts with pathogens, inhibiting
pathogens’ ability to bind to their sugar chain receptors on
the surface of infant host cells. Therefore, mucin 1 exhibits
an essential role in innate immune resistance against invasive
microorganisms (30, 47). SA is one of the components of
intestinal mucin glycans. When mucin is sialylated in the
intestine, its molecular structure is more stable. It cannot be easily
degraded by bacteria. In contrast, probiotics can increase the
synthesis and secretion of mucin to improve intestinal mucosa’s

biological barrier function (103). Ruminococcus gnavus is human
intestinal symbiotic bacteria, which can degrade mucin. Also,
Ruminococcus gnavus ATCC 29149 binds to gut mucus through
SA mediation (104). Presently, few studies exist on sialylated
mucin in breast milk; therefore, its effect on infant intestinal
microecology needs to be further studied in the future.

Promoting the Growth of Beneficial
Bacteria
The Promoting Effects of Sialylated Milk

Oligosaccharides on Beneficial gut Bacteria
Studies have found that sialylated HMOs play an important role
in promoting the growth of beneficial bacteria. For instance,
in an in vitro study by Zhuo et al. (10), to evaluate the
response of individual bacteria to individual components of
HMOS, each of 25 major strains isolated from the human
gut microbiota was cultured with individual major fucosylated
and other sialylated HMOs components. This allowed for an
assessment of the effects of specific HMOs on the growth and
metabolites of individual microorganisms. The results showed
that supplementation with 6′-SL and 3′-SL promoted the growth
of Bifidobacterium lougum, Bacteriodes vulgatus, and Bacteroides
thetaiotaomicron. Among the 25 strains tested, these bacteria
showed higher neuraminidase activity and produced a large
amount of lactate or short-chain fatty acids (SCFAs) or both,
which are beneficial for intestinal health and immune function
in infants and young children (10, 105). An in vivo study also
showed that addition of bovine derived oligosaccharide mixtures
rich in 3′-SL and 6′-SL to infant formula led to changing in
gut microbiota of infants (106). Animal studies showed that SL
can improve intestinal dysbiosis and reduce anxiety through gut-
brain axis (107). Supplementation of formula with SLs can also
modulate gut-associated microbiota in neonatal pigs, which may
have important health benefits for developing newborns (33).

The 6′-SL and 3′-SL in milk are partially hydrolyzed
in the acidic conditions of the infant’s stomach and the
remaining SLs are utilized by intestinal bacteria such as
Bifidobacterium, Lactobacillus and Bacteroides vulgatus.
Kiyohara et al. isolated an exo-α-sialidase gene (SiabB2) from
Bifidobacterium bifidum JCM1254 through expression cloning.
Expression of SiabB2 in Bifidobacterium longum 105-A enabled
this strain to degrade sialylated oligosaccharides present in
human milk, suggesting that SiabB2 plays an essential role in the
catabolism of sialylated HMOs by Bifidobacterium bifidum (108).
Bifidobacterium longum subsp. infantis was found to express
a sialidase that cleaves α2-6 and α2-3 linkages to utilize milk
sialyloligosaccharides. Two-candidate sialidase encoding genes
(NanH1 and NanH2) have been isolated from Bifidobacterium
longum subsp. infantis ATCC15697 (109). Although NanH1 is
the first sialidase-encoding gene that located in a cluster of genes
that specialize in the catabolism of SA, the sialidase NanH2
from Bifidobacterium bifidum strains were found utilize HMO
and degrade milk sialyloligosaccharides on their extracellular
surface, but not NanH1, which suggested that NanH1 may be
active for other sialylated glycans encountered in the infant’s gut
(109). A recent study of the consumption of HMOs by strains of

Frontiers in Nutrition | www.frontiersin.org 7 November 2021 | Volume 8 | Article 766606101

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


Wang et al. Application of Sialylated Milk Components

Bifidobacterium breve revealed that all of those tested strains can
utilize sialylated lacto-N-tetraose (30). These results indicate that
Bifidobacterium spp. play an important role in the utilization of
sialylated HMOs.

The Promoting Effects of Sialylated Milk

Glycoconjugates on the Growth of Beneficial Bacteria
Researchers have found that the abundance of Bifidobacterium
and Lactobacillus in feces of breast-fed new-born was
significantly correlated with fecal LF level (110). Expression
of enzymes such as Endo-β-N-acetylglucosaminidases by infant-
associated Bifidobacterium spp. was found to help them to release
the complex N-glycans from LF, incubation of the bacterium
with HLF or BLF led to the induction of genes associated to
import and consumption of HMOs, suggesting linked regulatory
mechanisms among these glycans. These findings indicate that
HLF can promote the growth of beneficial bacteria and regulate
intestinal homeostasis in neonates, thereby contributing to
the establishment of a healthy intestinal microbiota profile
(15, 111–114). Studies of κ-casein revealed that the GMP
part of κ-casein can promote the growth of many beneficial
microorganisms in the intestinal tract of infants, including
Bifidobacterium and Lactobacillus bifidum, and thus preventing
the colonization of pathogens (27). Some researchers also
reported that supplementation of GAs in infant formula, with
concentrations similar to those in human milk, can improve
the intestinal ecology of premature infants by increasing the
abundance of Bifidobacterium and reducing the content of
Escherichia coli, suggesting that GAs play a significant role as
prebiotics in the infant gut. In addition to these effects, a number
of studies have also revealed that specific Bifidobacteria are
able to catabolize GAs from milk. For example, Bifidobacterium
infantis and Bifidobacterium bifidum were found to utilize the
two milk GAs, GD3 and GM3, whereas Bifidobacterium breve
did not utilize these GAs (52). And the important role of breast
milk GAs in the establishment of intestinal Bifidobacteria has
also been supported by clinical studies (16).

Promote the Intestinal Maturation and
Mucosal Barrier Function of Neonates
Effects of Sialylated Milk Oligosaccharides on

Intestinal Maturation and Mucosal Barrier Function of

Neonates
The intestinal epithelial cells serve as a physical and
biochemical barrier that separates the microbiota from the
gut epithelium, and this mucosal barrier can as well-facilitate the
communication between microbiota and immune system (115).
The fermentation products of SLs from gut bacteria, especially
from Bifidobacterium spp., are mainly lactate and SCFAs
(10, 116). These products play important role in serving as
nutrients for epithelial cells (117). For example, using adult and
infant human epithelial cell lines and fecal batch cultures, Perdijk
et al.’s study (11) found that, 6′-SL and 3′-SL can induce epithelial
differentiation and wound repair, the effect may correlate with
the upregulation of SCFAs production and increased abundance
of Bacteroides, Ruminococcs obeum, F. prausnitizii.

In additon to in-direct effects on intestinal barriers through
microbiota-metabolism, SLs have direct effects on intestinal
epithelial cell proliferation and differentiation. As early as
2008, some in vitro studies have suggested that acidic milk
oligosaccharides may inhibit the proliferation of intestinal
epithelial cells and induce differentiation (118, 119). This effect
is mediated via activation of the epidermal growth factor
receptor (EGFR) by interaction of SLs with the carbohydrate
moieties on this receptor (119). In the same year, Kuntz et
al. (9) reported that 6′-SL directly affects the cell dynamics
and promotes epithelial cell differentiation in vitro. A study
(120) of donkey milk oligosaccharides (DMOs) found that
3′-SL and 6′-SL are the primary oligosaccharides in DMOs,
they induce differentiation, promoted apoptosis and inhibited
proliferation of HT-29, Caco-2 and human intestinal epithelial
cells in a concentration-dependent manner, suggesting that
DMOs promote maturation of intestinal epithelial cells. And
theses effect was found associated with activation of the p38
pathway and cell cycle arrest at the G2/M phase. Recently, Yang
et al. (121) explored themolecular and cellular mechanisms by SL
intervention with intestinal maturation in neonatal piglets. They
found that treatment of 3′-SL and 6′-SL to piglets can upregulate
Ki-67 expression in ileum crypts, increase the width of ileum
crypt, and reduce the incidence and severity of diarrhea. Their
results showed that SL intervention upregulated the expression
level of the glial-derived neurotrophic factor (GDNF) in the
ileumof piglets, it also upregulated the mRNA expression level of
ST8Sia IV, which is the key polysialyltransferase in the synthesis
of Polysialic acid (PolySia)-NCAM. PolySia mediates binding to
GDNF, activates Fyn, and increases the expression level of cAMP
responsive element-binding protein (CREB) phosphorylation.
GDNF promotes cell proliferation by upregulating the CREB,
evidenced by the increase in the number and density of Ki-67
positive cells in the crypt. In vivo studies showed that CREB
and its binding protein are required for the survival of intestinal
stem cells, and that overexpression of CREB promotes cell
proliferation. Further, SL intervention can significantly reduce
the incidence and severity of diarrhea in early weaning of piglets.
These results suggest that SL promotes intestinal maturation
of neonatal piglets by up-regulating the synthesis of GDNF,
Polysia and CREB interaction pathways. Another recent study by
Natividad et al. (122) investigated the effects of six industrially
available HMOs (2′-FL, 3′-SL, 6′-SL, LNnT, LNT and DFL) alone
and in different combinations on epithelial barrier function by
using an in vitromodel of two intestinal epithelial cell lines, Caco-
2 and HT29. The results showed tha the six HMOs blend dose-
dependently limited the cytokine-induced FD4 translocation and
decrease the epithelial permeability post challenge. Similarly, 3
and 5 HMO blends including 3′-SL and 6′-SL also conferred a
significant protection against the challenge, which suggested that
different abilities of specific HMOs in regulating the intestinal
barrier and support the potential of complementing available
HMOs combinations to promote intestinal health and protect
against intestinal inflammatory diseases. Another in vivo study
by Holscher et al. (123) also found that individual and combined
treatment with 2′-FL, 3′-SL and 6′-SL inhibited the proliferation
of small intestinal cell lines HT-29 and Caco-2Bbe, while they
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enhanced differentiation of HT-29 and Caco-2Bbe cells. The
combination of inhibition of proliferation and induction of
differentiation suggests that sialylated HMOs may contribute
specifically to the maturation of intestinal epithelial cells (91).
Thus, the underlying mechanisms regarding the effects of
sialylated HMOs on intestinal epithelial cells need to be further
studied. A possible way to explain their effects is the directly
activation of G-protein coupled receptor of cells by sialylated
HMOs and in tern upregulated the signal transduction pathways
downstream (124). Their results showed that one of the pathways
by which HMO activates G-protein coupled receptor 35 (GPR35)
is through a direct interaction of 6′-SL. GPR35 is a receptor that
mediates pain and colitis attenuation. More recently, Tsukahara
et al. (125) reported that the use of GPR35 agonists alleviated
DSS-induced colitis in mice. They found that GPR35 agonists
promoted in vitro intestinal epithelial cell migration, which may
contribute to damage repair in colitis However, lack of GPR35
leads to a worsening outcome in DSS-induced experimental
colitis, suggesting that GPR35 plays an important role in
protecting colon inflammation (126). Another study has shown
that GPR35 promotes the proliferation of intestinal epithelial
cells (127). Therefore, it was proposed that sialylated HMOs may
protect neonatal intestinal health by activating GPR35 through
the interaction of 6′-SL.

Effects of Sialylated Milk Glycoconjugates on

Intestinal Maturation and Mucosal Barrier Function of

Neonates
It has been found that LF can reduce the abundance of Escherichia
coli in colon and promote intestinal maturation, which protects
piglets from early weaning diarrhea by up-regulated intestinal
gene expression of brain-derived neurotrophic factors, ubiquitin
carboxy-terminal hydrolase L1, and alkaline phosphatase activity
(128). In addition, the formula containing BLF was found
enhanced the proliferation, depth and area of jejunal crypt and
the expression of β-catenin mRNA in piglets. The increased
expression of β-catenin indicated that Wnt signal may partially
mediate the stimulating effect of BLF on intestinal cell
proliferation. These findings provide evidence that supporting
the role of LF in neonatal intestinal growth and maturation
(111). OPN is another milk glycocojugates that have been
found to confer protection effects on intestinal maturation and
mucosal barrier function of neonates. Based on the potential
benefits of OPN in early life, the effects of OPN supplementation
on growth, body composition, and intestinal transcriptome in
raspus monkey pups were investigated by comparing different
feeding patterns including breast milk, OPN formula, and regular
formula (129). The results showed that although growth was
similar in each group, the intestinal gene expression pattern
(such as CUX1 and EGFR) was more similar in the breast milk
and OPN formulations groups. In addition, studies have found
that OPN in milk can promote the differentiation of intestinal
epithelial cells (Caco-2), and stimulate intestinal immunity by
upregulating the secretion of IL-18 by intestinal epithelial cells
(Caco-2) (45). The possible mechanism by which OPN promotes
intestinal health may be through changes in the expression of
intestinal genes. For example (129), CUX1 is a protein-encoding

gene whose expression product can bind to DNA to further
regulate gene expression, influence cell morphological changes
and differentiation, and also influence cell life cycle. These
processes are crucial to the growth and development of the gut.

Immune Regulation
The Regulation of Sialylated Milk Oligosaccharides

on Neonatal Immunity
In addition to regulating bacterial growth and inducing intestinal
differentiation, acidic HMOs can affect cytokines’ production
and lymphocyte maturation. Bode et al. (130) found that acidic
fraction of HMOs,mainly 3′-SL and 3′-sialyl-3-fucosyllactose (3′-
S-3-FL) significantly inhibited leukocyte rolling and adhesion in
a concentration-dependent manner, and therefore serve as anti-
inflammatory components to contribute to the lower incidence
of inflammatory diseases in human milk-fed infants. Another
in vitro study (73) showed that acidic HMOs affect cytokine
production and activation of cord blood derived T cells, which
may influence lymphocyte maturation in breast-fed newborns.
They were also found affecting the immune balance of Th1/Th2
by inhibiting the Th2 response of atopic patients, thus regulating
the specific immune response of postnatal allergens (56, 90, 131).

3′-SLmediates anti-inflammatory properties by enhancing the
expression of peptidoglycan recognition protein 3, a pathogen
recognition receptor that has been shown in vitro to modulate
the inflammatory response (6), and therefore reduce the levels of
pro-inflammatory cytokines TNF-α and IL-8 mRNA in Caco-2
cells. It has been showed that supplementation of 3′-SL during
infancy could affect bacterial colonization of the nouse intestine,
and reduce the susceptibility to DSS-induced colitis during
adulthood (132). In this model of colitis, the pro-inflammatory
effect of 3′-SL was the direct stimulation of dendritic cells in
mesenteric lymph nodes through Toll-like receptor 4, resulted
in Th1 and Th17 cells expansion and the overproduction of
pro-inflammatory cytokines (133). Although 3′-SL has a pro-
inflammatory effect in model with DSS-induced colitis, it is
considered to have a protective effect in other aspects (6).

Necrotizing enterocolitis (NEC) is a gut inflammatory
disorder which is one of the leading causes of mortality and
morbidity of preterm infants (134). Recent studies found that
2′-FL and 6′-SL protect the development of NEC in mouse
and pig models by inhibiting the Toll-like receptor 4 signaling
pathway. Most importantly, these findings suggest that the use
of 2′-FL and 6′ -SL, either alone or in combination, may offer
new avenues for prevention of this devastating disease (135). In
addition to SL, studies found that another acidic HMO, with
high structural specificity, namely DSLNT, can reduce NEC in
neonatal rats, and its effect depends on the presence of two SAs
(136). However, because the rat model exhibits its limitations, the
need to confirm whether the results apply to human infants is
paramount. If studies confirm the benefits of DSLNT for human
infants, it will be an effective supplement that can be used to
prevent or treat NEC in formula-fed infants (136). In a newly
published cohort study of premature infants, a total of 80mothers
of preterm infants were sampled to measure DSLNT levels and
found that the mothers of NEC infants had lower concentrations
of DSLNT in their breast milk compared to the control group
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(137). Further sequencing results of infants’ gut microbiota
showed that the relative abundance of beneficial bacteria (such
as Bifidobacterium) was higher in the feces of preterm infants
fed with high levels of DSLNT in breast milk, while the relative
abundance of harmful bacteria represented by Enterobacterium
was lower. These results suggest that DSLNT may be one of the
nutritional strategies to help prevent NEC in premature infants.
Further work is needed to determine whether DSLNT functions
by regulating themicrobiome or by acting directly on the host, for
example by structure-specific receptor-mediated means to alter
immune function and reduce inflammation (137).

The Regulation of Sialylated Milk Glycoconjugates on

Neonatal Immunity
It was found that LF intervention in gilts can improve serum
IgA and sIgA levels (36). Clinical trials confirmed that the
potential application of BLF may be used to prevent nosocomial
sepsis and NEC in premature infants (128). T regulatory
cells’ (Tregs) level in preterm infants was lower than that in
full-term infants, and the level of Tregs increased under LF
prevention. Although Treg cells participate in controlling the
intestinal immune response of pathogens and strengthen the
important role of BLF in controlling intestinal homeostasis
(138, 139), however, in a randomized controlled trial of 2,203
infants (112), researchers found that supplementation of LF
did not decrease the incidence rate of NEC or infection. In
another randomized trial of low-birth-weight preterm infants
in Canada (140), still, no clear answer exists to the benefits
of BLF in reducing mortality or morbidity in low birth-weight
infants. Considering the other beneficial effects of LF, these
results of are disappointing; so, further randomized trials and
researches that involves larger population of infants should be
conducted. In terms of inflammation, LF was found to help
reduce of the excessive immune response by blocking various
pro-inflammatory cytokines, such as IL-1 β, IL-6, TNF-α, and
IL-8, and inhibiting the activity of free radicals (97, 112), which
suggested that HLF plays a vital role in balancing the intestinal
microbiota and protection from neonatal inflammatory diseases.

sIgA is a key component in human milk for the regulation of
neonatal immunity.The mother’s milk provides the only source
of sIgA for new-borns in the first month after birth and plays
as the first immune defense line of human (15). It was found
that the glycans on SIgA in breast milk play an important role
in connecting innate and acquired immunity (43). In this study,
Royle et al. found that the O-glycan regions on the heavy (H)
chains and the SC N-glycans of human sIgA have adhesin-
binding glycan epitopes including alpha2-6-linked SAs. These
glycan epitopes provide sIgA with further bacteria-binding sites
in addition to the four Fab-binding sites, thus enabling it to
participate in both innate and adaptive immunity.

In a study measuring the biological activity of cow’s milk
OPN in vivo in a mouse model of OPN knockout (KO) (141),
similar to wild-type mother-fed pups, pups fed by KO mothers
showed inhibitory effects on LPS-induced TNF-α after bovine
OPN supplementation, suggesting anti-inflammatory activity of
milk OPN. The results of clinical trials have shown that infants
fed with OPN-rich formula had less fever than those fed with

standard formula. They had an increased proportion of T cells,
and TNF-α levels weremore similar to those of breast-fed infants,
suggesting that OPN may be involved in the development and
maturation of the infant’s immune system (142). Breast milk
OPN is likely to provide beneficial biological activity for breast-
fed infants. The OPN active protein from milk is not readily
hydrolyzed by the newborn’s gastric juices, so most of the OPN
active protein can enter the intestinal tract and perform further
functions. Animal studies have shown that OPN active protein in
milk can stimulate intestinal development and protect intestinal
tract (129, 143). At present, in vivo studies on the correlation
between OPN active protein and NEC are still very limited. Some
scholars conducted a study on preterm piglets: the experimental
group fed with OPN active protein formula underwent total
parenteral nutrition for 2 days and enteral nutrition for 1.5
days. Results showed that OPN active protein formula feeding
significantly reduced the disease severity of NEC in preterm
piglets compared with conventional formula feeding (144). This
also suggests that OPN active protein may have a potential
protective effect on the occurrence of NEC in premature infants.

Since some studies showed that GAs may be involved in
the activation of T cells and the differentiation of different
lymphocyte subsets, the addition of human breast milk GAs
or other sources of GAs to infant formula may play an
important role in the proliferation, activation, and differentiation
of neonatal immune cells, especially those from the intestinal
tract (52). GAs can passively prevent infection in the form of
“bait” and actively promote the maturity of the infant immune
system by regulating immune cell functions and promoting the
secretion of cytokines. In an animal experiment (145), scientists
observed that in young mice fed GAs-rich milk powder, two
cytokine-secreting cells, lamina propria lymphocytes and Pyle-
collecting lymphoid, developed earlier and more in number than
those in the control group. Another study (146) showed that
young mice feed rich in GAs milk powder demonstrated higher
levels of sIgA, a crucial immune factor in early life, suggesting
better self-protection. In addition to immune protection, GAs are
associated with maintaining immune homeostasis. In the early
stage of life, new-borns are in a state of immune imbalance,
tending to Th2 immunity; that is, it is easy to exhibit excessive
immunity, thereby causing allergic reactions. Presently, GD3
can prevent over-immunity by inhibiting the proliferation of
dendritic cell CD4+ cells (147).

Promote Growth: Bone and Muscle
Development
The Growth Promoting Effects of Sialylated Milk

Oligosaccharides on Neonates
In addition to promote the maturation of intestinal barrier,
sialylated HMOs were also found able to enhance liver, muscle
metabolism by increasing nutrient utilization in undernourished
infants (12, 148). A study in twoMalawian birth cohorts revealed
that the sialylated HMOs are significantly less abundant in
milk (6-month-postpartum) of those Malawian mothers with
severely stunted infants (148). This study also found that the
sialylated bovine milk oligosaccharides (S-BMO) can promote
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the augmentation of lean body mass gain of infants in a
microbiota-dependent manner. Supplementation of S-BMOs to
neonatal mice or gnotobiotic piglets enhanced their ability to
utilize nutrients for anabolism, resulted in alteration of the
bone morphology and metabolism of liver, muscle, and brain.
Another study using mouse models revealed that 3′-SL can
inhibit the degradation of cartilage, and upregulate the CO12a1
production to promote cartilage regeneration, which protects
against osteoarthritic development in mice (149). By adding
purified S-BMO with structures similar to those in human
milk to the diet of young germ-free mice that were colonized
with cultured bacterial strains from a 6-mo-old stunted infant,
Cowardin et al. (12) found an increased femoral trabecular bone
volume and cortical thickness, reduced osteoclasts and their bone
marrow progenitors, and altered regulators of osteoclastogenesis
and mediators of Th2 responses. Compare with the control
mice, the S-BMO treated mice exhibited microbiota-dependent
increase in cecal levels of succinate and in turn activated the tuft
cell signaling pathway that linked to Th2 immune responses. A
prominent fucosylated HMO, 2′-FL, failed to elicit these changes
in bone biology, highlighting the structural specificity of the S-
BMO effects. A mouse model study of collagen-induced arthritis
showed that, 3′-SL could reduce the severity and incidence of
arthritis, inhibit the formation of synovitis and pannus, and
suppress cartilage destruction, which suggested that 3′-SL can
serve as an inhibitor of p65 phosphorylation to ameliorate the
progression of experimental rheumatoid arthritis (150).

The Growth Promoting Effects of Sialylated Milk

Glycoconjugates on Neonates
Studies in infants and animals have proved that milk proteins
significantly influence the growth and body composition of
neonates (151). Human milk immunomodulatory proteins
including LF and sIgA were found time-dependently and
differentially associate with development of infant lean mass
and adiposity during first 1 year of lactation (152). A rat study
by Shama et al. (153) showed that treatment of a human
milk-based protein concentrate contained 101 ± 6 g protein/kg
in total and 5 ± 1 g lactoferrin/kg of milk solids supported
the growth of weanling rats, suggested its potential use for
preterm infants. Wu et al. (154) demonstrated that the formula
containing hydrolyzed whey protein (hydrolyzed whey/intact
casein = 63/37), could support the normal growth of healthy
term infants, to a comparable extent to that of breast-fed infants
during the first 3 months of life. Gridneva et al. investigated
the relationships between infant/maternal body composition
and human milk casein, whey and total protein during the
first 12 months of lactation (155). Their results showed a
differential effect of human milk casein on development of
infant body composition during the first year of life, which
suggested its potential application in improving outcome for
the infants through interventions. Mucin is another source of
a microbiological growth factor present in human milk, in the
year of 1953, study of Tomarelli et al. (156) had proved that
when fed with a basal diet of a composition including mucin
approximating that of human milk resulted in increased growth
of weanling rats. Interestingly, some studies suggested that milk

components such as LF and OPN can form as a complex,
which showed increased bioactivities that may possibly improve
outcomes in formula-fed infants (157). BSSL in breast milk was
also found to facilitate the ability of digestion and absorption of
milk fat and promotes growth of small for gestational age preterm
infants (158, 159).

Promote Brain Development and Cognition
Effects of Sialylated Milk Oligosaccharides on Brain

and Cognition Development of Neonates
The neural cell membranes contain 20 times more SA than
other types of membranes, suggesting that SA plays an important
role in neural structure (160, 161). Therefore, whether SL
has an effective role in promoting neurodevelopment by
altering the concentration of important brain metabolites and
neurotransmitters attracted many research attentions. In the
year of 2016, Jacobi et al. (33) found that both 3′-SL and
6′-SL could increase the ganglisoside (GA) bound SA in the
corpus callosum and cerebellum of piglets. And they can
also enhance T-maze performance, increased expression level
of mRNA glial fibrillary acidic protein gene encoding, and
as well as the expression level of myelin basic protein and
myelin-associated glycoprotein in piglets (121). In the year
of 2019 (161), Wang et al. found a significant increasing
effects of SL supplementation on the absolute levels of myo-
inositol (mIns) and glutamate + glutamine (Glx) in piglets.
They also detected significant positive correlations of brain N-
acetylaspartate (NAA), total NAA, mIns, total choline, total
creatine, scyllo-Inositol (SI) and glutathione with total white
matter volume; Glu and SI with whole brain volume; and SI with
whole brain weight respectively. Sialyllactosamine (SLN) and 3′-
SL intake were closely correlated with the levels of brain Glu,
mlns and Glx in the treatment groups only. This study provided
in vivo evidences that sialylated milk oligosaccharides can affect
neurotransmitters and alter the brain metabolites in piglets.
In a recent study, Hauser et al. (13) explored the long-term
consequences of selectively depriving mice of specific sialylated
HMO during lactation using a gene knockout (KO) mouse
model lacking 6′-SL synthesis-related genes. The study found
that 6′-SL in breast milk is essential for cognitive development.
When observing the microflora function, researchers found
that the number of KEGG pathways that changed in St6Gal1
KO mice during lactation was much greater than that in
adult mice. Thus, suggesting that the composition of St6Gal1
KO demonstrates a strong impact on the establishment of
intestinal microbiota in the early stage of life, especially in
weaning from a milk-based diet to a solid diet. However, further
research is needed to clarify these aspects. Given the emerging
“gut brain axis” and the important role of SL intervention
in neonatal intestinal health and disease prevention, future
studies will need to assess more precise and deeper molecular
mechanisms (124). In addition, study in mice (107) revealed that
supplementation of 6′-SL or 3′-SL can release anxiety during
stressor tests, and prevent the gut dysbiosis resulting from stress,
and help to maintaine normal numbers of doublecortin (DCX)
+ immature neurons. The above results suggested the important
roles of SLs in ameliorating behavioral responses during stressor
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exposure through effects on the microbiota dependent gut-
brain axis.

Effects of Sialylated Milk Glycoconjugates on Brain

and Cognition Development of Neonates
Emerging research in humans, rodents and piglets suggest that
LF and other glycoproteins in milk may play unique roles
in brain development and cognitive functions of infants (35,
162). For example, study of Chen et al. (35) in postnatal
peglets found that LF supplementation can promote early
neurodevelopment and cognition by upregulating the brain-
derived neurotrophin factor (BDNF) signaling pathway and
polysialylation. This study suggested that, as a SA-rich milk
glycoprotein, the sialylated gloycans on LF may contributed
significantly to this effect. A randomized, controlled trial

carried by Li et al. (163) showed that infants receiving
formula supplementated with bovine MFGM and lactoferrin
for 1 year accelerated the neurodevelopmental profile and
improved language subcategories at day 545. Oh et al. (164)
studied the effects of glycated milk casein (Gc) fermented
with Lactobacillus rhamnosus 4B15 (FGc) on the intestinal
microbiota and physiological and behavioral properties in mice
under chronic stress, and their results strongly suggested the
protective effects of FGc targeting of intestinal microbiota for
abnormal brain activity, which is consistent with the view that
FGc plays an important role in regulating stress-related gut-
brain axis disorders. Milk OPN was also found to increase the
brain myelination and cognitive development in mice (165). In
addition to glycoproteins, glycolipids in milk also contribute to
the development of brain and congnition, as complex lipids are

FIGURE 3 | The beneficial effects of sialylated milk components on neonatal health.
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important constituents of the central nervous system. Studies
have shown that supplementation with complex milk lipids
(CML) in pregnancy may increase the level of fetal gangliosides
(GA), with the potential to improve cognitive outcomes
(166). For example, Liu et al. (167) have reported that early
supplementation of phospholipids and gangliosides affects brain
and cognitive development in neonatal piglets. A double-blind,
randomized, controlled, parallel group clinical trial in which
infants received the treatment or control product from 2 to 8
weeks of age until 24 weeks of age. Ganglioside supplementation
using complex milk lipids significantly increased the scores for
Hand and Eye coordination IQ, Performance IQ and General
IQ (168).

FUTURE PERSPECTIVES

To sum up, sialylated milk components exert crucial probiotic
and immunomodulatory effects on infant’s gut. They play
an important role in maintaining colonization resistance,
inducing intestinal cell differentiation, promoting intestinal
maturation, reducing inflammation, and promoting neonatal
growth, all of which are considered to demonstrate significant
health benefits to new-borns (Figure 3). As sialylated milk
oligosaccharides and glycans exhibit local biological activities
in the intestines to protect infants, a healthy establishment
of the intestinal microbiota plays a key intermediate role to
broaden the effects of sialylated milk components. However,
most of these studies are based on animal experiments
and in vitro studies, and in particular, the function of the

sialylated glycan parts on milk glycoproteins and glycolipids
on infants remain largely unknown. More supporting evidence
of the beneficial effects of sialylated milk oligosaccharides
and glycans on infant health will greatly promote the
development and utilization of SA-containing microecological
preparations. Their application to milk formula, healthy
maternal and infant food, and medical purposes holds
great potential.
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Dietary intervention with plant protein is one of the main methods that is used to lessen

the symptoms of malnutrition. Supplementary soy protein to undernourished weaning

rats for 6 weeks significantly increased their body weight gain. After the intervention,

the level of total short-chain fatty acids (SCFAs) was restored to 1,512.7µg/g, while

the level was only 637.1µg/g in the 7% protein group. The amino acids (valine,

isoleucine, phenylalanine, and tryptophan) increased in the colon, and vitamin B6

metabolism was significantly influenced in undernourished rats. The tryptophan and

glycine-serine-threonine pathways were elevated, leading to an increase in the level

of tryptophan and 5-hydroxytryptophan (5-HTP) in the serum. In addition, the relative

abundance of Lachnospiraceae_NK4A136_group and Lactobacillus increased, while

Enterococcus and Streptococcus decreased compared to undernourished rats. Overall,

soy protein improved the growth of rats with malnutrition in early life by regulating gut

microbiota and metabolites in the colon and serum.

Keywords: untargeted metabolomics, undernourished, microbiota, 16S rRNA, soy protein

INTRODUCTION

In 2018, stunting affected an estimated 21.9% of children under five (or 149 million), worldwide
(1). Emerging views are of the opinion that an immature intestinal microbiota may cause severe
malnutrition in children (2). The structure of the gut bacteria and their relative abundance in a
healthy host are fixed with beneficial bacteria, such as Lactobacilli and Bifidobacterium. However,
the structure of gut microbiota was vulnerable to the change of internal and external environment.
Recently, some researchers demonstrated that bacteria in younger healthy children dominated
their malnutrition, which suggests that the growth of the intestinal flora did not keep up with the
development of the body (3). Bacteria, such as Streptococcus and Enterococcus dominated in the
intestines of undernourished children andwere defined as signs of immature intestines (4). Proteins
were utilized by mature healthy intestinal microbes and produced short-chain fatty acids (SCFAs)
to regulate tryptophan and 5-hydroxytryptamine (5-HT) in serum. These metabolites regulate host
metabolism, appetite, and mood (5). However, there are limited studies on the correlation between
serum metabolites and malnutrition.
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Known as many reasons for malnutrition, diet is more
effective than other factors in regulating the gut microbiota; thus,
high-quality food is considered as one of the most effective ways
for the treatment of malnutrition (6). Casein has been proven
to carry innumerable nutritional values for humans, and it has
long been used in the diets of infants to provide nutritional
support (7). Casein can easily degrade in the small intestine,
and is subsequently available for bacteria in the large intestine
to increase the communities of Lactobacilli and Bifidobacterium
while decreasing the counts of Staphylococci, Coliforms, and
Streptococci (8–12). However, casein is not easily available to
children in the undeveloped areas, especially in the remote
areas (13, 14). Renewed interest mainly focuses on plant-derived
protein, especially on soy protein, which is considered as an
alternative nutrition for casein. In addition, accumulating studies
demonstrated that the absorption of soy protein is more efficient
in improving malnutrition than that of the consumption of
the mixture of amino acids. In addition, soy protein has also
been claimed to play positive roles in modulating the beneficial
bacterial composition in the gut with increased communities of
Escherichia and Propionibacterium (15, 16). It has been reported
that food supplemented with soy protein alleviated malnutrition
by changing the ratio of beneficial and “age-discriminatory”
bacteria in the gut (14). Therefore, fostering gut microbiota may
shed light on improving body weight and restoring health in
undernourished children. Moreover, consuming targeted foods
to facilitate the domination of beneficial microbes in the gut has
been recommended (17).

However, few studies focus on finding whether soy protein
can be used as a substitute for casein and whether the alleviation
of malnutrition is interrelated with the regulation of intestinal
flora. In this study, a comparison between casein and soy protein
was performed in a malnourished rat model to shed light on
whether soy protein could be substituted in a weaning-phase
diet. The present study aimed to (i) compare the effects in
an undernourished rat model using soy protein and casein,
(ii) measure the contents of SCFAs and metabolites in the
serum and colon, (iii) evaluate the change in the structure and
relative abundance of gut microbiota using 16S rRNA gene
sequencing, (iv) analyze the relationships among microbiota,
apparent indicators, and metabolites (in serum and the colon).

MATERIALS AND METHODS

Materials and Chemicals
Normally ground soy protein (>95.2%) powder and casein
(>95.2%) were obtained from Gushen Biological Technology
Group Co., Ltd. (Dezhou, China). Insulin-like growth factor-
1 (IGF-1)ELISA kits were commercially obtained from Abcam
(Cambridge, MA, USA). Angiotensin-converting enzyme-2
(ACE 2) ELISA kits were purchased from Biorbyt (Princeton,
New Jersey, USA). Acetate, propionate, butyrate, and standard

Abbreviations: CTG, control group; LPG, low protein group; CG, casein

group; SPG, soy protein group; IGF-1, insulin-like growth factor-1; ACE

2, angiotensin-converting enzyme-2; SCFAs, short-chain fatty acids; 5-HTTP,

5-hydroxytryptophan.

valeric acid were bought from Sigma, Inc. (St. Louis, MO, USA).
An E.N.Z.A. R© Stool DNA isolation kit that was used to extract
DNA was produced by Omega Bio-Tek, Inc. (Norcross, Georgia,
USA). All other chemical reagents were of AR grade.

Analysis of the Nutritional Value of Raw
Materials Based on Amino Acids Score
Amino acids score (AAS) was determined as below:

AAS% =

(%) sample essential amino acid content

(%) recommended essential amino acids

The amino acids of the diet were evaluated using a Hitachi
Limited Amino automatic analyzer (L-8900, Tokyo, Japan).

The Design of Animals and Experiment
Forty male Sprague-Dawley rats (SYXK (Beijing) 2018-0022) (4
weeks from birth, weighing 90.8 ± 4.24 g) were obtained from
the Beijing Rital River Laboratory Animal Technology Company
(Beijing, China). The malnutrition models were constructed
according to the Brown method (18). Briefly, after 7 days of
adaptation, 10 randomly distributed rats were categorized as
a control group (CTG), and the other 30 rats categorized as
a low protein group (LPG) were given a 7% protein diet.
After 3 weeks, 30 rats in the malnutrition group (weight
was decreased by 51.2% compared to the control rats) were
randomly distributed into 3 groups (n = 10) as follows: LPG
group, casein group (CG), and soy protein group (SPG). The
body weight and tail length gain of the rats were measured
every week. The experimental diets for each group are listed
in Table 1 (Jiangsu Xietong Pharmaceutical Bio-engineering
Co., Ltd. Nanjing, China). During the experimental period,
water and food were easily and adequately available for the
rats. All rats were housed individually in cages placed at
the room where temperature (22.3 ± 1◦C) and humidity
(50.2 ± 10%) were maintained stably with a 12 h light/dark
cycle. On day 57 (the body weight had statistically increased
in the SPG and CG compared to the LPG), each rat was
sacrificed under anesthesia after 12 h of fasting, and blood was
immediately obtained to prepare the serum stored at −80◦C
until analysis. The content of IGF-1 and ACE 2 in the serum
were measured according to the instruction of the ELISA kits.
The experiment was conducted in accordance with the European
Community Guidelines for the Use of Experimental Animals and
authorized by the Pony Testing International Group on Animal
and Use.

SCFAs Analysis
The concentration of SCFAs was measured as described in
a previous study (19) according to Shanghai Biotree Biotech
Co., Ltd. (Shanghai, China) protocol. Fifty milligrams of colon
contents were extracted with 1mL ice-cold physiological saline,
homogenized in a ball mill (4min, 40Hz) (Shanghaijingxin
Experimental Technology, Shanghai, China), and then
ultrasonically processed for 5min in ice water. The supernatant
obtained by centrifugation (5,000 rpm, 20min, 4◦C) was
collected, and added to the mixture (9:1 v/v) containing
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TABLE 1 | The composition of diets.

Component CTG LPG CG SPG

gm kacl gm kacl gm kacl gm kacl

Casein/g 200 800 70 280 200 800 - 0

L-Cystine/g 3 12 3 12 3 12 3 12

Soy protein/g - - - - - - 245.4 982.2

Corn Starch/g 397.5 1,590 527.5 2,110 397.5 1,590 352.0 1,407.8

Maltodextrin 10/g 132 528 132 528 132 528 132 528

Sucrose/g 100 400 100 400 100 400 100 400

Cellulose, BW200/g 50 0 50 0 50 0 50 0

Lard/g 70 630 70 630 70 630 70 630

Vitamin Mix V10037/g 10 40 10 40 10 40 10 40

Mineral Mix S10022G/g 35 0 35 0 35 0 35 0

Choline Bitartrate/g 2.5 0 2.5 0 2.5 0 2.5 0

FD&C Red Dye #40/g - 0 - 0 - 0 0.10 0

Total/g 1,000 4,000 1,000 4,000 1,000 4,000 1,000 4,000

Protein (%) 20.3 20.3 7.30 7.30 20.3 20.3 20.3 20.3

Carbohydrate (%) 64.0 64.0 77.0 77.0 70 64.0 64.0 64.0

Fat (%) 7.00 15.7 7.00 15.7 7.00 15.7 7.00 15.7

Total 100 100 100 100

CTG, Control group; LPG, low protein group; CG, casein group; SPG, soy protein group.

25% (w/v) of metaphosphoric acid. After centrifugation, the
supernatant was transferred into a fresh vial for analysis. The
supernatant (1 µL) was analyzed by an HP-FFAP capillary
column (Agilent, Folsom, CA, USA). Using helium as the
carrier gas, the initial temperature was set to 80◦C (1min), and
subsequently increased to 200◦C (in 5min), then maintained
(1min) at 240◦C. The injection and detector temperatures were
250 and 270◦C, respectively. The electron impact energy was
−70 eV. The mode of MS was set in Scan/SIM mode.

Untargeted Metabolomics
Sample of colon content (50mg) was diluted in 1mL of
the extract solution (methanol: acetonitrile: water = 2:2:1,
with isotopically-labeled internal standard mixture). After
homogenization (35HZ, 4min) and sonication (5min) in three
times of repeated ice bath, the samples were incubated for 1 h
(−40◦C) and finally centrifuged (12,000 g, 15min, 4◦C). The
supernatant was transferred to a fresh glass vial for analysis.

One hundred microliters of serum sample were mixed
with 400 µL of solution (acetonitrile: methanol = 1:1) and
vortexed (30 s), then sonicated (10min, ice water bath), and
subsequently incubated (1 h, −40◦C) to precipitate proteins.
After centrifugation (4◦C, 12,000 rpm, 15min), the supernatant
was ready for analysis.

The quality control sample was prepared by mixing up all the
samples with an equal aliquot. Liquid-chromatography tandem
mass spectrometry (LC-MS/MS) analysis was conducted by a
UHPLC system (Thermo Fisher, Waltham, MA, USA) equipped
with BEH amide column (2.1 × 100mm, 1.7µm) connected to
a Q Exactive HFX mass spectrometer (Thermo Fisher, Waltham,
MA, USA). The flow was blended with 25 mmol/L of ammonium

acetate and 25 mmol/L of ammonia hydroxide in water (pH
= 9.7) (A) and acetonitrile (B). The injected sample was set
at the temperature of 4◦C, and the sample volume was set at
2 µL. An acquisition software consistently monitored the full
scan MS spectrum. The electrospray ionization (ESI) source
conditions were coded as follows: sheath gas flow rate and aux
gas flow were 30 Arb and 25 Arb, respectively. Temperature
was set at 350◦C, and full MS resolution and MS/MS resolution
were of 60,000 and 7,500. Collision energy was obtained with
10/30/60 in N-channel enhancement (NCE) mode, and spray
voltage was found to be either 3.6 kV (positive) or −3.2
kV (negative).

16S rRNA Gene Sequences
On day 57, after sacrificing under anesthesia, the colon contents
of the rats were collected from the respective groups. The
analysis of 16S rRNA gene sequences was performed in the
laboratory as per previous publication (19). After extracting total
DNA by an E.N.Z.A. R© Stool DNA isolation kit (Omega Bio-
Tek, Inc. St. Louis, MO, USA), primers were programed
according to the conserved regions, and subsequently,
sequencing adapters were added to the ends of the primers
(forward 5′-ACTCCTACGGGAGGCAGCA-3′ and reverse
5′-GGACTACHVGGGTWTCTAAT-3′). PCR amplification was
performed, and the productions were cleaned, quantified, and
homogenized to form a sequencing library. The built library
was qualified by a library quality inspection and sequenced
with an Illumina HiSeq 2500 system (Illumina In., CA, USA).
The original image data obtained by Illumina HiSeq platforms
were translated into sequenced reads, and stored in FASTQ
(referred to as fq) file format. Trimmomatic v0.33 software
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was first used to filter the raw reads obtained by sequencing;
then, cutadapt 1.9.1 software was used to distinguish and cut
the primer sequences. FLASH v1.2.7 software was applied to
pass the overlapped splices of the high-quality reads of each
sample, and clean reads were obtained from the resulting
spliced sequence. The UCHIME v 4.2 software was employed to
distinguish and cut the chimera sequence to produce the final
effective data.

Statistical Analysis
Data were processed and finally expressed as the mean ± SD.
GraphPad Prism 9 Software (San Diego, CA, USA) was used to
analyze the differences among the four groups and transformed
the data to a figure. For microbiota analyses, the Shannon index
evaluated significant differences in the level of alpha diversity
among the four groups. The abundance of operational taxonomic
unit (OTU) was conducted to compare the changes of diversity
among the four groups. The data of the gut microbiota in the
levels of genus, host apparent indicators, and metabolites (in
colon and serum) were analyzed to evaluate the correlations by
Spearman’s algorithm. The difference was considered significant
if the p < 0.05.

RESULTS

Amino Acid Composition of Soy Protein
and Casein
The amino acid profiles of different proteins are presented in
Table 2. A total of 18 amino acids were detected, including
9 essential amino acids. The sulfur amino acids (methionine
and cystine) and proline contents in casein reached 4.68 and
10.2%, respectively, while the corresponding values in soy protein
were only 2.49 and 5.4%, respectively. However, compared with
casein, soy protein was rich in arginine, alanine, glycine, and
aspartic acid, and the total amount exceeded 86.8%. As shown
in Table 3, the AAS of casein was above 100, which meets
the requirements of FAO recommendations. Sulfur-containing
amino acids were obviously the limiting amino acids in soy,
which had the lowest percentage of all amino acids (2.49%).
Tyrosine and phenylalanine, in soy protein and casein, had the
highest AAS, reaching the values of 130.5 and 172.9, respectively.
The following were the only two amino acids in soy with
an AAS below 90: sulfur-containing amino acids (71.5) and
lysine (87.4). The AAS is an important index for evaluating
the quality of protein; it has been widely used to predict the
potential ability of protein in food to provide indispensable
amino acids.

Effects of Soy Protein on Body Weight, Tail
Length, IGF-1, and ACE 2
The undernourished model induced by the protein-deficient diet
(7% protein diet) showed a stunted growth in rats, as they
reduced an average of 51.2% in body weight after 3 weeks,
compared to CTG (Figure 1A). After 6 weeks of supplementary
diets, the rats from the SPG and the CG significantly exhibited
higher body weight gain (p < 0.05) than LPG, which increased
by 64.9% in the SPG compared to those in the CG. At the same

TABLE 2 | Amino acid composition (mg·g−1 protein).

Amino acid Soy protein Casein

Tryptophan 7.94 ± 0.30b 10.2 ± 0.27a

Aspartic acid 89.4 ± 1.51a 60.0 ± 2.05b

Threonine 29.2 ± 0.31b 34.2 ± 0.13a

Serine 37.0 ± 2.26b 41.5 ± 1.63a

Glutamate 147.9 ± 2.33b 182.9 ± 2.40a

Proline 41.6 ± 0.71b 91.8 ± 1.77a

Glycine 32.1 ± 2.19b 15.7 ± 2.55a

Alanine 33.4 ± 1.13a 25.7 ± 1.08b

Cystine 8.84 ± 0.24b 16.5 ± 0.57a

Methionine 10.5 ± 0.34b 25.5 ± 0.25a

Valine 39.1 ± 0.41b 57.0 ± 0.34a

Isoleucine 38.2 ± 0.37b 45.7 ± 0.35a

Leucine 62.0 ± 0.34b 78.0 ± 0.34a

Tyrosine 25.2 ± 0.33b 45.1 ± 0.43a

Phenylalanine 43.2 ± 0.43a 44.8 ± 0.36a

Lysine 49.8 ± 0.62b 69.0 ± 0.32a

Histidine 20.6 ± 0.43a 25.0 ± 0.37a

Arginine 58.1 ± 2.19a 31.1 ± 2.05b

Data are presented as the mean ± SD (n = 3). The letters after the data indicate the

statistical difference (p < 0.05).

TABLE 3 | The amino acid score (AAS) of dietary ingredients.

AAS (for

infants/preschool

children 2 yrs)

FAO (2013) Soy protein Casein

Threonine 31 94.2 ± 1.00b 110.2 ± 5.59a

Methionine+Cystine 27 71.5 ± 2.13b 155.8 ± 2.97a

Isoleucine 32 119.2 ± 1.15b 142.7 ± 1.08a

Leucine 66 93.9 ± 0.51b 118.1 ± 0.52a

Phenylalanine+Tyrosine 52 130.5 ± 0.62b 172.9 ± 1.51a

Lysine 57 87.4 ± 1.09b 121.0 ± 0.56a

Histidine 20 103.1 ± 2.13b 124.8 ± 1.86a

Tryptophan 9 93.4 ± 3.47b 120.3 ± 3.13a

Valine 43 91.0 ± 0.96b 132.5 ± 0.78a

Data are presented as the mean ± SD (n = 3). The letters after the data indicate the

statistical difference (p < 0.05).

time, malnourished rats also had corresponding shorter tails.
Results showed a similar growth trend performed in the length
of the rat tail, with rats in the SPG and CG growing faster than
rats in the LPG, and showed no statistical difference with CTG
(Figure 1B).

Compared with those in the CTG, rats fed with low protein
diet had lower IGF-1 and ACE 2 levels in the serum (Figure 1C).
After the administration of supplementary diets (soy protein or
casein protein) for 6 weeks, the IGF-1 levels in SPG and CG were
elevated by 53.1 and 46.3%, respectively, compared to the LPG (p
< 0.05). Additionally, the level of ACE 2 increased by 43.0 and
53.1% in the SPG and CG, respectively, compared to the LPG (p
< 0.05) (Figure 1C).
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FIGURE 1 | Diet intervention alleviated the physiological condition of rats. (A) The body weight of rats. (B) The tail length of rats. (C) IGF-1 and ACE 2 contents in the

serum. Data are presented as mean ± SEM. Different letters indicate statistical differences among the groups (p < 0.05). IGF-1, insulin-like growth factor-1; ACE 2,

angiotensin-converting enzyme-2; CTG, control group; LPG, low protein group; CG, casein group; SPG, soy protein group.

Effects of Soy Protein on SCFAs and
Colonic Metabolites
The concentration of total SCFAs and the acetate, propionate,
butyrate, and valeric acid in the four groups varied significantly
(Figure 2A). The LPG showed a dramatic decrease in the total
level of SCFAs by 2.04-fold compared to CTG, while the SPG
and the CG showed 1.37- and 1.86-fold increases compared
to LPG (Figure 2A). In LPG, the levels of acetate, propionate,
butyrate, and valeric acid decreased by 1.19, 1.96, 4.68, and 0.50-
fold, respectively, compared to CTG (Figure 2A). Obviously,
butyrate production was the most reduced in the LPG, while
it was increased by 3.26- and 4.50-fold in the SPG and CG,
respectively, compared to the LPG. Moreover, the levels of other
SCFAs simultaneously increased after the administration of soy
protein in the SPG.

A total of 1,054 metabolites were measured among the four
groups. After analysis, 398 differentially expressed metabolites
showed significant changes between CTG and LPG (VIP > 1,
p < 0.05) (Figure 2B), 257 differentially expressed metabolites
between CG and LPG (VIP > 1, p < 0.05) (Figure 2C), and
292 differentially expressed metabolites between SPG and LPG
(VIP > 1, p < 0.05) (Figure 2D). In these differentially expressed
metabolites, valine was sharply decreased in the LPG by 74.7%
compared to the CTG; however, it was restored to 80.6 and 91.2%
in SPG and CG, respectively, compared to LPG (Figure 2E). The
isoleucine, phenylalanine, and tryptophan also decreased by 81.1,
82.9, and 61.3%, respectively, in the LPG compared to that in
CTG (Figures 2F–H), while alleviated after supplementary soy
protein and casein.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
was used to catch and map the metabolites in the colonic
contents, and the results were analyzed through the enrichment
pathway to show the enrichment of metabolites in the
pathway. As shown in Figure 2I, the differentially expressed
metabolites between CTG and LPG hit 23 metabolism pathways
which included vitamin B6 metabolism, valine, leucine, and
isoleucine biosynthesis, phenylalanine, tyrosine, and tryptophan
biosynthesis, pantothenate and CoA biosynthesis, cysteine and
methionine metabolism, linoleic acid metabolism, and arginine
and proline metabolism [-ln(p) > 1]. Similarly, vitamin B6

metabolism was significantly influenced in the SPG and
CG compared to the LPG [-ln(p) > 1] (Figures 2J,K). In
addition, amino acid metabolism (tryptophan, tyrosine) and
biosynthesis (tryptophan, tyrosine, isoleucine, leucine, valine,
and phenylalanine) pathways were statistically changed among
CTG, SPG, and CG compared to LPG.

Effects of Soy Protein on Metabolites in
Serum
The metabolites in the serum measured by untargeted
metabolomics based on MS/MS data are presented in
Figures 3A–C. The LPG had 78 upregulated metabolites and 44
downregulated metabolites compared to CTG (Figure 3A), and
the downregulated metabolites were mainly centralized in amino
acid substances, such as tryptophan and threonine. However, the
number of differentially expressed metabolites was reduced to 81
and 60 in the SPG and CG, respectively, compared to the CTG
(Figures 3B,C).

The amount of tryptophan decreased by 266.1% in the LPG
compared to CTG while restored in SPG and CG (Figure 3D)
(VIP > 1 and p ≤ 0.05). Moreover, 5-hydroxy-tryptophan (5-
HTP) showed significant changes in the results. In LPG, the
content of 5-HTP was sharply decreased by 143.2, 82.2, and
31.5%, respectively, compared to CTG, SPG, and CG, respectively
(Figure 3E). Since differences in amino acid substances among
groups were observed, we conducted metabolic pathway analysis
of the different metabolites (Figures 3F–H). Compared with
the CTG, there were 6, 5, and 11 metabolite changes in the
pathways of LPG, CG, and SPG, respectively, in which the amino
acid metabolism pathway was involved as the main metabolite
pathway. Through comprehensive analysis of the pathways where
differential metabolites mainly gathered, key pathways that had
higher correlation with the metabolites were determined. Five
and three differentially expressed metabolites between the CTG
and LPG hit the glycine-serine-threonine metabolism pathway
and the tryptophan-metabolism pathway. However, these two
metabolic pathways were restored among the CTG and the other
two groups.
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FIGURE 2 | Continued
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FIGURE 2 | Continued
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FIGURE 2 | Effect of diet intervention on the metabolites in the colon. (A) The contents of short-chain fatty acids (SCFAs). (B) The differentially expressed metabolites

between LPG and CTG. (C) The differentially expressed metabolites between CG and LPG. (D) The differentially expressed metabolites between SPG and LPG. (E)

The relative content of L-valine. (F) The relative content of L-isoleucine. (G) The relative content of L-phenylalanine. (H) The relative content of L-tryptophan. (I) Bobble

plot of LPG to CTG. (J) The bobble plot of CG to LPG. (K) The bobble plot of SPG to LPG. Data are presented as mean ± SEM. Different letters indicate statistical

differences among groups (p < 0.05). CTG, control group; LPG, low protein group; CG, casein group; SPG, soy protein group.

Effects of Soy Protein on Gut Microbiota
After sampling the colonic contents and sequencing in the V3–
V4 regions using 16S rRNA, a total of 2,158,844 pairs of reads
were obtained. With double-ended read quality control and
splicing, a total of 2,148,662 purified reads were generated. At
least 79,107 clean reads were obtained in each sample. Usearch
software was used to cluster reads in the levels of 97.0% similarity
(20), and subsequently obtained 487, 386, 479, and 481 OTUs
in the CTG, LPG, SPG, and CG, respectively (Figure 4A).
The significant reduction of OTUs in the LPG suggested that

malnutrition caused a sharp decrease in the diversity of bacteria.
Similarly, it reflected the richness of microbial communities, and
the Shannon index was decreased dramatically in LPG compared
to CTG (Figure 4B). However, the OTUs and the Shannon index
were upgraded after the rats were supplemented with soy protein
and casein, which suggested that the diversity of the species was
restored (Figures 2A,B).

The changes in microbiota were shown in both the phylum
and genus levels (Figures 4C,D). Belonging to the phylum level,
Firmicutes dominated among the four groups. However, the
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FIGURE 3 | Continued
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FIGURE 3 | Effect of diet intervention on the metabolites in serum. (A) The differentially expressed metabolites between LPG and CTG. (B) The differentially expressed

metabolites between SPG and CTG. (C) The differentially expressed metabolites between CG and CTG. (D) The relative content of L-tryptophan. (E) The relative

content of 5-hydroxy-L-tryptophan. (F) Bobble plot of LPG to CTG. (G) The bobble plot of SPG to CTG. (H) The bobble plot of CG to CTG. Data are presented as

mean ± SEM. Different letters indicate statistical differences among the groups (p < 0.05). CTG, control group; LPG, low protein group; CG, casein group; SPG, soy

protein group.
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FIGURE 4 | Effect of diet intervention on the gut microbiota. (A) The amount of OTU based on 97.0% similarity. (B) Shannon index. (C) The change in the phylum

level. (D) The change in the genus level. (E) The relative abundance of Lachnospiraceae_NK4A136- group. (F) The relative abundance of Lactobacillus. (G) The

relative abundance of Enterococcus. (H) The relative abundance of Streptococcus. (I) LDA score of four diets on microbiota. Data are presented as mean ± SEM.

Different letters indicate statistical differences among the groups (p < 0.05). OTU, operational taxonomic unit; CTG, control group; LPG, low protein group; CG, casein

group; SPG, soy protein group.
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ratio of Bacteroidetes varied significantly in different groups.
Bacteroidetes increased significantly after the supplementation
of soy protein and casein (Figure 4C). At the genus level,
the groups, Lactobacillus, Clostridium_sensu_stricto_1,
Romboutsia, Lachnospiraceae_NK4A136, Desulfovibrio,
Ruminococcaceae_UCG-005, [Ruminococcus]_torques, and
Turicibacter dominated in the CTG, SPG, and CG, respectively
(Figure 4D). However, this trend was reversed in the LPG,
with a sharp decrease in the counts of Lactobacillus and
Lachnospiraceae_NK4A136_group and a dramatic rise in
the relative abundance of [Ruminococcus]_torques_group.
Based on the present study and previous conclusions by other
scientists, four bacteria were selected for in-depth analysis. The
relative abundance of Lachnospiraceae_NK4A136_group and
Lactobacillus increased by 31.0-fold, 3.81-fold and by 3.52-fold,
27.0-fold in the SPG and CG, respectively (Figures 4E,F),
while a reverse trend was observed in Enterococcus and
Streptococcus compared to LPG (Figures 4G,H). Compared to
LPG, Enterococcus and Streptococcus decreased by 11.0- and
4.52-fold in the SPG, and simultaneously, it was downregulated
by 7- and 1.4-fold in the CG.

A linear discriminant analysis (LDA) column graph
apparently showed a differential microbial among the four
groups (Figure 4I). Sixty-seven OTUs were observed with
significant alterations, including 11 in the CTG, 15 n the CG,
and 10 in the SPG, respectively. Importantly, the LPG showed
the most notable changes in the number of OTUs (31 OTUs).
There were 5 OTUs, 15 OTUs, and 1 OTU in the CTG, LPG
and CG, respectively, with LDA scores over 4. As a biomarker
among groups, these OTUs were classified at the phylum
level, and bacteria found in the LPG were assigned to four
OTUs at the phylum level as follows: Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria. Two OTUs were found in
the CTG, 4 were found in the CG, and 2 were found in the SPG.
However, Firmicutes dominated the biomarker bacteria among
the four groups.

The Association Between Microbiota and
Apparent Indicators
To test the influence of microbiota on rat growth
and SCFA production, the Spearman’s algorithm
was used to carry out a correlation analysis. It was
shown that there was a positive correlation among the
targeted microbiota (Lachnospiraceae_NK4A136_group,
Phascolarctobacterium, Lactobacillus, and Alloprevotella),
body weight, and tail length (Figure 5A), while Enterococcus,
Streptococcus, Lachnospiraceae_NK3A20_group, Akkermansia,
Erysipelatoclostridium, and Ruminococcus_torques_group
showed a negative correlation with body weight and tail
length. In addition, the change of gut microbiota performed
relationships with metabolites in the colon and serum. The
alleviation of Lachnospiraceae_NK4A136_group, Lactobacillus,
and Phascolarctobacterium were simultaneous with the increase
of tryptophan (in the colon and serum), isoleucine (in colon),
phenylalanine (in colon), valine (in colon), and 5-HTP (in
serum) (Figure 5B). Therefore, an analysis was conducted

between metabolites (in the colon and serum) and apparent
indicators. It was evident that metabolites in the colon and serum
were closely related to the growth of the rats in the malnutrition
models (Figure 5C).

DISCUSSION

Many studies have demonstrated the beneficial functions of
dietary intervention on undernutrition by restructuring the gut
microbiota (4, 14). However, the potential of plant protein on
alleviating growth deficits, and the effect played by gutmicrobiota
and metabolites (in the colon and serum), is still unclear,
impelling an urgent need to search for the mechanisms of how
soy protein improves undernutrition in rats.

In the present study, supplementary soy protein alleviated
the weight loss of weaning rats with undernutrition. Previous
findings reported that supplementary soy flour in the diet
improved body weight loss in undernourished piglets (4), while
soy protein was first evidenced as a functional ingredient which
performed extinguished effects on malnutrition in the present
study. In addition, changes in the tail length of the rats showed
a similar trend with the change in the body weight. In poor areas,
deficiency of protein intake is one reason for the stunted growth.
Therefore, high quality and efficient protein consumption were
important to improve the linear growth of children in the
developing countries (21). The amino acids of soy protein and
casein in the present study are not completely similar to the
previous study because of the difference in the purity and source
of soy protein, but the ratio of the amino acids remained the same
and the methionine and cystine were found to be the limiting
amino acids in soy protein (22). A previous study confirmed that
supplementary soy protein significantly improved the essential
plasma amino acid concentrations in growth stunted rats which
is evidenced in the present study (21). Although casein was
higher than soy protein in AAS, soy protein improved the stunted
growth better than casein.

A 6 week-diet intervention significantly restored the stunted
growth induced by malnutrition. IGF-1, an indispensable factor
in growth, is produced by the growth hormone secreted in the
pituitary gland (23). ACE 2 plays an important role in regulating
protein uptake, gut microbial ecology, and innate immunity (24).
Our results demonstrated that the levels of IGF-1 and ACE 2
in LPG was statistically decreased in the serum, but the levels
were restored after the intake of soy protein and casein. The
decrease of IGF-1 and insufficient microbes in the gut happened
simultaneously in mice (25). Similarly, the LPG showed low IGF-
1 level and abnormal gut microbiota, while the supplementary
soy protein improved this phenomenon. Soy protein is rich in
amino acid composition and nutritional composition, but limited
studies have reported the potential of soy protein in improving
the malnutrition. More importantly, it has been observed that
compared with protein derived from animals, plant-based crude
protein has lower digestibility (26). Therefore, undigested protein
residues can enter the colon as a substrate utilized by microbial
to improve the intestinal health. A hypothesis was formed
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FIGURE 5 | The corelation among the targeted bacteria, apparent indicators, and metabolites (in the serum and the colon). (A) The corelation between targeted

bacteria and apparent indicators. (B) The correlation between targeted bacteria and metabolites (in the colon and the serum). (C) The correlation between apparent

indicators and metabolites (in the colon and the serum). Data are presented as mean ± SEM. Different letters indicate statistical differences among the groups (p <

0.05). CTG, control group; LPG, low protein group; CG, casein group; SPG, soy protein group.

regarding whether soy protein reshapes the gut microbiota, thus
correcting malnutrition.

As an important metabolite (acetate, propionate, butyrate, and
valeric acid) of microorganisms, the production of SCFAs was
related to the effects of directed foods on gut microbiota, which
applied protein and cellulose in the ingested diet (27). The total
concentration and compositions of SCFAs among the four groups
varied significantly. The CTG showed the highest concentration
of SCFAs, while the LPG had the lowest concentration, which
was similar to the previous study (27). Butyrate has been
claimed to foster the proliferation of prebiotics in the gut
and it played a unique role in reshaping the host metabolism

and maintaining the integrity function of the intestine (28). A
previous study claimed that the concentration of soy protein
influenced the growth performance and the content of butyrate
in broiler chicken through to day 42 of age (29). The sharp
reduction in butyrate in the LPG was in accordance with the
adverse influence in the gut microbiota, while the restoration and
production of butyrate in the SPG also protected gut integrity.
Acetate, propionate, and butyrate were dominant in the total
SCFAs, while the butyrate content in the LPG was significantly
reduced. This result suggests that dietary intervention caused
changes in the contents of microbiota metabolites, and were
simultaneous with the changes in the intestinalmicrobes. Overall,
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soy protein increased the production of SCFAs and influenced gut
microbiota, and subsequently alleviated malnutrition. However,
changes of other metabolites in the colon coincided with SCFAs
and gut microbiota.

The content of tryptophan decreased sharply in the colon
in LPG, which indicated that the tryptophan biosynthesis and
metabolism was damaged in malnutrition models. As aryl
hydrocarbon receptor ligands, tryptophan catabolites played a
unique role in the gut and immune system in the host (30).
Therefore, the restoration of this metabolism and the content in
the colon were critical in malnutrition improvement. At the same
time, phenylalanine, isoleucine, and valine were also decreased
in LPG which coincided with our previous results (31). Vitamin
B6 metabolism in the colon showed significant influence among
LPG and other groups because the deficiency of tryptophan
decreased the tryptophan-nicotinamide conversion rate, while
subsequently influenced the vitamin B6 metabolism (32). In
addition, the disorder of Vitamin B6 and low level of propionate
and butyrate showed in LPG at the same time. Meanwhile, as
a biomarker, Lachnospiraceae_NK4A136_group was observed to
be a vitamin B6 deficient group (33). Therefore, it is concluded
that the change of metabolites in the colon was closely associated
with the gut microbiota in alleviating undernutrition. Recent
studies reported that changes of metabolites in the serum was
related to the gut microbiota and SCFAs, which meant that the
metabolites from the gut microbiota passed the gut barrier, and
subsequently influenced the serum metabolites (28, 34).

Soy protein intake improved health in malnourished rats
by influencing the gut microbiota, especially some signaling
bacteria. Accumulating evidence has revealed that tryptophan,
5-HTP, and 5-HT (serotine) are important factors to maintain
the intestinal balance (28, 30). Distress, loss of appetite, and other
symptoms are usually associated as the signs of malnourishment
in patients. As a neurotransmitter, 5-HT has been shown to
affect the regulatory mechanisms of mood, appetite, etc., and
it is associated with stress, anxiety, and depression (35). The
results from untargetedmetabolism analysis in the serum showed
that the 5-HTP levels decreased sharply in the LPG, but its
relative content was restored after diet intervention with soy
protein and casein. A previous study reported that different diet
proteins induced variable changes of 5-HTP and 5-HT in rats
(36). In fact, diet soy protein showed higher tryptophan in the
serum and higher 5-HTP in the hypothalamic, the hippocampal,
and the cortical regions, compared to diet casein (36). Results
were not completely the same with the present study, because
the rats administered with soy protein in the present study
were malnourished. However, the significant increase of 5-HTP
in the serum evidenced a greater potential of soy protein in
alleviating malnutrition. The 5-HTP could cross the blood-
brain-barrier, and regulate the production of 5-HT. Thus, the
reduction of 5-HTP in the serum might reveal the change
of 5-HT in the brain. The difference of Lactobacillus levels
between the CTG and LPG was also related to the change of
5-HT, because Liu et al. reported Lactobacillus genera on 5-HT
synthesis (28).

The relative contents of tryptophan and the precursor of
serotonin were significantly reduced in malnourished children

which are consistent with our findings of a significant reduction
of tryptophan levels in the LPG (24). Dietary supplementation
with soy protein and casein alleviated this situation. Although
the levels of serum 5-HTP and tryptophan in the SPG and
CG did not reach the levels found in the normal rats, the
SPG was still more effective than the CG which reported in
a previous study that soy protein produced better 5-HTP and
tryptophan in the serum than casein in the healthy rats (36).
A recent study demonstrated that gut microbes produce 5-HT,
5-HTP, and indolealdehyde (IAld) via numerous other metabolic
pathways, such as Lactobacillus, which converts tryptophan
to IAld (28). Our research demonstrated a closer association
between the decrease of gut microbiota and the downregulation
of tryptophan metabolism in the LPG, while supplementary
soy protein to undernourished rats regulated intestinal diversity
and upregulated the tryptophan metabolism. Moreover, the
glycine-serine-threonine metabolism pathway was significantly
enriched among the four groups. In this pathway, compared
to CTG, the LPG had hit the greatest number of differentially
expressed metabolites (five), while the SPG and CG each had hit
one. These data indicate that malnutrition caused by inefficient
protein intake led to the disorder of the glycine-serine-threonine
metabolism pathway.

The diversity and richness of the gut microbiota in LPG were
statistically decreased which coincided with previous reports
which showed that the change in the structure and relative
content of gut microbiota was related to malnutrition (4).
After supplementation with soy protein, the relative abundance
of prebiotics, such as Lachnospiraceae_NK4A136_group and
Lactobacillus in the gut increased, which was similar to
a previous study in which Tamura et al. (27) observed
changes in various bacteria after the intake of soy protein.
Additionally, the relative abundance of Streptococcus, which
was observed to be high in malnourished children (37), was
much higher in the LPG and lower in the rats receiving soy
protein. Therefore, the decrease of “age-discriminatory” bacteria
indicated that the gut microbiota became more maturer and
healthier. Moreover, the increase of the relative abundance
of Lactobacillus and Lachnospiraceae_NK4A136_group led the
host healthier because Lactobacillus terminated the adverse
effects of chronic undernutrition in germ-free mice (25). All
the bacteria observed in this study were related to intestinal
health and maturation, as evidenced by previous studies (4,
28). Studies claimed that SCFAs performed beneficial effects
on gut microbiota (28), and subsequently emerging views
have focused on the relationship between gut microbiota
and metabolites.

In the results of OMICS, fifty bacteria at the genus level were
shown to be statistically correlated with the metabolites in the
colon and serum, and found to have alleviated the growth defects;
especially, the increase of Lactobacillales, Alloprevotella, and
Lachnospiraceae_NK4A136_group kept up with the upregulation
of beneficial substances, such as SCFAs and amino acids in the
colon and serum. Many studies have found that SCFAs played
crucial roles in the metabolites of the colon, serum, intestinal
functions, and in growth development (34, 38). It is evident
that the gut microbiota influenced the metabolites in the serum
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and colon, and subsequently improves host health, such as
attenuating undernutrition.

CONCLUSION

In the present study, soy protein intake positively influenced the
physiological condition of rats by increasing the body weight, tail
length, and serum bioinformation compared to undernourished
rats. The change in the production of SCFAs revealed a change
in the composition of gut microbiota. From the results of 16S
rRNA sequencing, the relative abundances of four bacteria in
the SPG and CG changed significantly compared to that in the
LPG. Untargeted metabolic profiling showed that the metabolites
of tryptophan and 5-HTP in malnourished rats changed
significantly. The tryptophan metabolism and glycine-serine-
threonine metabolism pathways were dramatically damaged in
LPG but could be restored by supplementing the diet of soy
protein. In the present study, we first reported the potential
of soy protein in improving malnutrition evidenced by the
changes of gut microbiota, SCFAs, colon, and serummetabolites.
In addition, the bacteria of Lachnospiraceae_NK4A136_group,
Lactobacillus, Enterococcus, and Streptococcus were closely
related to malnutrition. More importantly, serum metabolites
(tryptophan and 5-HTP), colon metabolites (SCFAs, valine,
phenylalanine, isoleucine, and tryptophan), and metabolite
pathways (tryptophan and glycine-serine-threonine in serum and
vitamin B6 and tryptophan in the colon) were shown for the first
time, with a significant change during the period of improving
malnutrition in early life. This study evidenced that soy protein

supplementary is an effective dietary intervention that alleviates
malnutrition. Soy protein, an inexpensive and easily obtained
ingredient in the food industry, can be added to a supplemented
food to reduce early childhood malnutrition.
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The High Level of
Xylooligosaccharides Improves
Growth Performance in Weaned
Piglets by Increasing Antioxidant
Activity, Enhancing Immune
Function, and Modulating Gut
Microbiota
Jiaman Pang 1, Xingjian Zhou 1, Hao Ye 1,2, Yujun Wu 1, Zhenyu Wang 1, Dongdong Lu 1,

Junjun Wang 1 and Dandan Han 1*

1 State Key Laboratory of Animal Nutrition, College of Animal Science and Technology, China Agricultural University, Beijing,

China, 2 Adaptation Physiology Group, Department of Animal Sciences, Wageningen University and Research, Wageningen,

Netherlands

The aim of this study was to investigate the effects of the high level of

xylooligosaccharides (XOS) on growth performance, antioxidant capability, immune

function, and fecal microbiota in weaning piglets. The results showed that 28 d body

weight exhibited linear and quadratic increases (P < 0.05) with increasing dietary XOS

level, as well as average daily feed intake (ADFI) on d 15–28, average daily gain (ADG)

on d 15–28 and 1–28. There was a linear decrease (P < 0.05) between XOS levels and

feed conversion rate (FCR) on d 1–14 and 1–28. Additionally, glutathione peroxidase

(GSH-Px) showed a linear increase (P < 0.05), while the malondialdehyde (MDA) level

decreased linearly and quadratically (P < 0.05) with the increasing dietary level of XOS.

Moreover, the XOS treatments markedly increased the levels of immunoglobulin A (Ig A)

(linear, P < 0.05; quadratic, P < 0.05), IgM (quadratic, P < 0.05), IgG (linear, P < 0.05),

and anti-inflammatory cytokine interleukin-10 (IL-10) (quadratic, P< 0.05) in serum, while

the IL-1β (linear, P < 0.05; quadratic, P < 0.05) and IL-6 (linear, P < 0.05) decreased

with increasing level of XOS. Microbiota analysis showed that dietary supplementation

with 1.5% XOS decreased (P < 0.05) the α-diversity and enriched (P < 0.05) beneficial

bacteria including Lactobacillus, Bifidobacterium, and Fusicatenibacter at the genus

level, compared with the control group. Importantly, linearly increasing responses

(P < 0.05) to fecal acetate, propionate, butyrate, and total short-chain fatty acids

(SCFAs) were observed with increasing level of XOS. Spearman correlation analyses

found that Lactobacillus abundance was positively correlated with ADG, acetate,

propionate, and IgA (P < 0.05), but negatively correlated with IL-1β (P < 0.05).

Bifidobacterium abundance was positively related with ADFI, total SCFAs, IgG, and

IL-10 (P < 0.05), as well as g_Fusicatenibacter abundance with ADFI, total SCFAs,
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and IL-10. However, Bifidobacterium and Fusicatenibacter abundances were negatively

associated with MDA levels (P < 0.05). In summary, dietary supplementation with

XOS can improve the growth performance in weaning piglets by increasing antioxidant

capability, enhancing immune function, and promoting beneficial bacteria counts.

Keywords: Xylooligosaccharides, weaning piglets, growth performance, antioxidant, immune function, fecal

microbiota, short-chain fatty acids

INTRODUCTION

In modern swine production, weaning is a critical period for
piglets to encounter multiple stressors including environmental,
dietary, and social changes (1). Due to immunological and
physiological immaturity, weaning results in stress syndromes in
piglets including transient anorexia, unbalanced gut microbiota,
increased diarrhea incidence, and decreased growth performance
(2). China is the biggest porker producer and consumer in the
world but about 24 million piglets die from diarrhea caused
by bacterial infection after weaning each year (3, 4). Thus,
antibiotics were widely applied to prevent pathogenic infection
and promote growth in the postweaning period (5). However, the
antibiotic growth promoters have been limited to being used in
swine industry in China due to the adverse effects of antibiotics
resistance and residue, which pose a great threat to human health
and food security (3). To maintain piglet health during the
weaning period and preserve public health, it is urgent to find
and develop antibiotic alternatives.

The growing evidence suggested prebiotics as preferable
alternatives to antibiotics (6). Prebiotics are non-digestible
substrates that improve host health by selectively stimulating
growth or activity of specific bacteria (7). At present, commercial
prebiotics are mainly functional oligosaccharides, such as
galactooligosaccharides (GOS), mannanoligosaccharides (MOS),
fructooligosaccharides (FOS), and xylooligosaccharides (XOS)
(5, 6). The XOS are produced from hydrolysis of xylan, which
widely exist in plant cell wall and various agricultural waste or
byproducts. The XOS are composed of 2–10 xylose monomers
linked through β-(1,4) linkages with acidity and temperature
stability, and non-toxicity (8–10). Many researches indicated that
dietary supplementation of XOS improve the animal growth
performance in weaning piglets and broiler chicken by enhancing
immune functions, elevating antioxidant activity, increasing
nutrient digestibility, and maintaining intestinal morphology
and barrier (4, 11–14). In addition, some studies found that
XOS are able to increase short-chain fatty acids (SCFAs)
concentrations in broiler chicken or weaning piglets (4, 15),
stimulate proliferation of Lactobacillus, and inhibit the growth
of Escherichia coli in weaning piglets (4, 16). Christensen
et al. (17) found that Bifidobacteriaceae varied approximately
10,000-fold from 0.001 to 10.7% in rats after consumption
of 10% XOS. However, the abundance of Bifidobacterium had
no remarkable increase at the low dosage of XOS in pigs
(4, 11, 18).

Whether the high level of XOS can promote Bifidobacterium
microbiota in weaning piglets remains unknown. Meanwhile,
the effects of the high level of XOS on growth performance,

antioxidant capability, and immune function have not been
fully studied in weaning piglets. Therefore, the objective of
this study was to investigate the high level of XOS effects
on growth performance, antioxidant capability, and anti-
inflammatory action, and whether the high level of XOS promote
Bifidobacterium abundance of weaned piglets.

MATERIALS AND METHODS

This work was approved by the Animal Ethics Committee of
China Agricultural University.

Animals, Housing, and Experimental
Design
A total of 192 piglets (Duroc× Landrace× LargeWhite) weaned
at 30 d of age with an average initial body weight (BW) of 7.50
± 0.8 kg were randomly divided into four groups based on BW
and sex. Each group had six replicate pens with eight piglets
per pen. The control group piglets were fed with a control diet
without the supplementation of XOS. The XOS-treated groups
piglets were received dietary supplementation of 0.75% XOS,
1.5% XOS, and 3% XOS, respectively. The XOS (P70, 70%) were
provided by Longlive Biotechnology Corporation (Shandong,
China). The experimental period included two feeding phases:
phase 1, from d 1 to d 14 postweaning; phase 2, from d 15
to d 28 postweaning. The dietary compositions and nutrient
concentrations are presented in Table 1. All diets without
antibiotics were formulated to meet the nutrient requirements
of National Research Council (19). The pigs were housed in an
environmentally controlled room with slatted plastic flooring.
The environmental temperature was maintained at 26–28◦C and
relative humidity was controlled at 40–50%. The pigs were given
ad libitum access to feed and water throughout the trial for
28 days.

Samples Collection
Individual pig BW was recorded at the initial of the weaning
and on d 14 and d 28. Pen feed intake was also measured on d
14 and d 28 of this experiment. The average daily gain (ADG),
average daily feed intake (ADFI), and feed conversion rate (FCR)
were calculated. The feces of pigs were scored daily for diarrhea
according to the following criteria: 1 = firm and well-form feces,
2 = soft and form feces, 3 = sloppy feces and mild diarrhea,
and 4 = pasty and liquid diarrhea. The incidence of diarrhea
was calculated for the first 7 d after weaning. The incidence of
diarrhea was calculated as follows: Diarrhea incidence (%) =
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TABLE 1 | Composition of the experimental diets (as-fed basis).

Items Phase 1 (1–14 d), XOS (% of diet) Phase 2 (15–28 d), XOS (% of diet)

Control (0) 0.75 1.5 3 Control (0) 0.75 1.5 3

Ingredient (%)

Corn 61.95 60.65 59.15 56.70 67.16 65.76 64.41 62.06

Soybean meal 43% 10.00 10.00 10.00 10.00 15.00 15.00 15.00 15.00

Dehulled soybean meal 46% 5.00 5.20 5.50 5.90 2.00 2.30 2.50 2.90

Fish meal 5.00 5.00 5.00 5.00 3.00 3.00 3.00 3.00

Expanded soybean 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

Whey power 8.00 8.00 8.00 8.00 3.00 3.00 3.00 3.00

Soybean oil 0.40 0.75 1.20 1.75 0.40 0.75 1.15 1.60

XOS 0.00 0.75 1.50 3.00 0.00 0.75 1.50 3.00

CaHPO4 1.15 1.15 1.15 1.15 1.10 1.10 1.10 1.10

Limestone 0.80 0.80 0.80 0.80 0.70 0.70 0.70 0.70

Salt 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

Primixa 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

L-Lys-HCl (78.8%) 0.61 0.61 0.61 0.61 0.55 0.55 0.55 0.55

DL-Met (98%) 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12

L-Thr (98%) 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22

L-Trp (98%) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Calculated nutrient level (%)

Digestible energy (MJ/kg) 14.44 14.41 14.41 14.42 14.45 14.42 14.40 14.42

Crude protein (%) 18.98 18.97 18.99 18.98 18.28 18.31 18.29 18.29

Total Ca (%) 0.91 0.91 0.91 0.91 0.75 0.75 0.75 0.75

Total P (%) 0.71 0.71 0.71 0.71 0.63 0.63 0.63 0.63

Lys (%) 1.35 1.35 1.35 1.36 1.24 1.25 1.25 1.26

Met (%) 0.40 0.40 0.40 0.40 0.38 0.38 0.38 0.38

Thr (%) 0.80 0.80 0.80 0.80 0.76 0.76 0.76 0.76

Trp (%) 0.23 0.23 0.23 0.23 0.22 0.22 0.22 0.22

aThe premix provided the following per kg of diets: VA 12,000 IU, VD3 2,500 IU, VE 30 IU, VK3 3mg, VB5 10mg, VB12 27.6 µg, niacin 30mg, choline chloride 400mg, Mn (as MnO)

40mg, Fe (as FeSO4 · H2O) 90mg, Zn (as ZnO) 100mg, Cu (as CuSO4·5H2O) 8.8mg, I (as KI) 0.35mg, Se (Na2SeO3 ) 0.3mg.

(total number of pigs per pen with diarrhea)/(number of pigs per
pen× 7 d)× 100%.

On d 28, eight pigs of each group were randomly selected (at
least one pig per pen) to collect blood samples from precaval vein
into 10mL sterile tubes. The blood samples were centrifuged at
3,000 ×g at room temperature for 10min to obtain serum, and
stored at −80◦C for further analysis. Fecal samples (one pig per
pen) were collected into sterile tubes on d 28 and stored at−80◦C
for further analysis.

Biochemical and Immunological
Parameters in Blood
Serum total protein (TP), albumin (ALB), albumin globulin
ratio (A/G), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and
alkaline phosphatase (ALP) were measured using automatic
biochemical analyzer (Hitachi 7020, Tokyo, Japan). The total
superoxide dismutase (T-SOD) activity, catalase (CAT) activity,
total antioxidant capacity (T-AOC), malondialdehyde (MDA)
content, and glutathione peroxidase (GSH-Px) capacity in
serum were measured using commercial kits (Jiancheng Co.,

Ltd, Nanjing, China). The activity of T-SOD was determined
at 450 nm by the xanthine oxidase method. The CAT activity
was determined at 405 nm by ammonium molybdate method.
The T-AOC was determined at 405 nm by 2,2′-azinobis-(3-
ethylbenzthiazoline-6-sulphonate) method. The MDA content
was measured at 532 nm using the thiobarbituric acid method.
The activity of GSH-Px was measured at 412 nm using 2,2′-
dithiodibenzoic acid method. The levels of immunoglobulin A
(IgA), IgG, IgM, interleukin-1β (IL-1β), IL-6, and IL-10 in serum
were detected by commercial ELISA kits (Jiancheng Co., Ltd,
Nanjing, China) according to manufacturer’s instructions.

Analysis of Microbiota in Feces
The total bacterial DNA of the feces was extracted using
the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany)
following the manufacturer’s protocol. The V3–V4 hypervariable
regions of bacteria 16S rDNA were amplified with universal
primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT). The purified PCR products
were equimolarly combined and paired-end sequenced on the
Illumina Miseq platform (Illumina, San Diego, CA, USA).
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TABLE 2 | Specific bacteria primers used in this study.

Primer Forward 5′
→ 3′ Reverse 5′

→ 3′ Reference

Total bacteria ACTCCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGG (20)

Bifidobacterium spp. CGCGTCCGGTGTGAAAG CTTCCCGATATCTACACATTCCA

Lactobacillus spp. GAGGCAGCAGTAGGGAATCTTC GGCCAGTTACTACCTCTATCCTTCTTC

E. coli CATGCCGCGTGTATGAAGAA CGGGTAACGTCAATGAGCAAA

Salmonella spp. CCTTTCTCCATCGTCCTGAA TGGTGTTATCTGCCCGACCA (21)

The raw reads were demultiplexed and quality filtered by
Quantitative Insights Into Microbial Ecology (QIIME) (version
1.9) software with the following criteria: (i) the reads were
truncated at any site receiving an average quality score of <20
over a 50 bp sliding window, and the truncated reads shorter than
50 bp were discarded, reads containing ambiguous characters
were also discarded; (ii) only overlapping sequences longer
than 10 bp and the reads without more than two nucleotide
mismatches in the primer were assembled. The remaining
sequences with 97% similarity were clustered into the same
operational taxonomic units (OTUs) using UPARSE (version
7.1) and chimeric sequences were removed. The taxonomy of
each OTU representative sequence was analyzed by Ribosomal
Database Project (RDP) classifier against the SILVA 16S rRNA
gene database using confidence threshold of 70%. The analysis of
the α-diversity was calculated by theMOTHUR program. For the
β-diversity, principal coordinate analysis (PCoA) was performed
based on Bray-Curtis distances. The data were analyzed on the
Majorbio I-Sanger cloud platform (www.i-sanger.com).

Quantification of Specific Bacteria in Feces
The total bacterial DNA of feces was isolated as described above.
The absolute copy numbers of specific bacteria were calculated as
previously described (22). The primers were listed in Table 2.

Determination of SCFAs in Feces
The concentrations of SCFAs, including lactate, acetate,
propionate, and butyrate in the feces were determined using Ion
Chromatograph. Briefly, 0.5 g of feces was weighed and dissolved
in 10mL distilled water, homogenized using ultrasound for
30min at room temperature, and centrifuged at 5,000 ×g for
10min to obtain the supernatants. The supernatants were diluted
10× and filtered using 0.22µmmembranes before being detected
by high-performance ion chromatography system (DIONEX
ICS-3000; Thermo Fisher, USA). The injection volume was 25
µL and the flow rate was 1.0 mL/min (23).

Statistical Analysis
All the data were performed using Statistics Analysis System
(SAS) 9.4 version (Cary, NC, United States). Data statistical
significances were analyzed by one-way ANOVA for multiple
groups. Statistical differences among the treatments were
separated by Duncan’s multiple tests method. The data of two
groups were analyzed by unpaired Student’s t-test. The incidence
of diarrhea was analyzed by χ

2 test. The differential bacteria were
identified by using linear discriminant analysis (LDA) effect size
(LEfSe) analysis. The level of statistical significance was P ≤ 0.05,

whereas 0.05 < P < 0.1 was considered as a trend of significant
difference. Data are presented as means± SEM.

RESULTS

Effects of XOS Supplementation on Growth
Performance in Weaning Piglets
The dietary supplementation with the high level of XOS had
no effects (P > 0.05) on 14 d BW, ADG on d 1–14, ADFI on
d 1–14, and FCR on d 15–28 and 1–28 (Table 3). However,
supplementation with XOS significantly increased ADG on d 15–
28 and 1–28 (P < 0.05). Similarly, 28 d BW in 1.5% and 3%
XOS groups had higher than the control group (P < 0.05), as
well as ADFI on d 15–28. Notably, 1.5% XOS group markedly
increased (P < 0.05) ADFI on d 1–28 compared with other
groups, but there were no differences among the other groups
(P > 0.05). Compared with the control group, the FCR on d 1–
14 was markedly decreased in the 3% XOS group (P < 0.05). In
addition, linear and quadratic increases (P < 0.05) were observed
between different XOS levels and 28 d BW, as well as ADG on d
15–28 and 1–28, and ADFI on d 15–28 (Table 3), with the highest
(P < 0.05) at the supplemental level of 1.5% XOS. ADFI on d 1–
14 and 1–28 exhibited quadratic increases (P < 0.05) with the
increasing dietary level of XOS. There was a linear decrease (P <

0.05) between the dietary XOS levels and FCR on d 1–14 and 1–
28, with the lowest FCR (P < 0.05) on d 1–14 at the level of 3%
XOS (Table 3).

Effects of XOS Supplementation on
Diarrhea Incidence of Weaning Piglets
There was a decreasing trend for the incidence of diarrhea
between the pigs fed with the control diet and the 3% XOS diet.
However, dietary supplementation with 0.75% XOS and 1.5%
XOS significantly decreased (P < 0.05) the diarrhea incidence
compared with the control group in weaning piglets (Table 3).

Effects of XOS Supplementation on Serum
Biochemical Parameters and Antioxidant
Indictors in Weaning Piglets
The serum biochemical parameters on d 28 are presented
in Table 4. The XOS treatments had no effects on serum
biochemical parameters on d 28 in weaning pigs (Table 4).

The serum T-SOD, CAT, T-AOC, GSH-PX, and MDA were
measured to evaluate the effects of XOS on antioxidant capability
(Table 5). The results showed that dietary supplementation with
XOS failed to affect T-SOD, CAT, and T-AOC activities (P >
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TABLE 3 | The effects of XOS supplementation on growth performance of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic

Initial BW (kg) 7.50 7.52 7.53 7.50 0.10 0.999

14 d BW (kg) 10.77 10.85 11.32 11.08 0.12 0.364 0.272 0.292

28 d BW (kg) 16.30c 16.84bc 17.70a 17.17ab 0.14 0.001 0.007 0.003

d 1–14

ADG (g/d) 233.99 238.18 270.34 256.29 5.86 0.093 0.093 0.157

ADFI (g/d) 341.01 355.23 378.74 338.97 6.75 0.131 0.878 0.029

FCR 1.46a 1.50a 1.40ab 1.33b 0.02 0.037 0.011 0.511

d 15–28

ADG (g/d) 394.79c 427.91b 455.75a 434.82ab 5.68 <0.001 0.001 <0.001

ADFI (g/d) 690.92c 717.22bc 797.56a 738.90b 10.15 <0.001 0.007 <0.001

FCR 1.75 1.68 1.75 1.70 0.02 0.400 0.510 0.932

d 1–28

ADG (g/d) 314.39c 333.05b 363.05a 345.56b 4.53 <0.001 <0.001 <0.001

ADFI (g/d) 515.97b 536.23b 588.15a 538.94b 7.44 0.001 0.099 0.001

FCR 1.64 1.61 1.62 1.56 0.01 0.147 0.032 0.838

Diarrhea incidence (%) 12.50a 6.25b 7.74b 8.33ab* 0.035

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion rate.

Values with different letter superscripts mean significant difference (P < 0.05) in a row, while with no letter superscripts mean no significant difference (P > 0.05). *indicates a trend of

significance (0.05 ≤ P < 0.1). The same as below. N = 6 for each group.

TABLE 4 | The effects of XOS supplementation on serum biochemical parameters of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic

TP (g/L) 47.36 49.20 49.45 48.59 0.60 0.632 0.603 0.247

ALB (g/L) 35.94 36.31 35.71 35.81 0.51 0.981 0.847 0.981

GLB (g/L) 11.43 12.89 12.28 12.78 0.52 0.743 0.487 0.666

A/G 3.46 3.00 3.12 2.85 0.18 0.694 0.320 0.746

ALT (U/L) 40.06 44.95 39.39 39.44 1.15 0.258 0.437 0.541

AST (U/L) 43.25 41.85 44.53 39.13 2.15 0.851 0.545 0.657

ALP (U/L) 415.39 383.53 392.40 378.14 15.63 0.853 0.495 0.757

BUN (mmol/L) 2.73 2.83 2.59 2.51 0.13 0.829 0.434 0.626

TP, total protein; ALB, albumin; GLB, globulin; A/G, albumin to globulin ratio; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BUN, blood

urea nitrogen; n = 6–8 for each group.

0.05) except for GSH-Px and MDA (P < 0.05). Compared with
the control group, both 1.5 and 3% XOS groups significantly
increased the GSH-Px level. However, the XOS treatments
significantly declined (P < 0.05) the MDA level compared with
the control group, and the diet supplemented with 1.5% XOS
(P < 0.05) had the lowest MDA concentration among the four
groups. Besides, the GSH-Px showed a linear increase (P <

0.05) with the increasing dietary level of XOS, but MDA levels
decreased linearly and quadratically (P < 0.05).

Effects of XOS Supplementation on
Immunological Function and Inflammatory
Cytokines in Weaning Piglets
The serum levels of IgM, IgG, IgA, IL-1β, IL-6, and IL-10 were
determined to evaluate the effects of XOS on immune status. As

shown in Table 6, quadratic responses (P < 0.05) in serum levels
of IgM and IL-10 were observed with the increasing supplemental
XOS level. Addition of 0.75%XOS and 1.5%XOS had higher (P<

0.05) level of IgM than the control group. 1.5% XOS group also

significantly increased IL-10 level compared with control group
(P< 0.05). There were linear responses in serum levels of IgG and
IL-6 (P< 0.05) with the increasing supplemental XOS level in the

diets. Compared with the control group, 1.5 and 3% XOS groups
significantly increased (P< 0.05) the IgG concentration in serum.
However, the XOS-treated pigs remarkedly decreased (P < 0.05)
serum level of IL-6, while no differences (P > 0.05) were found in
XOS treatments. Additionally, IL-1β showed linear and quadratic
(P < 0.05) responses with the increasing level of XOS in the diets,
with the lowest (P < 0.05) serum concentration of IL-1β at the
supplemental level of 1.5% XOS. Moreover, the XOS treatments
significantly increased (P < 0.05) the level of IgA compared with
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TABLE 5 | The effects of XOS supplementation on antioxidant activities of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic

T-SOD (U/mL) 135.11 135.11 140.03 138.62 1.61 0.634 0.357 0.597

CAT (U/mL) 2.20 2.18 2.76 2.44 0.15 0.479 0.426 0.387

T-AOC (mmol/L) 0.23 0.24 0.25 0.24 0.004 0.317 0.406 0.162

GSH-Px (U/mL) 284.06b 293.75ab 312.19a 317.58a 4.65 0.030 0.005 0.355

MDA (nmol/mL) 3.86a 3.37b 2.70c 3.25b 0.11 0.001 0.017 0.001

SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; T-AOC, total antioxidant capacity; MDA, malondialdehyde. N = 6–8 for each group.

Values with different letter superscripts mean significant difference (P < 0.05) in a row, while with no letter superscripts mean no significant difference (P > 0.05).

TABLE 6 | The effects of XOS supplementation on immunological function and inflammatory cytokines of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic

IgM (g/L) 0.82b 0.92a 0.94a 0.87ab 0.02 0.011 0.488 0.001

IgG (g/L) 6.18b 6.48ab 7.05a 7.21a 0.14 0.029 0.006 0.350

IgA (g/L) 0.85c 1.00b 1.15a 1.15a 0.03 <0.001 <0.001 0.016

IL-1β (pg/mL) 21.74a 20.20ab 16.20c 18.89b 0.52 <0.001 0.008 0.001

IL-6 (pg/mL) 97.01a 80.21b 78.53b 84.13b 2.03 0.001 0.005 0.101

IL-10 (pg/mL) 22.91b 26.02b 30.50a 23.51b 0.75 <0.001 0.779 <0.001

IgM, immunoglobulin M, IgG, immunoglobulin G, IgA, immunoglobulin A, IL-1β, interleukin-1β, IL-6, interleukin-6, IL-10, interleukin-10. N = 7–8 for each group.

Values with different letter superscripts mean significant difference (P < 0.05) in a row, while with no letter superscripts mean no significant difference (P > 0.05).

TABLE 7 | The effects of XOS supplementation on fecal microbial diversity of

weaning piglets.

Items Control 1.5% XOS SEM P-value

Sobs 330.00 313.67 9.05 0.392

Shannon 4.18 3.59 0.13 0.011

Simpson 0.04 0.09 0.01 0.026

Ace 347.35 333.95 7.30 0.384

Chao 356.77 340.55 7.85 0.324

Fecal microbial α-diversity indices were analyzed by unpaired Student’s t-test (n = 6).

control groups. The different levels of XOS showed linear and
quadratic (P < 0.05) effects on IgA.

Effects of XOS Supplementation on Fecal
Microbiota in Weaning Piglets
Next, the microbiota of fecal samples in the control group and
1.5% XOS group was analyzed. As shown in Table 7, the alpha
diversity was evaluated. The Shannon index had a significant
decrease (P < 0.05) in the 1.5% XOS group compared with
the control group, whereas the Simpson index had a significant
increase in the 1.5% XOS group (P < 0.05). However, there were
no impacts of 1.5% XOS on Sobs (P > 0.05), Ace, and Chao
indices compared with the control group.

Bata-diversity was assessed using PCoA plots based on
Bray-Curtis distances. The fecal microbiota composition
in the 1.5% XOS group could obviously separate from the

control group (P < 0.05, Figure 1A). At the phylum level,
Firmicutes, Bacteroidota, and Actinobacteriota predominated
in feces (Figure 1B). At the genus level, Lactobacillus was
dominant in both groups (Figure 1C). The relative abundances
of Lactobacillus and Bifidobacterium were remarkedly
increased (P < 0.05) in the 1.5% XOS group (Figure 1D),
while the relative abundances of g_Clostridia_UCG-014,
g__Ruminococcus, g__norank_f__Ruminococcaceae, and
g__norank_f__Eubacterium_coprostanoligenes_group in the
1.5% XOS group were markedly lower (P < 0.05) than the
control group (Figure 1D). The differential bacteria were
identified by using linear discriminant analysis (LDA) effect
size (LEfSe). A dietary supplemented with 1.5% XOS was
associated with increased relative abundances of Lactobacillus,
Bifidobacterium, and Fusicatenibacter at the genus level in
weaning piglets (Figure 1E, LDA score >2).

Quantification of Specific Bacteria in Feces
Compared with the control group, the pigs fed with a diet
addition of 1.5% XOS markedly increased (P < 0.05) the copy
numbers of Bifidobacterium and Lactobacillus in feces (Figure 2).
However, 1.5% XOS did not differ (P > 0.05) the total bacteria,
Salmonella, and E. coli (Figure 2).

Effects of XOS Supplementation on Fecal
SCFAs
The fecal SCFAs concentrations in response to different dosages
of XOS supplementation on d 28 are shown in Table 8. Linearly
increasing responses (P < 0.05) to the fecal acetate, propionate,
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FIGURE 1 | Dietary supplementation with xylooligosaccharides (XOS) modulates the composition of fecal microbiota. (A) Principal coordinate analysis (PCoA) on

genus level based on Bray-Curtis distances. Composition of bacterial communities (B) at the phylum level and (C) at the genus level. (D) Differential bacteria at the

genus level. (E) Linear discriminant analysis (LDA) effect size (LEfSe) analysis screened biomarker of microbial community after addition of XOS. *P < 0.05 and **P <

0.01, n = 6 for each group.
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FIGURE 2 | Effect of XOS on specific bacteria in feces. Data are presented as means + SEM. *P < 0.05 and ***P < 0.001, n = 6 for each group.

TABLE 8 | The effects of dietary supplementation with XOS on SCFAs concentration in feces of weaning piglets.

Items XOS (% of diet) P-valve

Control (0) 0.75 1.5 3 SEM Diet Liner Quadratic

Acetate (mmol/kg) 130.80b 149.10ab 151.63ab 165.18a 4.23 0.026 0.004 0.458

Propionate (mmol/kg) 76.38b 91.09ab 90.64ab 99.92a 2.90 0.025 0.006 0.379

Butyrate (mmol/kg) 43.16b 59.67a 61.85a 68.97a 3.20 0.020 0.005 0.517

Total SCFAs (mmol/kg) 250.34b 299.86a 304.12a 334.08a 9.39 0.007 0.001 0.373

SCFAs, short-chain fatty acids; SEM, standard error of the means.

Total SCFAs include acetate, prorate, and butyrate (n = 6 for each group). Values with different letter superscripts mean significant difference (P < 0.05) in a row, while with no letter

superscripts mean no significant difference (P > 0.05).

butyrate, and total SCFAs were observed with the increasing
supplemental XOS level. A dietary supplemented with 3% XOS
had higher (P < 0.05) concentrations of acetate and propionate
in feces than the control group, while there were no differences
among in control, 0.75%, and 1.5% XOS groups or among
the XOS treatments. Besides that, the supplementation of XOS
markedly increased (P < 0.05) concentrations of butyrate and
total SCFAs in feces compared with the control group, but no
differences were noted in the XOS-treated groups (P > 0.05).

Correlation of Fecal Microbiota With
Serum Parameters, SCFAs, and Growth
Performance
As shown in Figure 3, the genus Lactobacillus abundance was
positively correlated with ADG, acetate, propionate, and IgA (P
< 0.05), but negatively correlated with IL-1β (P < 0.05). The
genus Bifidobacterium was positively related with ADFI, total
SCFAs, IgG, and IL-10 (P < 0.05), as well as g_Fusicatenibacter
abundance with ADFI, total SCFAs, and IL-10 (P < 0.05).
However, the genus Bifidobacterium and Fusicatenibacter
abundances were negatively associated with MDA (P <

0.05). Meanwhile, the genus Bifidobacterium abundance was
negatively associated with IL-1β and IL-6 (P < 0.05). The
genus g_Ruminococcus, g__Family_XIII_AD3011_group,
and g__norank_f__norank_o__RF39 were negatively

correlated with ADG, acetate, propionate, and butyrate.
In addition, there was a positive correlation between
g_Ruminococcus and MDA level (P < 0.05), while a remarkable
negative correlation was found between g_Ruminococcus
and total SCFAs, and IL-10 levels (P < 0.05). There
were similar results for g__Family_XIII_AD3011_group,
g__norank_f__norank_o__RF39, and g__norank_f__
Eubacterium_coprostanoligenes_group. Moreover, a positive
correlation was observed between g__norank_f__norank
_o__RF39 abundance and IL-6 (P < 0.05), as well as
Clostridia_UCG-014, g__Family_XIII_AD3011_group, g__
norank_f__norank_o__RF39 abundance, and IL-1β level.

DISCUSSIONS

Recently, the XOS as functional food are widely used in animal
diets for improving animal growth performance, enhancing
the quality of animal products, and regulating intestinal health
(24). However, the abundance of Bifidobacterium did not
show a remarkable increase at the low dosage of XOS in
weaning pigs or growing pigs (4, 11, 18). In the present
study, we investigated the effects of the high level of XOS
on growth performance, antioxidant capability, and anti-
inflammatory action, and whether the high level of XOS
promotes Bifidobacterium abundance of weaning piglets. We
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FIGURE 3 | Correlation heatmap between microbiota and antioxidant capability, immune function, growth performance, and fecal SCFAs. Spearman correlations

were applied. ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion rate; Total SCFAs, total short-chain fatty acids; GSH-Px, glutathione

peroxidase; MDA, malondialdehyde. Total SCFAs = acetate + propionate + butyrate. *P < 0.05, **P < 0.01, and ***P < 0.001.

found that the diet supplemented with 1.5% XOS significantly
increased final BW, ADG, and ADFI during d 15–28 and the
whole study period. Moreover, 28 d BW exhibited linear and
quadratic responses (P < 0.05) with the increasing dietary XOS
level, as well as ADFI on d 15–28, ADG on d 15–28 and 1–28,
with the highest at the level of 1.5% XOS. As the dietary XOS level
increased, ADFI on d 1–14 and 1–28 increased quadratically.
Besides, the FCR on d 1–14 and 1–28 decreased linearly with
increasing level of XOS in the diets. The 3% XOS group piglets
had a lower ADFI and ADG than the 1.5% XOS group, which due
to an excessive level of XOS may affect the dietary palatability.
The previous studies showed that supplementation of XOS
improved animal growth performance. Chen et al. (4, 13) found
that an addition of 500 mg/kg XOS significantly increased BW,
ADG, and decreased FCR in weaning piglets. Similarly, a dietary
supplementation with 400 mg/kg XOS also increased final BW
and ADG in nursery pigs, while ADFI and FCR were not affected
(12). Additionally, a dietary supplementation of 250 mg/kg XOS
markedly increased ADG and ADFI for weaning piglets (25). The
difference between our findings and previous reports might be
attributable to the dosage of XOS.

It has been reported that oligosaccharides may influence
serum biochemical parameters (26). Our results showed that
either the high level or the low level of XOS failed to affect
serum biochemical parameters in weaning pigs. Consistently, the
previous studies indicated that serum biochemical parameters
were not altered in XOS-treated weaning pigs or limited effect
in XOS-treated nursery pigs (11, 12, 27).

The CAT, SOD, and GSH-Px as the main antioxidant
enzymes in the antioxidant protection system play a vital role
in scavenging free radicals, reducing and eliminating oxidative

damage. The serum T-AOC is an important indicator for
evaluating the overall function of antioxidant capability in vivo.
The MDA is considered as a biomarker for lipid peroxidation
under the oxidative stress status. In this study, serum GSH-Px
concentration increased linearly with increasing supplemental
XOS level in weaning pigs. In addition, there were linear and
quadratic responses between serum MAD level and XOS, with
the lowest at the 1.5% XOS. The XOS had no impact on serum
T-SOD, CAT, and T-AOC in our findings. Consistently, dietary
addition of 400 mg/kg XOS markedly declined the serum MDA
level and increased a trend of GSH-Px (12). Chen et al. (13)
also reported that piglets fed with the diet of 500 mg/kg XOS
had higher T-SOD and CAT levels on day 28, whereas the
MDA level was lower than the control group. Moreover, T-
SOD, T-AOC, and CAT levels exhibited quadratic increases with
different dietary XOS levels on day 28, but the level of MDA was
decreased quadratically. A recent report also found that maternal
supplementation of 500 mg/kg XOS in diet had a lower level of
MDA in sucking pigs, while did not affect the SOD, T-AOC, and
CAT activity (28). These results indicated that XOS improvement
of growth performance of weaned piglets might be related to
increasing the antioxidant capability.

The immunoglobulins, including IgG, IgM, and IgA involve
host immune response and protect against pathogens and virus
infection. The previous studies showed that XOS can elevate
the serum level of IgG in nursery pigs and IgM in broilers
(12, 29). Notably, with the level of XOS increased, the serum
IgA had a linear increase and IgM showed linear and quadratic
responses in laying hens (30). Besides, 500 mg/kg XOS increased
the concentration of serum IgG on day 28 in weaning piglets,
and serum IgG concentration showed a quadratic effect with
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increasing XOS level in diet (13). Similarly, our results found that
a dietary supplementation of 0.75 and 1.5% XOS significantly
increased the serum IgM concentration in weaning piglets
compared with the control group. Additionally, 1.5% and 3%
XOS had higher levels of IgG than the control group. Moreover,
the serum level of IgA was increased later in XOS-treated pigs.
Numerous studies indicated that XOS can alleviate inflammatory
status in animals. Sow supplementation of 500 mg/kg XOS
decreased serum IL-1β, IL-6, IL-2, and Tumor Necrosis Factor
(TNF)-α levels in sucking piglets (28). In the present study, 1.5
and 3% XOS significantly decreased the serum IL-1β compared
with the control group. The XOS-treated piglets had a lower
serum level of IL-6 than the vehicle group. Furthermore, anti-
inflammatory cytokine IL-10 was markedly increased in the
1.5% XOS group. Notably, the effects of XOS supplementation
could depend on the dosage, since Yin et al. (11) found XOS
at 100 mg/kg only decreased the serum IFN-γ in weaning
piglets, but had no impacts on IL-1β, IL-6, and IL-10. Hansen
et al. (31) reported that a diet supplemented with 10% XOS
downregulated the IFN-γ and IL-1β in mice. Importantly, XOS
suppressed the pro-inflammatory cytokines, IL-1β, IL-6, and
TNF-α secretion from RAW265.7 macrophages stimulated with
lipopolysaccharide in the pretreatment model (32). The possible
mechanism responsible for the beneficial effects is that XOS can
enhance immune function and decrease the inflammatory status
in weaning piglets.

It has been widely demonstrated that XOS can modulate
gut microbiota composition by selectively stimulating beneficial
bacteria. Thus, the microbiota composition of fecal samples
was analyzed by 16S rRNA gene sequencing. The result found
that 1.5% XOS significantly decreased the Shannon index and
increased the Simpson index, indicating dietary supplementation
of XOS decreased the diversity of gut microbiota community.
Similarly, the addition of 250 mg/kg XOS significantly decreased
the Shannon index during growing fatty pigs (16). The XOS
decreased α-diversity Chao1 and Shannon indices in high-fat
diet-induced mice as well (33). The α-diversity decrease might
result from increasing the relative abundances of Lactobacillus
and Bifidobacterium in XOS-treated pigs. The PCoA plots based
on Bray-Curtis distances were a clear separation between XOS
and control groups, which is similar to that reported by Pan
et al. (16). It has been reported that XOS can promote counts
of Lactobacillus in weaning piglets (4, 16), while the low level
of XOS failed to stimulate the abundance of Bifidobacterium (4,
11, 18, 34). In the current study, the abundances of Lactobacillus
and Bifidobacterium were markedly increased in 1.5% XOS-
treated pigs using l6S rRNA gene sequencing, as well as by
qPCR. Notably, 1.5% XOS elevated the relative Bifidobacterium
abundance approximately 35-fold from 0.021 to 0.74%. The high
level of XOS did not markedly vary Bifidobacterium abundance
in weaning piglets compared to rodents (17), probably due
to the differences of microbial stability and physiological
backgrounds between animal species. Holman et al. (35) analysis
of core microbiota in the swine gut revealed that Clostridium,
Blautia, Lactobacillus, Prevotella, Ruminococcus, Roseburia, the
RC9 gut group, and Subdoligranulum were considered as core

microbiota but the relative abundance of Bifidobacterium in
fecal samples remained low (<0.35%). Moreover, the XOS
treatments linearly increased the fecal acetate, propionate,
butyrate, and total SCFAs levels in weaning piglets. Chen
et al. (4) also found that the dietary supplementation of 500
mg/kg XOS elevated the acetate, propionate, butyrate, and total
SCFAs concentrations in the cecum of piglets. Furthermore,
the Lactobacillus, Bifidobacterium, and Fusicatenibacter were
regarded as biomarkers in XOS-treated pigs identified by LEfSe
analysis (LDA > 2). Collectively, the high level of XOS can alter
the fecal microbiota composition and increase the concentrations
of SCFAs by promoting the beneficial bacteria.

The growing evidence has shown that Lactobacillus and
Bifidobacterium are associated with SCFAs production,
antioxidant activity, and host inflammatory status (36–39).
Thus, spearman correlations between bacteria and antioxidant,
immune function, growth performance, and fecal SCFAs were
performed. The Lactobacillus exhibited positive correlations with
ADG, acetate, propionate, and serum IgA level, but a negative
correlation with serum IL-1β level. The Bifidobacterium was
positively associated with ADFI, total SCFAs, IgG, and IL-10,
while negatively associated with levels of IL-1β, IL-6, and MDA
in serum. The recent reports indicated that Fusicatenibacter
is a SCFAs-producing bacteria, which closely related to host
health, such as Parkinson’s disease, ulcerative colitis (40–44).
The Fusicatenibacter suppresses intestinal inflammation and is
positively associated with SCFAs production (41). Consistently,
there were positive correlations between Fusicatenibacter and
ADFI, total SCFAs, and IL-10 level, while a negative correlation
was observed between Fusicatenibacter andMDA in our findings.
However, the bacteria with higher abundances in the control
group, like g_Ruminococcus, g__Family_XIII_AD3011_group,
and g__norank_f__norank_o__RF39, were in negative relations
with ADG, ADFI, SCFAs, and IL-10, and in positive relations
with IL-1β and MDA.

CONCLUSIONS

In conclusion, our results indicated that XOS supplementation
improved the growth performance, increased antioxidant
capability, enhanced immune function, and decreased body
inflammatory status and incidence of diarrhea in weaning
piglets, which could be contributed to the modulation of gut
microbiota community, especially by increasing the abundances
of Lactobacillus, Bifidobacterium, and Fusicatenibacter. However,
the high level of XOS did not sharply the relative abundance
of Bifidobacterium in feces. The optimum level of XOS
supplementation was 1.5% for weaning piglets in this study.
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Effects of Dietary Protein Levels on
Fecal Amino Acids Excretion and
Apparent Digestibility, and Fecal and
Ileal Microbial Amino Acids
Composition in Weaned Piglets

Zhenguo Yang 1,2*†, Huan Deng 1,2†, Tianle He 1,2†, Zhihong Sun 1,2, Ziema Bumbie Gifty 1,2,

Ping Hu 1,2, Zebing Rao 1,2 and Zhiru Tang 1,2*

1 Laboratory for Bio-Feed and Molecular Nutrition, College of Animal Science and Technology, Southwest University,

Chongqing, China, 2Chongqing Key Laboratory of Herbivore Science, Chongqing, China

Background and Aims: The purpose of this study was to determine the effects of low

protein diets with the same Lys, Met + Cys, Thr, and Trp levels as in high protein diets

on the fecal amino acid excretion and apparent digestibility, and ileal and fecal microbial

amino acids composition in weaned piglets.

Methods: Fifty-four 21-day-old Duroc × Landrace × Yorkshire weaned piglets were

randomly divided into three groups and fed with corn-soybean meal basal diets, in

which the crude protein (CP) content was 20% (H-CP), 17% (M-CP), and 14% (L-

CP), respectively. The experiment included a 7-day adaptation period and a 45-day trial

period. Six piglets in each group were randomly slaughtered on days 10, 25, and 45 of

the trial period, and the intestinal contents, intestinal mucosa, and feces were collected.

Results: The results showed that the interaction between feeding time and dietary CP

levels was reflected in the apparent digestibility of dietary CP and amino acid (AA) (p <

0.01). With the increase of age, the apparent digestibility of CP and AA were increased

(p < 0.01). With the increase of CP levels, the excretion of nitrogen (N) was decreased

(p < 0.01), whereas the flow of microbial AA in the ileum and feces were increased (p

< 0.01). The interaction between feeding time and dietary CP levels was also reflected

in the composition of AA in the ileum and stool of piglets (p < 0.01). The proportion of

His, Lyr, Met, Cys, and Ser was lower than the average, whereas the proportion of Phe,

Leu, Pro, Ala, Glu, and Asp was higher than the average. With the increase of age, the

AA content of microorganisms increased (p < 0.01).

Conclusion: All in all, this work revealed the changes of N, CP, and AA excretion and

digestibility of feces and microorganisms of piglets under the combined action of different

dietary protein levels and different feeding times, and also the changes of AA composition

of intestinal microorganisms and AA composition of microorganisms.

Keywords: low protein diet, intestinal microorganism, amino acids, apparent digestibility, weaned piglets
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INTRODUCTION

The shortage of protein feed resources and the environmental
pollution caused by N emissions were two difficult problems
to be solved urgently in the piglets’ industry nowadays (1). A
low protein diet with an AA balance could effectively alleviate
these two problems and be gradually applied to different growth
stages of piglets. From the economic and environmental point
of view, reducing dietary CP and supplementing crystalline AA
were effective strategies for the piglets’ industry to reduce costs
and pollution (2, 3). It was reported that for every 1% reduction of
CP in the diet, the total N excretion was reduced by about 8% (4).
According to the above theory and the NRC recommendation,
reducing the dietary CP level by 2–4%, according to the NRC
recommendation, and adding appropriate synthetic AA could
not only meet the protein demand of animals but also effectively
reduce N emission (5). The researchers lowered feed CP levels
according to theoretical values and added crystalline Lys, Try,
Thr, and Met to the feed and found that such a combination
did not cause a decline in the growth performance of the piglets
(6). Dai et al. (7) also pointed that this AA could make up for
the lack of feed protein. Therefore, to maximize the saving of
protein resources and alleviate pollution, the critical point of
dietary CP levels should be determined and the best AA balance
model should be designed.

Ignoring the effect of intestinal microorganisms on protein
digestion and metabolism, most traditional nutrition studies
focused on the intake of protein, AA patterns, and protein
utilization of piglets themselves (8). The microorganisms in
piglet intestines weremainly anaerobes and facultative anaerobes,
of which Bacteroides account for more than 90%, which
played an important role in maintaining body health and
improving immunity, absorption, and metabolism of nutrients
(9). Dietary proteins and AA which could not be digested
in the small intestine (together with nitrogenous substances
such as digestive enzymes and mucus secreted by the small
intestine) were used by microorganisms to synthesize bacterial
proteins after entering the intestine or degrade metabolites
such as ammonia, hydrogen sulfide, biogenic amines, phenols,
and indole compounds (10). The decrease of dietary protein
level in growing piglets increased the relative abundance of
intestinal microflora (11). The intestinal microorganisms of
porcine metabolized some essential AA (such as Lys and Thr)
and some conditionally essential AA, and the metabolism of
some specific AA required the interaction of some specific
microorganisms (7). Therefore, intestinal bacteria colonized their
hosts in the process of N metabolism.

However, there was no in-depth research on the metabolism
of AA and proteins by intestinal microorganisms. There were
few reports about the effect of CP level on the AA composition
of intestinal bacteria. Therefore, the experiment was conducted

Abbreviations: YSE, Yucca Schidigera Extract; CU, Candida Utilis; CON,

control; RA, relative abundance; GLU, glucose; BUN, blood urea nitrogen; T-

SOD, total superoxide dismutase; CAT, catalase; T-CHO, total cholesterol; AST,

aspartate aminotransferase; MDA, transforming growth factor-β; ALT, alanine

transaminase; T-AOC, total antioxidant capacity; ADG, average daily gain; ADFI,

average daily feed intake.

TABLE 1 | Ingredient composition of experimental diets in weaned piglets (g/kg,

DM basis).

Ingredients 14%CP 17%CP 20%CP

Corn 71.80 66.50 63.70

Soybean meal 13.40 18.80 19.80

Whey powder 4.40 4.30 4.30

Fish meal 1.50 4.00 9.00

Soybean oil 4.10 2.60 0.80

L-Lys·HCl 0.88 0.62 0.38

DL-Met 0.27 0.19 0.10

L-Thr 0.33 0.21 0.09

L-Trp 0.08 0.04 0.01

Monocalcium phosphate 1.15 0.74 0.00

Limestone 0.79 0.70 0.52

Salt 0.30 0.30 0.30

Premix 1.00 1.00 1.00

Total 100.00 100.00 100.00

Nutritional level (based on chemical analysis)

DM (MJ/kg) 14.60 14.60 14.60

CP 14.14 17.32 20.27

Lys 1.26 1.25 1.26

Met + Cys 0.63 0.65 0.62

Thr 0.76 0.75 0.76

Trp 0.20 0.20 0.20

Arg 0.71 0.93 1.09

His 0.30 0.37 0.44

Ileu 0.46 0.60 0.71

Leu 1.11 1.32 1.52

Phe 0.56 0.70 0.81

Val 0.54 0.64 0.72

Ca, % 0.70 0.71 0.69

Available P, % 0.53 0.55 0.57

EAA 6.29 7.18 7.91

NEAA 6.84 8.40 9.74

EAA/NEAA 0.90 0.85 0.80

In addition to digestive energy data, the remaining nutrients are measured values.

to study the effects of dietary protein levels on the apparent
digestibility of CP and AA and the AA composition of intestinal
microorganisms in piglets. Thus, this study provided a scientific
theoretical basis for further understanding the digestion and
absorption of protein in the intestinal tract of piglets, reducing
N emissions, and changing the supply mode of N nutrients by
gastrointestinal microorganisms. The objectives of the present
work were to investigate whether the same levels of Lys, Met +
Cys, Thr, and Trp in the L-CP diet and the H-CP diet affected
fecal amino acid excretion, apparent digestibility, and microbial
amino acid composition in ileum and feces of weaned piglets.

MATERIALS AND METHODS

Animals, Experimental Design, and Diets
Fifty four Duroc × Landrace × Yorkshire barrows (initial
BW = 5.55 ± 0.49 kg, 21-day-old) were obtained from a local
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commercial swine farm. All piglets were raised separately in 24
± 1◦C steel metabolic crates. Fifty-four piglets were randomly
divided into three groups, with 18 piglets in each group and
each piglet was a repeat. The experiment lasted for 45 days
according to three dietary protein levels (14, 17, and 20%). The
diets for piglets were prepared according to various nutrients
recommended by NRC (12). They were allowed to eat and drink
freely in a mechanically ventilated temperature-controlled room
at 24 ± 1◦C. The formula of the diet is shown in Table 1.
All experimental procedures were approved by the License
of Experimental Animals (SYXK 2014-0002) of the Animal
Experimentation Ethics Committee of Southwest University,
Chongqing, China.

Measurements and Sampling
On days 10, 25, and 45 of the experiment, six piglets were
randomly selected from each group to collect feces, and then
intravenous anesthesia with pentobarbital sodium (50 mg/kg
BW) was used to collect blood. In addition, the digestive juice
at the end of the ileum was collected with sterilized plastic bags.
The samples were stored at 4◦C for microbial separation and
chemical analysis. A summary of the centrifugation protocol is
given in Figure 1. The samples for chemical analysis were stored
at−20◦C (6).

Chemical Analyses
The feces were dried to a constant mass in a forced bellow
at 95◦C, and other digestive juice samples were fractionated
by 250 RCF for 15min at 4◦C differential centrifugation. The
determination of total N andAA composition follows themethod
proposed by predecessors (9, 10).

Data Treatment and Statistical Analysis
The endogenous indicator acid insoluble ash (AIA) was
determined to calculate the apparent digestibility of dry matter,
CP, and total AA. The formula is as follows: 1-bc/ad, where a
denotes the content of DM, CP, or AA in diets (%); b denotes the
content of dry matter (DM), CP, or AA in feces (%); c denotes
the content of AIA in diet (%); and d denotes the content of
AIA in feces (%). AA compositions were the content of single
AA in TAA. The basic statistics of the data were carried out by
Microsoft Excel 2020, the routine indexes were analyzed by SAS
two-way ANOVA and significance test, and the measured data
were analyzed by single factor ANOVA and significance test by
SAS statistical software. The results were expressed by mean ±

SEM, p < 0.05. The difference was significant.

RESULTS

Fecal N Excretion and Digestibility
As shown in Table 2, the excretion and digestibility of DM, CP,
TN, total protein N (TPN), and total non-protein N (TNN) of
piglets were increased with the increase of dietary protein levels
on days 10 and 25 (p < 0.01). The excretion and digestibility of
DM, CP, TN, TPN, and TNN of L-CP and H-CP were higher
than those in the M-CP group on day 45 (p < 0.01). The
excretion and digestibility of DM, CP, TN, TPN, and TNN of
L-CP and H-CP were higher than those in the M-CP group
on day 45 (p < 0.01). The excretion of microbial total N
(MTN), microbial protein N (MPN), and microbial non-protein
N (MNN) of piglets in the H-CP group were higher than those
in the L-CP group and M-CP group on day 10 (p < 0.01).
The excretion of MTN, MPN, and MNN in the M-CP group

FIGURE 1 | Schematic diagram of the processing of the digesta samples.
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TABLE 2 | Effects of dietary different protein levels on N excretion in feces and its apparent digestibility of piglets.

Time (d) Items DM-D

(%)

CP-flow

(mg/g

DM)

CP-D

(%)

TN

(mg/g

DM)

TN-D

(%)

TPN

(mg/g

DM)

TPN-D

(%)

TNN

(mg/g

DM)

TNN-D

(%)

MTN

(mg/g

DM)

MPN

(mg/g

DM)

MNN (mg/g

DM)

10 d L-CP 85.0 261 69.6 41.8 69.6 36.7 76.5 5.1 58.5 0.67 0.59 0.09

M-CP 83.7 282 70.9 45.1 70.9 40.1 74.3 5.0 54.7 1.34 1.23 0.11

H-CP 89.6 302 82.6 48.3 82.6 42.8 84.4 5.5 75.4 2.12 1.86 0.26

25 d L-CP 88.9 236 79.7 37.8 79.7 33.4 84.1 4.4 73.6 0.44 0.39 0.05

M-CP 88.8 271 80.8 43.4 80.8 38.0 83.5 5.4 66.0 0.94 0.84 0.11

H-CP 89.1 279 83.3 44.6 83.3 39.1 85.5 5.5 73.8 0.61 0.51 0.11

45 d L-CP 91.2 228 84.2 36.6 84.2 31.0 88.3 5.6 77.2 1.35 1.17 0.17

M-CP 88.6 208 84.1 33.3 84.1 28.1 88.4 5.2 75.6 1.86 1.67 0.19

H-CP 90.0 224 87.8 35.9 87.8 30.7 90.5 5.2 81.5 1.63 1.44 0.19

SEM Days 0.38 3.0 0.59 0.48 0.59 0.47 0.49 0.07 0.63 0.018 0.015 0.005

CP 0.38 3.0 0.59 0.48 0.59 0.47 0.49 0.07 0.63 0.018 0.015 0.005

Days × CP 0.66 5.2 1.03 0.8 1.03 0.8 0.85 0.12 1.09 0.028 0.025 0.008

P-Value Days <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.08 <0.01 <0.01 <0.01 <0.01

CP <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Days × CP <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

L-CP, piglets fed a maize-soybean meal diet containing 14% CP; M-CP, piglets fed a maize-soybean meal diet containing 17% CP; H-CP piglets fed a maize-soybean meal diet containing

20% CP; SEM, standard error means; DM, dry matter; CP, crude protein; TN, total nitrogen, TPN, total protein nitrogen; TNN, total non-protein nitrogen; MTN, microbial total nitrogen;

MPN, microbial protein nitrogen; MNN, microbial non-protein nitrogen. The same is in the following tables.

TABLE 3 | Effects of dietary protein levels on the TAA excretion (mg/g DM) and apparent digestibility (%) of piglets.

Time (d) Items TAA

(+M)

TAA-D

(+M, %)

NEAA

(+M)

NEAA-D

(+M, %)

EAA

(+M)

EAA-D

(+M, %)

E/NE

(+M)

TAA

(–M)

TAA-D

(–M, %)

NEAA

(–M)

NEAA-D

(–M, %)

EAA

(–M)

EAA-D

(–M)

EAA/NEAA

(–M)

10 d L-CP 226 76.5 111 78.0 115 77.3 1.04 222.2 76.9 109.3 75.98 112.8 77.7 1.03

M-CP 251 74.3 120 76.5 131 74.4 1.09 243.8 75.1 117.5 74.91 126.6 75.2 1.08

H-CP 270 84.4 132 84.5 138 83.8 1.05 258.4 85.2 126.9 88.72 131.5 84.6 1.04

25 d L-CP 207 84.1 102 85.0 105 84.7 1.03 204.5 84.2 101.4 83.52 103.2 84.9 1.02

M-CP 236 83.5 117 84.3 119 84.1 1.02 231.2 83.9 114.3 83.31 116.3 84.4 1.02

H-CP 243 85.5 118 85.6 125 84.8 1.06 239.4 85.7 116 86.40 123.5 85.0 1.06

45 d L-CP 195 88.3 105 87.3 90 88.3 0.86 187.6 88.5 101.9 86.90 85.6 90.0 0.84

M-CP 179 88.4 87 88.8 92 89.2 1.06 169.0 88.1 82.3 87.83 86.7 88.3 1.05

H-CP 194 90.5 97 90.5 97 90.4 1.00 184.7 90.1 92.5 90.33 92.2 89.9 1.00

SEM Days 3 0.49 1.4 0.49 1.70 0.50 3.0 0.48 1.7 0.49 1.8 0.48

CP 3 0.49 1.4 0.49 1.70 0.50 3.0 0.48 1.4 0.49 1.7 0.48

Days × CP 5.2 0.85 2.4 0.84 3 0.86 5.1 0.83 2.4 0.85 2.9 0.83

P-value Days <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

CP <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Days × CP <0.01 <0.01 <0.01 <0.01 0.06 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

was higher than those in the L-CP group and H-CP group on
days 25 and 45 (p < 0.01). The excretion of MTN, MTN, and

MNN at day 25 was lower than those on days 10 and 45 (p <

0.01). The interaction effects between feeding time and dietary

protein level (Days × CP) were as follows: CP (p < 0.01);
total N (TN) (p < 0.01); TPN (p < 0.01); total non-protein

N (TNN) (p < 0.01); MTN (p < 0.01); MPN (p < 0.01); and

MNN (p < 0.01).

Fecal Total AA Excretion and Apparent
Digestibility
As shown in Table 3, the excretion of total AA (TAA), essential
AA (EAA), and non-essential AA (NEAA) decreased with the
increase of feeding days of piglets (p < 0.01), and the digestibility
of TAA, EAA, and NEAA increased with the prolongation of
feeding time (p < 0.01). The excretion of TAA, EAA, NEAA,
TAA (–M), NEAA (–M), and EAA (–M) increased with the
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TABLE 4 | Effects of dietary protein levels on the excretion of the amino acid in feces of piglets (mg/g DM).

Time (d) Items Asp Ser Glu Gly Ala Pro Tyr Thr Cys Val Met Ile Leu Phe Lys His Arg

10 d L-CP 22.4 7.1 30.3 13.7 23.1 15.1 8.2 12.4 3.5 15.5 3.2 13.8 24.9 12.2 10.5 4.5 6.1

M-CP 23.0 8.3 32.7 17.3 24.7 14.3 9.0 11.6 3.8 18.8 4.4 16.4 29.1 14.2 12.0 4.6 7.2

H-CP 24.9 11.8 35.6 18.6 26.7 14.4 9.5 12.1 5.0 19.1 4.0 17.0 31.4 14.0 12.2 5.0 8.6

25 d L-CP 19.5 5.8 28.7 14.2 22.1 12.6 5.8 7.8 4.9 15.6 3.3 13.3 23.9 11.1 9.9 3.9 5.0

M-CP 22.6 7.6 31.6 16.9 24.8 13.5 7.7 10.2 3.7 17.7 3.5 15.5 26.4 11.9 11.4 4.2 6.5

H-CP 22.5 9.2 30.6 17.7 24.4 13.5 8.3 10.0 8.4 17.8 4.1 15.1 26.7 12.4 11.6 4.1 6.7

45 d L-CP 13.7 6.3 37.6 16.4 23.4 7.5 5.1 7.5 7.0 11.5 3.7 10.1 16.7 8.6 9.0 5.1 5.6

M-CP 15.9 5.9 22.8 13.4 19.7 9.4 6.1 7.5 3.6 14.3 2.2 12.1 20.5 9.9 8.1 3.4 4.5

H-CP 18.0 6.3 37.7 15.4 19.7 12.2 6.7 8.6 3.4 14.5 2.7 12.5 20.9 10.2 9.1 3.3 4.8

SEM Days 0.4 0.2 0.5 0.3 0.3 0.3 0.2 0.2 0.4 0.2 0.1 0.3 0.5 0.2 0.2 0.1 0.2

CP 0.4 0.2 0.5 0.3 0.3 0.3 0.2 0.2 0.4 0.2 0.1 0.3 0.5 0.2 0.2 0.1 0.2

Days × CP 0.70 0.4 0.9 0.5 0.60 0.50 0.4 0.30 0.67 0.4 0.2 0.4 0.83 0.3 0.3 0.2 0.3

P-value Days <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

CP <0.01 <0.01 <0.01 <0.01 0.33 <0.01 <0.01 <0.01 <0.01 <0.01 0.33 <0.01 <0.01 <0.01 <0.01 0.05 <0.01

Days × CP 0.23 <0.01 <0.01 <0.01 <0.01 <0.01 0.6 <0.01 <0.01 0.46 <0.01 0.57 0.25 0.58 <0.01 <0.01 <0.01

TABLE 5 | Effects of dietary protein levels on the AA apparent digestibility in feces of piglets (%).

Time (d) Items Asp Ser Glu Gly Ala Pro Tyr Thr Cys Val Met Ile Leu Phe Lys His Arg

10 d L-CP 71.5 84.1 80.2 72.3 65.3 76.4 69.5 74.3 74.5 70.3 83.7 69.8 76.1 75.9 80.0 87.0 89.3

M-CP 76.7 79.8 79.0 64.2 60.8 77.1 64.4 74.0 69.9 61.3 92.1 62.7 68.8 70.4 76.4 86.0 87.2

H-CP 84.9 84.0 87.9 81.5 78.3 88.9 76.5 83.9 80.4 81.1 86.7 79.5 82.1 83.8 85.7 90.8 91.8

25 d L-CP 81.8 90.3 86.1 78.9 75.6 85.5 83.9 88.2 73.5 75.0 87.5 78.5 83.0 83.9 86.1 91.9 93.5

M-CP 84.3 87.3 86.0 76.0 73.3 85.3 79.1 84.3 79.6 87.3 95.7 75.9 80.7 83.0 84.6 91.2 92.1

H-CP 86.0 87.2 89.2 81.5 79.2 89.3 79.1 86.3 66.4 77.9 86.3 81.2 84.2 85.0 85.8 92.6 93.4

45 d L-CP 91.6 90.4 86.5 80.0 85.4 93.9 87.7 91.2 68.6 87.6 82.6 87.6 89.1 88.9 91.3 89.9 94.4

M-CP 89.0 90.0 91.2 83.5 84.2 91.4 84.7 89.3 83.2 83.1 92.7 83.6 86.7 87.7 91.2 92.8 95.1

H-CP 91.0 91.0 92.8 86.6 86.2 91.5 86.1 89.8 87.3 87.3 92.1 87.4 89.8 90.3 91.9 94.6 96.1

SEM Days 0.59 0.5 0.43 0.65 0.77 0.5 0.85 0.64 1.69 0.68 0.65 0.74 0.56 0.58 0.47 0.44 0.25

CP 0.59 0.5 0.43 0.65 0.77 0.5 0.85 0.64 1.69 0.68 0.65 0.74 0.56 0.58 0.47 0.44 0.25

Days × CP 1.03 0.86 0.74 1.12 1.33 0.87 1.48 1.1 2.93 1.17 1.13 1.28 0.96 1.01 0.82 0.76 0.43

P-value Days <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

CP <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Days × CP <0.01 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01
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increase of dietary protein level on days 10 and 20 (p < 0.01).
The digestibility of TAA, EAA, and NEAA in the H-CP group
was higher than those in the L-CP group and M-CP group (p
< 0.01). The digestibility of TAA, EAA, and NEAA in the M-
CP group was lower than those in L-CP and H-CP groups at
days 10 and 25 (p < 0.01). The digestibility of TAA, EAA, and
NEAA in the L-CP group was lower than those in M-CP and H-
CP groups at day 45 (p < 0.01). Interestingly, the change law of
the above results is similar after the AA part of the microbes were
removed from feces AA. The interaction effects between feeding
time and dietary protein level (Days× CP) were as follows: TAA
(p< 0.01), TAA digestibility (p< 0.01), NEAA (p< 0.01), NEAA
digestibility (p< 0.01), EAA digestibility (p< 0.0l), TAA (–M) (p
< 0.01), TAA digestibility (–M) (p < 0.01), NEAA (–M) (p <

0.01), NEAA digestibility (–M) (p < 0.01), EAA (–M) (p < 0.01),
and EAA digestibility (–M) (p < 0.01).

Fecal AA Excretion and Apparent
Digestibility
As shown in Table 4, the excretion of all amino acids in piglets,
except Cys, decreased with the increase of feeding time (p <

0.01). The excretion of Asp, Pro, Val, Ile, Leu, Try, Phe, and Lys
increased with the increase of dietary protein level (p < 0.01).
The excretion of Asp, Ser, Glu, Gly, Ala, Cys, Val, Ile, Leu, Lys,
Phe, Lys, and Arg increased with the increase of dietary protein
level on day 10 (p < 0.01). The excretion of Asp, Ser, Gly, Ala,
Thr, Cys, Val, Met, Ile, Leu, Try, Phe, Lys, and Arg increased with
the increase of dietary protein level on day 25 (p < 0.01). The
excretion of Asp, Pro, Thr, Val, Ile, Leu, Try, and Phe increased
with the increase of dietary protein level (p < 0.01) on day 45.
The interaction effects between feeding time and dietary protein
level (Days× CP) were as follows: Try (p< 0.01), Glu (p < 0.01),
glycine (Gly) (p < 0.01), Ala (p < 0.01), Pro (p < 0.01), Thr (p
< 0.01), Cys (p < 0.01), Met (p < 0.01), Lys (p < 0.01), His (p <

0.01), and Arg (p < 0.01) in the feces of piglets.
As can be seen from Table 5, the apparent digestibility of Ala,

Ile, Leu, Tyr, Phe, and Lys of piglets in the M-CP group was lower
than that of the L-CP group and H-CP group (p < 0.01). The
apparent digestibility of Met was higher than that in the other
two groups. The apparent digestibility of Asp, Glu, Gly, Ala, Pro,
Thr, Cys, Val, Ile, Leu, Tyr, Phe, Lys, His, and Arg in the H-CP
group was higher than those in the L-CP group and M-CP group
on day 10 (p < 0.01). The apparent digestibility of fecal Cys, Val,
and Met in the M-CP group were higher than that in the L-CP
group and H-CP group (p < 0.01), and the remaining amino
acids were lower than those in the other two groups on day 25
(p < 0.01). The apparent digestibility of Glu, Gly, Cys, Met, His,
and Arg increased with the increase of dietary protein level (p
< 0.01), and the apparent digestibility of the remaining amino
acids in the M-CP group was lower than those in the L-CP group
and H-CP group on day 45 (p < 0.01). The interaction effects
between feeding time and dietary protein level (Days× CP) were
as follows: Asp (p < 0.01), Glu (p < 0.01), Gly (p < 0.01), Ala
(p < 0.01), Pro (p < 0.01), Thr (p < 0.01), Cys (p < 0.01), Val
(p < 0.01), Met (p < 0.01), Ile (p < 0.01), Leu (p < 0.01), Tyt (p
< 0.01), Phe (p < 0.01), Lys (p < 0.01), His (p < 0.01), and Arg T
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(p < 0.01) in piglet feces. At the level of feeding time, except for
Cys and Met, the apparent digestibility of AA in feces increased
significantly with the increase of feeding time (p < 0.01).

Fecal Microbial AA Excretion
As shown inTable 6, the excretion of AA of fecal microorganisms
of piglets on day 25 was lower than that on day 10 and day
45 (p < 0.01), and the excretion of TAA and NEAA of fecal
microorganisms of piglets on day 25 was higher than that on
days 10 and 45 (p < 0.0l). There was no significant difference in
fecal microbial EAA excretion with the increase of feeding time
(p > 0.05). The AA excretion of fecal microorganisms of piglets
in the L-CP group was lower than that in the M-CP group and
H-CP group (p < 0.01). The excretion of fecal microorganisms
TAA, EAA, and NEAA increased with the increase of CP levels
on day 10 (p < 0.01), and the excretion of TAA, EAA, and NEAA
of the M-CP group were significantly higher than that of L-CP
and H-CP on the day 25 (p < 0.01). Generally speaking, the
emission of EAA was greater than that of NEAA. The interaction
effects between feeding time and dietary protein level (Days
× CP) were as follows: Asp (p < 0.01), Ser (p < 0.01), Glu
(p < 0.01), Gly (p < 0.01), Ala (p < 0.01), Pro (p < 0.01),
Thr (p < 0.01), Cys (p < 0.01), Val (p < 0.01), Met (p <

0.01), Ile (p < 0.01), Leu (p < 0.01), Tyr (p < 0.01), Phe (p <

0.01), Lys (p < 0.01), His (p < 0.01), and Arg (p < 0.01) in
piglet feces.

The excretion of amino acids except for Cys and Ile of fecal
microorganisms increased with the increase of dietary protein
level on day 10 (p < 0.01). The excretion of amino acids except
for Cys and His of feces microbial in the M-CP group was
higher than that in L-CP and H-CP (p < 0.01), and the excretion
of microbial AA in L-CP was the lowest on day 25. The fecal
excretion of amino acids except for Ser, Glu, Cys, Met, Ile, Leu,
Tyr, and His of fecal microorganisms of piglets in the M-CP
group was higher than that in the L-CP group and H-CP group
(p < 0.01).

Effects of Different Protein Levels on
Microbial AA Composition in Feces and
Ileum of Piglets
As shown in Tables 7, 8, the number of microbial AA increased
with the increase of piglet age. The EAA/NEEA of Ile chyme and
feces decreased with the increase of dietary CP (p < 0.01). The
protein nutrition patterns of Asp, Ala, Glu, and Leu in the AA
composition of ileum and feces of piglets were more obvious.
The proportion of His, Tyr, Met, Cys, and Ser was lower than the
average level, while the proportion of Phe, Leu, Pro, Ala, Glu, and
Asp were higher than the average level. The interaction effects
between feeding time and dietary protein level (Days× CP) were
was reflected in Asp (p < 0.01), Glu (p < 0.01), Ala (p < 0.01),
Pro (p < 0.01), Cys (p < 0.01), Val (p < 0.01), Met (p < 0.01), Ile
(p < 0.01), Tyr (p < 0.01), Phe (p < 0.01), Lys (p < 0.01), His (p
< 0.01), and Arg (p < 0.01) in ileum and feces of piglets. T
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DISCUSSION

Apparent Digestibility of CP and AA
Research showed that the composition of dietary nutrients
could directly affect the secretion of digestive enzymes in

piglets (11). Griffiths reported that high protein levels could

significantly affect the activity of digestive enzymes in the

intestines of piglets (13). The secretion of digestive enzymes

directly restricted the absorption and utilization of dietary CP,

and so different dietary CP levels could lead to differences in

fecal CP, AA, fecal CP digestibility, and AA digestibility of

piglets. In this experiment, the apparent digestibility of CP and

AA were increased linearly with the increase of dietary CP
levels. When the CP levels increased to 20%, the measured
indexes and the corresponding apparent digestibility increased
significantly. It could be seen that increasing the dietary protein
level in an appropriate range would directly affect the digestion
and metabolism of nutrients such as dry matter, CP and AA
in piglets.

In this study, the digestibility of dry matter, CP, and N
increased significantly with the increase of feeding time, and
H-CP was significantly higher than that of the L-CP group
and M-CP group. The reasons were the following points:
first, the intestinal development of piglets was not perfect, the
secretion of digestive enzymes is less, the digestive system of
piglets tended to mature after 45 days, and the secretion of
all kinds of digestive enzymes tended to be stable. Secondly,
properly increasing the dietary protein level and balanced
AA level was beneficial for the absorption and utilization of
the digestive tract of piglets. Some studies had shown that
endogenous N could affect the apparent digestibility of intestinal
N. When the dietary protein content was low, because of
the increasing proportion of endogenous protein, the apparent
digestibility of CP was decreased. In addition, protease was
a kind of dietary protein metabolic enzyme, and the dietary
protein level could directly affect the protease activity in the
digestive tract. Within a certain range of protein levels, the
apparent digestibility of CP was positively correlated with dietary
protein levels (14), which was consistent with the results of
this study.

There was not a simple linear relationship between CP
apparent digestibility and dietary CP content. The study of
Silva and Perera (15) pointed out that with the increase of
dietary protein level, the apparent digestibility of dietary protein
increased at first and then decreased. The results showed that
there is an optimal concentration range for protein utilization.
The digestibility of protein would not be ideal if the protein
level was below or above the concentration range, that is, the
protein digestibility would not be ideal on day 45. There was no
such change in the results of this study, and the reason for the
difference might be that the protein level in the study did not
exceed the optimal range and belonged to the rising zone. At the
same time, weaned piglets were in a special physiological period,
and the utilization of protein level at this stage remains to be
further studied.

The differences in dietary N digestion and utilization of
piglets under different CP levels led to differences in N excretion

Frontiers in Nutrition | www.frontiersin.org 8 December 2021 | Volume 8 | Article 738707148

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


Yang et al. Protein Level on N Digestibility

(16, 17). In this study, within the range of 14–20% CP the
apparent N digestibility of piglets increased linearly with the
increase of CP levels, and the total N excretion increased with
the increase of dietary CP levels and feeding time, which was
consistent with the conclusions of other scholars (18). The
apparent biological value of protein was mainly affected by the
deposition ability of N nutrients and the degree of dietary protein
balance, which reflected the utilization degree of N nutrients
in piglets. The protein balance of the three diets used in this
experiment was the same, and so the apparent biological value
mainly depended on the ability of piglets to deposit N nutrients
absorbed from the diet. When the dietary protein level was lower
than the needs of the body, the piglets would make adaptive
adjustments in order to improve the utilization efficiency of N
nutrients absorbed in the diet and increase the deposition of
N nutrients.

Effects of Different Protein Levels on
Microbial AA Composition in Feces and
Ileum of Piglets
AAs played a very important role in animal nutrition and
physiology (19). However, there was a lack of knowledge
about the utilization and metabolism of AA in intestinal
microorganisms. The results of human-like microorganisms in
vitro culture showed that the rapidly fermented AA of human-
like microorganisms was Lys, Arg, Thr, His, Glu, and Asp (20).
The addition of fermentable carbohydrates to the culture system
could reduce the decarboxylation of AA and the formation
of amines by bacteria (21). The study also showed that the
bacteria of Clostridium, Bacteroides, and Prepfococo were the
main AA fermentation bacteria in the human intestine (22).
Studies on fistula piglets had shown that Lys, Phe, and branched-
chain AA synthesized by bacteria in the intestinal cavity can
be absorbed by the small intestine and large intestine (23).
However, these findings did not explain the high level of net
utilization of AA in the intestine (24). So far, the metabolic
pathway of dietary AA, especially essential AA, in the intestinal
cavity was not clear (25). The study also showed that the bacteria
of Clostridium, Bacteroides, and Prepfococo were the main AA
fermentation bacteria in the human intestine (26). Studies on
fistula pigs had shown that lysine, phenylalanine, and branched
chain AA synthesized by bacteria in the intestinal cavity could
be absorbed by the small intestine and large intestine (27, 28).
However, these findings did not explain the high level of net
utilization of AA in the intestine (27). So far, the metabolic
pathway of dietary AA, especially essential AA, in the intestinal
cavity was not clear (29). In this experiment, the proportion of
microbial AA in piglet feces was only 1–5%, and the response
of intestinal microorganisms Asp, Ala, Glu, and Leu to the
N nutrition model was more obvious. In the AA composition
of intestinal microorganisms, it was found that there were
similarities between ileum and rectum: the proportion of His,
Tyr, Met, Cys, and Ser was lower than the average level. The
proportion of Phe, Leu, Pro, Ala, Glu, and Asp was higher than
the average level.

CONCLUSIONS

To sum up, this study revealed some scientific problems, such
as the changes of N, CP, and AA excretion and digestibility of
feces and microorganisms of piglets at different feeding times,
the changes of AA composition of intestinal microorganisms, the
changes in AA composition of microorganisms, the mechanism
of enzyme activity, and the mechanism of enzyme activity
affecting the changes of biogenic amines. The purpose of
this work was to provide a theoretical basis for the follow-
up research on how gastrointestinal microorganisms and
gastrointestinal digestion and metabolism change the mode
of N supply.
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Artificial sweeteners (AS) have been widely used as sugar substitutes to reduce calorie

intake. However, it was reported that high doses of AS induced glucose intolerance via

modulating gut microbiota. The objective of this study was to investigate the effects

of lower doses of sucralose on fecal microbiota in obesity. Eight weeks after high-fat

diet (HFD), the male Sprague Dawley rats were randomly divided into four groups (6 in

each group) and administrated by a daily gavage of 2ml normal saline (CON), 0.54mM

sucralose (N054), 0.78mM sucralose (N078), and 324mM sucrose (S324), respectively.

After 4 weeks, fecal samples were obtained and analyzed by 16S ribosomal RNA

gene sequencing. The richness and diversity of fecal microbiota were not changed by

sucralose or sucrose. Both 0.54mM (0.43mg) and 0.78mM (0.62mg) sucralose tended

to reduce the beneficial bacteria, Lactobacillaceae and Akkermansiaceae. The relative

abundance of family Acidaminoccaceae and its genus Phascolarctobacteriam were

increased after 0.54mM sucralose. In functional prediction, 0.54mM sucralose increased

profiles of carbohydrate metabolism, whereas 0.78mM sucralose enhanced those of

amino acid metabolism. The lower doses of sucralose might alter the compositions of

fecal microbiota. The effects of sucralose in different dosages should be considered in

the future study.

Keywords: artificial sweeteners, sucralose, fecal microbiota, obesity, 16S ribosomal RNA gene analysis

INTRODUCTION

Obesity has emerged as a major public health challenge affecting over 650million adults worldwide.
It increases the risks of type 2 diabetes, cardiovascular diseases, and even certain cancers (1). Table
sugars contribute to the weight gain and thereby risks for metabolic disorders (2, 3). Therefore,
artificial sweeteners (AS) are widely used as sugar substitutes to provide intensive sweet taste
without extra calorie.

The US Food and Drug Administration (FDA) provided the acceptable daily intake (ADI) levels
of 6 kinds of AS including saccharin, aspartame, acesulfame potassium (Ace-K), sucralose, neotame,
and advantame (4). However, the effects of AS on glucose homeostasis remain controversial.
Some studies demonstrated the benefits of AS exposure (5), whereas others showed that AS were
associated with the incidence of obesity and type 2 diabetes (6–8).
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The plausible mechanisms underlying the metabolic effects of
AS are not fully understood. Given that most AS pass through
the gastrointestinal tract without being absorbed or digested,
they may directly alter the gut microbiota which plays crucial
roles in the pathogenesis of metabolic diseases (9, 10). Suez et
al. reported that saccharin in ADI dose (5 mg/kg body weight)
induced glucose intolerance by modulating gut microbiota in
mice and healthy subjects (11). The transplantation of saccharin-
exposed feces induced glucose intolerance in germ-free mice
(11). Another, it was indicated that administration of sucralose
at dosages of 1.1–11 mg/kg reduced beneficial fecal bacteria and
elevated fecal pH, intestinal p-glycoprotein, and cytochrome p-
450 in rats (12). It should be noticed that the doses of AS in most
studies were far beyond levels of daily consumption.

Sucralose is derived from sucrose with replacement of
three hydrogen–oxygen groups by three chlorine atoms.
In this process, the sweetness of sucralose is dramatically
intensified to about 600 times of sucrose (13). About 85% of
sucralose is excreted without being absorbed or digested in
the gastrointestinal tract (13). Previous studies showed that a
single dose of sucralose had no effects on blood glucose in
health subjects (14) and patients with type 2 diabetes (15).
However, it has been reported that sucralose exerted strong
bacteriostatic effects in vitro and altered the structures of
microbial communities in normal rodents (16). It remains
unclear whether sucralose particularly in low doses can modulate
the gut microbiota compared with natural sugars. We therefore
aimed to evaluate the potential effects of different concentrations
of sucralose and sucrose on fecal microbiota in high-fat diet
(HFD)-induced obese rats.

MATERIALS AND METHODS

Animals
Male Sprague Dawley (SD) rats (4 weeks old) were fed with
sterile food and water under specific pathogen-free (SPF)
conditions with 12-h dark–light cycle, controlled temperature
(20–23◦C), and settled humidity (40–60%) (Laboratory Animal
Resources, Chinese Academy of Sciences). After adapting to the
environment for 1 week, the rats were fed with an ad libitumHFD
(45% fat) or normal chow diet (NCD, 10% fat) correspondingly
for 8 weeks. Rats on HFD weighed 20% more than those on
the NCD group were considered as obesity. The protocol of
this study was approved by the Institutional Animal Care and
Use Committee of Shanghai Laboratory Animal Center, Chinese
Academy of Sciences on January 8, 2018.

Abbreviations: ABC, ATP-binding cassette; Ace-K, Acesulfame potassium;

ADI, Acceptable daily intake; ANOVA, Analysis of variance; AS, Artificial

sweeteners; ATP, Adenosinetriphosphate; COMP, Component; CON, Control;

DNA, Deoxyribonucleic acid; FDA, Food and Drug Administration; HFD,

High-fat diet; KEGG, Kyoto Encyclopedia of Genes and Genomes; LDA,

Linear discriminant analysis; LEfSe, Linear discriminant analysis effect size;

OTU, Operational taxonomic units; PCoA, Principal coordinates analysis; PCR,

Polymerase chain reaction; PERMANOVA, Permutational multivariate ANOVA;

PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States; PLS-DA, Partial least squares-discriminant analysis; RNA,

Ribonucleic acid; SCFAs, Short-chain fatty acids; SD, Sprague Dawley; SPF, Specific

pathogen-free.

Treatment
The 24 obese rats were randomly divided into 4 groups (6 in each
group): normal saline (control group, CON), 0.54mM sucralose
(N054, Sigma-Aldrich, MO, USA), 0.78mM sucralose (N078),
and 324mM sucrose (S324, Sigma-Aldrich, MO, USA). Rats were
intragastric administrated with 2ml certain solution at a fixed
time every day for 4 weeks (17). The doses translated to human
were 0.11 mg/kg (N054), 0.16 mg/kg (N078), and 56.20 mg/kg
(S324) according to the body surface area (18).

Fecal Sample Collection
At the end of treatment, fecal samples were collected after 12-
h fasting. Each rat was hold in hands and received abdominal
massage until fresh pellets were collected in a 1.5-ml sterile
freezing tube. The tubes were placed immediately in liquid
nitrogen and moved to−80◦C refrigerator.

DNA Extraction, PCR Amplification, and
16S rRNA Gene Sequencing
DNA extraction, PCR amplification, and 16S rRNA sequencing
were performed as described in previous study (19). In short,
total genomic DNAs of stool samples were extracted using the
EZNA soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA).
Genes of the 16S rRNA V3–V4 regions were amplified by
specific 338F and 806R primers with thermocycler polymerase
chain reaction (PCR) system (GeneAmp 9700, ABI, USA). The
extracted and purified amplicons were sequenced using Illumina
MiSeq platform (Illumina, San Diego, USA).

Statistical Analyses
All data were included in the analysis. Bioinformatic analyses
were performed by the Majorbio I-Sanger Cloud Platform
(https://cloud.majorbio.com/) and SPSS Statistics v.23 software
(IBM). Alpha diversity indices were applied to analyze the
richness and diversity of samples, including Sobs, ACE,
Chao1, Shannon, and Simpson. Unsupervised principal
coordinates analysis (PCoA) and supervised partial least squares-
discriminant analysis (PLS-DA) were performed to explore the
similarities or dissimilarities of each sample. Permutational
multivariate ANOVA (PERMANOVA) was calculated on the
base of Bray–Curtis.

Differences in the relative abundance of taxa among groups
were analyzed using the Kruskal–Wallis rank sum test with
Tukey–Kramer post-hoc analysis. Correlation network according
to Spearman’s correlation analysis was used to determine the
interactions of bacterial community. The linear discriminant
analysis (LDA) effect size (LEfSe) algorithm differentiated
microbial features for biomarker discovery. Only taxa with
absolute LDA (log10) scores >2.0 and a p value of 0.05 were
presented in this study. Metabolic functions were predicted using
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt).
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FIGURE 1 | Beta diversity analysis in four groups with unsupervised and classification methods. (A) Principal coordinates analysis (PCoA). Bray–Curtis distances and

permutational multivariate analysis of variance (PERMANOVA) were performed. p = 0.001 and p adjust = 0.001. (B) Partial least squares discriminant analysis

(PLS-DA). Each sample was represented by a dot (n = 6). CON, control group; N054, 0.54mM sucralose; N078, 0.78mM sucralose; S324, 324mM sucrose.

RESULTS

Characteristics of Bacterial Diversity and
Clustering
In the analysis of alpha diversity, neither sucralose nor sucrose
altered the community richness (Sobs, ACE, Chao1 index)
or diversity (Shannon, Simpson index) of fecal microbiota
(Supplementary Table S1). The PCoA plot revealed that
most samples treated by 0.78mM sucralose clustered in a
distinct group compared with CON, N054, and S324 groups
(PERMANOVA, p = 0.001 and p adjust = 0.001). It was also
confirmed by the supervised PLS-DA on OTU level. Each of
the four groups showed a specific cluster (COMP1 9.04% and
COMP2 6.09%), suggesting that they had different bacterial
structures (Figure 1). The results of weighted unifrac and
unweighted unifrac were similar to PCoA based on Bray–Curtis
(Supplementary Figures S1A,S1B).

Alterations of Core Microbial Composition
Induced by Sucralose and Sucrose
On phylum level, 0.54mM sucralose increased the relative
abundance of Firmicutes but decreased that of Bacteroidetes.
0.78mM sucralose decreased the relative abundance of
Firmicutes but increased that of Bacteroidetes (Figures 2A,B).
The ratio of Firmicutes to Bacteroidetes in N054 was higher than
that in N078 (Supplementary Figure S2). No differences were
detected in the ratio of Bacteroidetes to Proteobacteria. Notably,
both 0.54 and 0.78mM sucralose reduced the relative abundance
of Verrucomicrobia.

To describe the alterations of bacterial communities, the
relative abundance of families was detected (Figures 2C,D).
The beneficial bacteria, Lactobacillaceae and Akkermansiaceae,
tended to be lower in both 0.54 and 0.78mM sucralose,

compared with control and sucrose groups (Figure 2D).
These concentrations of sucralose increased the relative
abundance of Barnesiellaceae, whereas they decreased that of
Streptococcaceae. Sucralose and sucrose consistently upregulated
Christensenellaceae and downregulated Micrococcaceae and
Eubacteriaceae. 0.54mM sucralose significantly reduced
the relative abundance of Muribaculaceae but increased
that of Acidaminococcaceae. LEfSe analysis showed that
genus Phascolarctobacterium, belonged to the family
Acidaminococcaceae, was enriched in N054 group. Family
Muribaculaceae (S24-7) was enriched in N078 group (Figure 3)
and it was negatively correlated with the change of body weight
(Supplementary Figure S3). The family Akkermansiaceae
and genus Akkermansia of Verrucomicrobia phylum were
significantly enriched in S324 group (Figure 3).

In the network graph of interacting families in N054
group (Supplementary Figure S4), Akkermansiaceae was
positively correlated with Christensenellaceae, Barnesiellaceae,
Veillonellaceae, and norank Gastranaerophilales and it had
a negative correlation with Acidaminococcaceae. The most
abundant family Muribaculaceae had a positive interaction
with Bifidobacteriaceae and negative interactions with
Deferribacteraceae and Burkholderiaceae.

Effects of Predicted Metabolic Functions
of Fecal Microbiota
PICRUSt and LEfSe were used to determine the changes
in predicted functional composition (Figure 4). At KEGG
level 3, ATP-binding cassette (ABC) transporters and the
carbohydrate metabolism were enhanced by N054 group. The
exposure of 0.78mM sucralose increased the functional profiles
related to metabolism including amino acid-related enzymes,
energymetabolism, alanine, aspartate and glutamatemetabolism,
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FIGURE 2 | Main bacterial communities of different taxonomies. (A) Community bar plot of the domain phyla. (B) Relative abundant of the domain phyla of four

groups. (C) Circos plot showing the relationship between microbial families and samples. (D) Relative abundance of core bacterial families. Kruskal–Wallis rank sum

test with Tukey–Kramer post-hoc analysis was performed (n = 6). Mean ± standard error. *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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FIGURE 3 | LDA effect size (LEfSe) analysis based on genus level among four groups. (A) LEfSe bar plot demonstrating the significant bacterial differences. (B)

Cladogram indicating the phylogenetic distribution of fecal microbiota with phyla in the outermost and genera in the innermost ring. Multiple comparison strategy was

all-against-all (n = 6). Only LDA score >2.0 is shown.

pantothenate and CoA biosynthesis, and vitamin B6 metabolism.
The biosynthesis of fatty acid was related to the 324mM
sucrose intervention.

DISCUSSION

In this study, we demonstrated 4-week low doses of sucralose
(0.54 and 0.78mM) altered the compositions and metabolic
functions of fecal microbiota in obese rats. The richness and
diversity of fecal microbiota were not changed by the sucralose
and sucrose. Previous in vitro studies found that sucralose exerted
bacteriostatic effects in a dose-dependent manner via inhibiting
the invertase and sucrose permease of bacteria (16). However,
sucralose did not reduce the overall richness and diversity of
intestinal bacteria in vivo which was consistent with our results

(16). It was probably due to the wide variety of microorganisms
and their complex interactions with each other (20).

Beta diversity was used to explore the differences and
similarities of microbial compositions among samples. Few
studies investigated the impacts of AS on beta diversity. There
was a study found that neotame changed the beta diversity after
4-week intervention on CD-1 mice (21). We presented that
0.54mM (∼0.43mg) and 0.78mM (∼0.62mg) sucralose groups
had different clusters. It indicates that even the low doses of
sucralose significantly altered the structures of fecal microbiota.

Firmicutes and Bacteroidetes were the two most abundant
phyla, accounting for over 90% of the gut microbiota (22).
We observed that 0.54mM sucralose increased the relative
abundance of Firmicutes and decreased that of Bacteroidetes,
whereas 0.78mM sucralose exerted the opposite effects. Notably,
it was reported that sucralose did not alter the levels of
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FIGURE 4 | LEfSe analysis on predictive functions of KEGG level 3 identified via PICRUSt. A Log LDA >2.0 was considered as significant difference. KEGG, Kyoto

Encyclopedia of Genes and Genomes; PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.

Firmicutes nor Bacteroidetes in human (780 mg/d, 7 days) (23)
nor mice studies (1.5 and 15 mg/kg body weight, 8 weeks)
(24). Nevertheless, when sucralose was consumed with HFD
simultaneously, there were obvious changes in Firmicutes and
Bacteroidetes. A recent study also highlighted the intake of
sucralose with carbohydrate impaired insulin sensitivity and
glucose metabolism (25). Given the widely use of AS in
obese patients, the interaction between AS and HFD warrants
further study.

We presented that sucralose had no effects on phylum
Proteobacteria level in HFD rats, which was consistent with the
previous study (16). It was reported that Proteobacteria was
elevated after the commercial sucralose (Splenda) dosage in a
Crohn’s disease model (SAMP mice) and the related control
(AKR/J mice) (26). In fact, the higher level of Proteobacteria was
closely related to inflammation, and it increased in the models
of immune system dysfunction (27). Therefore, the effect of
sucralose on Proteobacteria needs to be further clarified.

Our results highlighted that both 0.54 and 0.78mM
sucralose tended to reduce the relative abundance of beneficial
bacteria Lactobacillaceae and Akkermansiaceae, which could
improve metabolic symptoms via various mechanisms. Notably,
Lactobacilluswere reduced by 39.1% after a 12-week intervention
of Splenda in healthy rats (12). The reduction of Lactobacillus
was also confirmed in acesulfame potassium-treated mice (28).
Akkermansia Muciniphila, a mucin-degrading bacterium, was
lower in human or animal models with obesity and type
2 diabetes (29). Bian et al. observed that the abundance of
Akkermansia was not changed during 3-month supplementation
of sucralose but it was increased after further 3-month
consumption in healthy mice (30). In our study, a 4-week
administration with sucralose reduced Akkermansiaceae of obese
rats. The underlying mechanisms are poorly understood. It is
noteworthy that the osmolarities of solutions were different,

which could mediate gastrointestinal motility directly and
further affect community composition of intestinal flora (31).
Akkermansia was decreased in anorexia nervosa after refeeding,
the latter being accompanied by normal bowel movements (32).
Although in our previous study, sucralose (0.4mM nor 4mM)
had no effect on gastric emptying rate in healthy humans
(14), its potential effects on gut microbiota are still unclear.
Gastrointestinal tract transit times need to be investigated in
future research.

In this study, sucralose at the dose of 0.78mM increased
family Muribaculaceae (S24-7), which was enriched in
obesity-resistant mice (33). Sucralose and sucrose consistently
upregulated Christensenellaceae, and the latter was inversely
related to host body mass index (BMI) in several studies
(34). Bian et al. showed the similar change after 6-month
supplementation with sucralose into the drinking water (30).
Another, Eubacteriaceae, Barnesiellaceae, Streptococcaceae, and
Micrococcaceae were not closely correlated with metabolic
disorder at present.

We demonstrated that the family Acidaminoccaceae was
negatively associated with Akkermansiaceae in the network
analysis. The genus Phascolarctobacteriam, belonging to family
Acidaminoccaceae, was strongly correlated with metabolic
dysfunction including weight gain and glucose intolerance (35).
We found that Phascolarctobacteriam was enriched in the
0.54mM sucralose group. Phascolarctobacterium could ferment
carbohydrate and produced short-chain fatty acids such as
acetate and propionate (36). It was consistent with our functional
prediction that carbohydrate metabolism was enhanced in
0.54mM sucralose dosage.

In accordance with the changes in bacterial compositions,
we provided evidence that sucralose in doses of 0.54 and
0.78mM changed functional profiles of fecal microbiota related
to the metabolism of carbohydrates and amino acids. Gut
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microbial metabolite from daily diet was linking to the
development of obesity and insulin resistance (37). Sucralose
was previously showed to alter the metabolism of some amino
acids and their derivatives (30). Additionally, Suez et al. (11)
reported that the consumption of saccharin in ADI dosage
increased the pathway genes related to glycosaminoglycan
and other glycan. We presented that the dose of sucralose
was an important factor to gut microbiota. Particularly,
0.54mM sucralose (∼2.2% of FDA ADI dosage) enhanced the
ABC transporters and carbohydrate metabolism, whereas the
exposure of 0.78mM sucralose (∼3.2% of ADI dosage) was
more related to the amino acid metabolism. We previously
indicated that 0.78mM instead of 0.54mM sucralose lowered
the blood glucose level of HFD-induced obese rats (17).
It should be noticed that the different effects of these
sucralose dosages on gut microbiota might be partly responsible
for the distinct energy metabolism. Thus, AS might have
complex effects on fecal microbiota, taste receptors, and gut
hormone secretion.

There are some limitations that should be considered. First,
this study focused on the obesity condition, and the fecal
microbiota of the rats with NCD were not detected. Second,
the use of 16S rRNA gene sequencing rather than metagenomic
sequencing limited the detection of bacterial taxonomy and
functions. Nonetheless, we preliminary observed the changes
in compositions and predicted functions caused by sucralose
and sucrose. The different strains and the potential mechanisms
should be further explored in vitro and in vivo. Finally, given
glucose homeostasis was maintained by multiple organs, the
weak connection of biochemical variables and fecal microbiota
is also a limitation of this study.

In conclusion, our study demonstrated that 4-week dosages of
sucralose (0.54 and 0.78mM) changed the compositions of fecal
microbiota in HFD-induced obese rats. Lower doses of sucralose
(0.54 and 0.78mM) tended to reduce the beneficial bacteria,
Lactobacillaceae and Akkermansiaceae. Furthermore, 0.54mM
sucralose increased the predictive functions of carbohydrates and
the consumption of 0.78mM sucralose was related to amino acid
metabolism. The effects of sucralose on energy metabolismmight
vary with dosages and intervention period. The metabolic effects
of sucralose in different dosages should be considered in the
future study.
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Supplementary Figure S1 | PCoA. (A) Weighted unifrac. (B) Weighted unifrac.

Each sample was represented by a dot (n = 6). CON, control group; N054,

0.54mM sucralose; N078, 0.78mM sucralose; S324, 324mM sucrose.

Supplementary Figure S2 | Ratio of the domain phyla and body weight of rats.

(A) Ratio of Firmicutes to Bacteroidetes. (B) Ratio of Bacteroidetes to

Proteobacteria. Kruskal–Wallis rank sum test (n = 6). (C) Body weight before and

after diet-induced obesity. NCD, normal chow diet; HFD, high-fat diet. (D) Body

weight of rats during treatment period. Mean ± standard error of mean.

Supplementary Figure S3 | Correlation heatmap of fecal microbiota with

biochemical variables. Spearman correlation analysis between the top 30 most

abundant bacterial families and biochemical variables related to glucose

homeostasis. GLP-1, glucagon-like peptide-1; GIP, gastric inhibitory peptide;

AUC, area under curve during intragastric glucose tolerance test; HOMA-IR,

homeostatic model assessment for insulin resistance (HOMA-IR). ∗p < 0.05.

Supplementary Figure S4 | Network analysis of the top 50 abundant families in

0.54mM sucralose group. Spearman’s correlation analysis was used and a

connection between two nodes stands for significant (p ≥ 0.5 and p < 0.5). The

red color means positive correlation and green means negative correlation.

Supplementary Table S1 | Alpha diversity of fecal microbiota in four groups.
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Intestinal infections in piglets are the main causes of morbidity before and after weaning.

Studies have not explored approaches for combining pre-weaning and post-weaning

nutritional strategies to sustain optimal gut health. The current study thus sought to

explore the effects of early-life nutrition interventions through administration of synthetic

milk on growth performance and gut health in piglets from 3 to 30 days of age. Twelve

sows were randomly allocated to control group (CON) and early-life nutrition interventions

group (ENI). Piglets were fed with the same creep diet from 7 days of age ad libitum.

Piglets in the ENI group were provided with additional synthetic milk fromDay 3 to Day 30.

The results showed that early-life nutrition interventions improved growth performance,

liver weight, spleen weight, and reduced diarrhea rate of piglets after weaning (P < 0.05).

Early-life nutrition interventions significantly upregulated expression of ZO-1, Occludin,

Claudin4, GALNT1, B3GNT6, and MUC2 in colonic mucosa at mRNA level (P < 0.05).

Early-life nutrition interventions reduced activity of alkaline phosphatase (AKP) in serum

and the content of lipopolysaccharides (LPS) in plasma (P < 0.05). The number of goblet

cells and crypt depth of colon of piglets was significantly higher in piglets in the ENI group

relative to that of piglets in the CON group (P< 0.05). The relativemRNA expression levels

of MCP-1, TNF-α, IL-1β, and IL-8, and the protein expression levels of TNF-α, IL-6, and

IL-8 in colonic mucosa of piglets in the ENI group were lower compared with those of

piglets in the CON group (P < 0.05). Relative abundance of Lactobacillus in colonic

chyme and mucosa of piglets in the ENI group was significantly higher relative to that of

piglets in the CON group (P < 0.05). Correlation analysis indicated that abundance of

Lactobacillus was positively correlated with the relative mRNA expression levels of ZO-1,

Claudin4, andGALNT1, and it was negatively correlatedwith the level ofMCP-1 in colonic

chyme and mucosa. In summary, the findings of this study showed that early-life nutrition

interventions improved growth performance, colonic barrier, and reduced inflammation

in the colon by modulating composition of gut microbiota in piglets. Early-life nutrition
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intervention through supplemental synthetic milk is a feasible measure to improve the

health and reduce the number of deaths of piglets.

Keywords: early-life nutrition interventions, growth performance, intestinal barrier, inflammatory cytokines,

short-chain fatty acids (SCFAs), gut microbiota

INTRODUCTION

Stress is a major cause of death in piglets. Approximately 10
million piglets die each year due to stress all over the world (1).
Piglets are subjected to a number of stressors, such as an abrupt
separation from the sow, transportation and handling stress,
social hierarchy stress, comingling with pigs from other litters,
and a different physical environment (room, building, farm, and
water supply) during pre- and post-weaning periods (2). Changes
in food are also an important source of stress. Creep feed is often
provided to piglets in swine industries to improve post-weaning
growth performance of piglets and improve acclimatization of
piglets to solid feed before weaning. The process of dietary
gradual transition from sow milk to solid feed is an important
stressor for piglets owing to the significant differences between
creep feed and sow milk (3). Piglets are subjected to bear risk
of viruses and pathogens from solid feed, resulting in intestinal
diseases, especially diarrhea (3). Moreover, dietary transition
often leads to disorder in digestive function, which in turn causes
low growth performance (4). Notably, low-birth-weight piglets
may die easier in the transition period (5).

Gut microbiome plays a fundamentally significant role in the
health of the host (6). Increase in the abundance of beneficial
intestinal microflora can reduce occurrence of stress caused
by sudden dietary transition by reducing the frequency of
diarrhea and intestinal inflammation in the host (7). Studies
report that nutritional interventions canmodulate the abundance
of intestinal microbes, and reduce the risk of gastrointestinal
infections (3). Early-life nutrition intervention in piglets has
been widely explored in recent years. Several studies have
explored effects of oral supplementation, including prebiotics
and functional amino acids, for neonatal piglets and the findings
show that these oral supplementations increase abundance and
colonization of beneficial bacteria, and improve gut health of
the host (8). For example, dietary supplementation with 1%
amino acid blend improved intestinal functions, and reduced
incidence of diarrhea in piglets (9). Moreover, yeast glycoprotein
supplementation increases relative abundance of Lactobacillus in
the colon of piglets (10). In addition, synthetic milk modulates
mucosal immunology and abundance of microbiota in neonatal
piglets (11). Notably, synthetic milk reduces the abundance
of Escherichia and diarrhea frequency in piglets after weaning
(7). Therefore, early-life nutritional intervention has significant
potential in reducing the risk of gastrointestinal infections in
piglets. Furthermore, it promotes growth performance in piglets
(12). Tan et al. (13) reported that pigs with high-feed efficiency
exhibit large numbers of beneficial bacteria in their gut.

Moreover, synthetic milk plays a nutritional role in piglets.
Milk production in sows may not satisfy the demand of piglets
when litters comprise more piglets relative to the number

of productive sow teats. Therefore, some piglets face severe
starvation stress during lactation which ultimately result in
poor growth performance or even death (14). Piglets should
thus be supplied with additional nutritional interventions
to improve growth performance. A previous study reported
that administration of synthetic milk increased body weight
of weaning piglets by 18% (8). In addition, synthetic milk
significantly reduces pre-weaning mortality (15). However, only
a limited number of studies have explored effects of nutritional
interventions on intestinal microbes and growth performance.
Moreover, previous studies reported a wide variation in the
timing of administration of the supplements, the category of
piglets, the type of supplements, and supplementation dosage
(3). Therefore, further studies should explore pre-weaning and
post-weaning nutritional strategies that sustain optimal growth
performance and intestinal health throughout the weaning
process for piglets. The present study thus proposes the
hypothesis: early-life nutrition interventions improve growth
performance and intestinal health by modulating gut microbiota
abundance in piglets. This study thus sought to explore the effects
of early-life nutrition interventions on growth performance
and gut health of piglets, through determination of body
weight, diarrhea rate, weight of visceral organs, effect on
intestinal barrier, expression levels of inflammatory cytokines
in the colon, profiles of microbial metabolites, and colonic
microbiota composition.

MATERIALS AND METHODS

Ethics Statement
All procedures in the current study including animal experiments
and sample collection were approved by the Experimental
Animal Welfare and Ethical Committee of the Institute of
Animal Science, Chinese Academy of Agricultural Sciences
(No. IAS2020-104).

Experimental Design
A total of 12 healthy sows (3–4 years old, 5th−6th parity)
obtained from a commercial farm (Henan, China) along with
their litters were assigned to two groups: the control group
(CON) and the early-life nutrition intervention group (ENI).
Each group comprised a total of 6 sows, and 11 piglets were
selected from each litter. The piglets among the two groups
had similar initial body weight (initial BW = 1.73 ± 0.03 kg).
All sows with suckling piglets were separately housed in closed
farrowing pens and provided with similar commercial diets and
water ad libitum. The environment of the pigpens was kept clean,
ventilated, and regularly disinfected.

All piglets were fed with the same standard creep diet (Table 1)
from 7 to 30 days of age. Newborn piglets in the CON group
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TABLE 1 | Composition and nutrient levels of dietsa.

Ingredient composition, % Diet

CON

Corn 57.00

Full-fat soybean 6.00

Soybean meal 20.00

Fish meal 5.00

Dried whey 5.00

Soybean oil 1.00

CaHPO4 0.50

NaCl 0.30

Limestone 0.51

Choline chloride 0.09

Lysine HCl 0.40

Met 0.10

Thr 0.10

Glucose 1.50

Suger 1.50

Premixb 1.00

Nutrient levels, %

DE (MJ/kg) 14.44

CP 20.68

Lys 1.18

Met 0.37

Total Ca 0.70

Total P 0.55

aDE, digestible energy; CP, crude protein.
bThe premix provided the following per kg of diets: VA: 18,000 IU; VD3: 4500 IU;

VE 22.5mg; VK3: 4.5mg; VB1: 4.32mg; VB2: 12mg; VB6: 4.86mg; VB12: 0.03mg;

nicotinamide: 41.58mg; calcium pantothenate: 33.12mg; folic acid: 1.764mg; biotim:

0.48mg; Cu: 20mg; Fe: 140mg; Zn: 140mg; Mn: 40mg; I: 0.5mg; Se: 0.3 mg.

The synthetic milk was added to the ENI group based on the standard creep diets.

The proximate composition of the synthetic milk (% dry matter): crude protein, 19.50%;

crude lipid, 17.50%; crude ash, 6.00%; crude fiber, 0.00%; calcium, 0.60%; phosphorus,

0.60%; potassium, 1.40%; sodium, 0.50%; Lys, 1.90%; Met+Cys, 0.95%; Thr, 1.00%;

Trp, 0.32%.

were only fed with the standard creep diet. Newborn piglets in
the ENI group were provided with additional synthetic milk, a
supplementary for breast milk from Day 3 to Day 30 of age.
All piglets were weaned on Day 21. Piglets in the ENI group
were allowed free access to synthetic milk before 22 days of age,
whereas the amount of synthetic milk was reduced from 22 to
30 days. Piglets were fed with synthetic milk through feeders.
The synthetic milk and feeders were purchased from Libaowei
Nutrition Technology Co., Ltd (Guangdong, China). Synthetic
milk was treated with ultrahigh temperature methods. Details on
the feedingmode and the nutritional constituents of the synthetic
milk are presented in Figure 1A and Table 1, respectively. The
living weight of all piglets was recorded on Day 3, 21 and Day
30 of age. Incidence of diarrhea of piglets was recorded every
day during the experimental period and the diarrhea rate was
calculated as follows: Diarrhea rate (%) = (the number of piglets
with diarrhea × diarrhea days) / (total number of piglets × total
observational days)× 100 (16).

Sample Collection
Four piglets randomly selected from each group were weighed
at the end of the experiment (Day 30 of the pigs’ age). Blood
samples of 5ml were collected from the anterior vena cava of the
piglets. Blood samples were coagulated for 30min, then serum
was obtained by centrifugation at 3,000 g for 10min at ambient
temperature. Furthermore, plasma was collected using heparin
as an anticoagulant, and the plasma sample was centrifuged for
10min at 3,000 g. The piglets were euthanized under anesthesia
after collection of blood samples. The length of the colon and the
whole intestine was determined. Further, the weight of livers and
spleen was determined. Samples of colonic chyme and mucosa
were collected, immediately transferred to liquid nitrogen, and
stored at −80◦C for subsequent analysis. Colon tissue samples
were fixed in Carnoy’s solution.

Genes Expression Analysis
Total RNA was extracted using TRIzol reagent (Ambion,
UT) from colonic mucosa samples. RNA integrity was by
electrophoresis using 1.0% agarose gel. Nano Drop R© ND-1000
spectrophotometer (Nano-Drop Technologies, Wilmington, DE)
was used to determine quality of RNA. cDNA was synthesized
from RNA using a reverse transcription kit. cDNA samples were
stored at −20◦C for quantitative real-time PCR (qRT-PCR). All
primers were designed by the National Center for Biotechnology
Information (NCBI). Primer sequences are presented in Table 2.
Primers were purchased from Sangon Biotech (Shanghai, China).
qRT-PCR assays were performed using TB Green Premix Ex Taq
(TaKaRa, Kusatsu, Japan) at a final volume of 20 µL containing
10 µl of 2 × Top Green qPCR SuperMix (TransStart R©, Beijing,
China), and 7.8 µl of ddH2O, 0.4 µl of each primer, 1 µl of
diluted cDNA, and 0.4 µl of Passive Reference Dye (50×). xZO-
1, Claudin4, Occludin, TNF-α, IL-1β , MCP-1, IL-8, GALNT1,
B3GNT6, MUC2 mRNA expression levels were explored in
colonic mucosa. Expression levels of the target genes were
normalized to the housekeeping genes β-actin and GAPDH as
endogenous controls. qRT-PCR reaction was programmed as
follows: 94◦C for 30 s, and followed by 40 cycles for 5 s at 94◦C,
30 s at 60◦C and 10 s at 72◦C. Relative expression levels of all
genes were determined using the 2−11CT method (17).

AKP, LPS, and ELISA
AKP activity in serum was determined using commercial reagent
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). LPS level in plasma was determined using the
commercially available Tachypleus amebocyte lysate kit (Chinese
Horseshoe Crab Reagent Manufactory Co., Ltd, Xiamen, China)
following the quantitative Chromogenic Limulus Amebocyte
Lysate assay method.

Protein expression levels of IL-8, IL-6, and TNF-α proteins
in the colonic mucosa were determined using ELISA assay kits
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. A microplate reader (BioTek-ELx808, BioTek
Instruments, Inc., Texas) was used to read the protein bands.
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FIGURE 1 | Effects of early-life nutrition interventions on growth performance and visceral organs in piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The feeding mode diagram. (B) The weight changes of piglets at 3, 21, and 30 days of age in each group. (C) The diarrhea rate of pre-weaning and

post-weaning of piglets. (D) The liver weight of piglets in each group. (E) The spleen weight of piglets in each group. (F) The relative weights of liver to living body

weight. (G) The relative weights of spleen to living body weight. (H) The length of colon in each group. (I) The length of whole intestine. Data are expressed as mean ±

SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

Tissue Sample and Intestinal Morphology
Analysis
Colon tissue was immersed and fixed with Carnoy’s solution
for 24 h. Colon samples were then removed from formalin and
embedded in paraffin. Subsequently, the paraffin blocks were
sectioned to obtain 5µm thick sections using a semi-automatic
microtome (LONGSHOU, China). Sections were stained with
hematoxylin and eosin (H&E) stain (18), and viewed under an

optical microscope. The crypt depth was determined following a
method described by Wang et al. (19).

Further, 5µm thick sections were obtained as described above

and analyzed using the PAS-AB kit (Beijing Solarbio Technology

Co., Ltd, Beijing, China) instructions. Sections were viewed
under an optical microscope, and the amount of goblet cells
was determined using a method reported by Cantero-Recasens
et al. (20).
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TABLE 2 | The nucleotide sequences of primer.

Target gene Forward sequence (5
′

- 3
′

) Reverse sequence (5
′

- 3
′

)

ZO-1 CTCCAGGCCCTTACCTTTCG GGGGTAGGGGTCCTTCCTAT

Claudin4 CAACTGCGTGGATGATGAGA CCAGGGGATTGTAGAAGTCG

Occludin CAGGTGCACCCTCCAGATTG TATGTCGTTGCTGGGTGCAT

TNF-α TAAGGGCTGCCTTGGTTCAG AGAGGTTCAGCGATGTAGCG

IL-1β ATTCAGGGACCCTACCCTCTC CTTCTCCACTGCCACGATGA

MCP1 AAACGGAGACTTGGGCACAT GCAAGGACCCTTCCGTCATC

IL-8 TACGCATTCCACACCTTTC GGCAGACCTCTTTTCCATT

GALNT1 GAGCCCAGTGATGGATGGAT GGGAACACTTGGCCTTTCAG

B3GNT6 CTGGAGTGTTGTCCAGCCAT AGCTAAGGAGCAGCGTCAAG

MUC2 CGCATGGATGGCTGTTTCTG ATTGCTCGCAGTTGTTGGTG

GAPDH GGGCATGAACCATGAGAAGT GGGCATGAACCATGAGAAGT

β-actin GCGTAGCATTTGCTGCATGA GCGTGTGTGTAACTAGGGGT

Analysis of SCFAs Levels
Approximately 0.1 g of colonic chyme and mucosa samples
were separately obtained from each sample. The samples were
suspended in 1mL of ddH2O in 1.5-mL screw capped vials for
analysis of concentration of SCFAs. Concentrations of SCFAs
were determined by gas chromatography as described by Wu
et al. (21).

DNA Extraction, 16S RRNA Gene
Amplification, Sequencing and Analysis
Approximately 0.5–1 g of colonic chyme and colonic mucosa
samples were separately obtained from each sample, and
microbial community genomic DNA was extracted using
E.Z.N.A. R© soil DNA Kit (D5625-02, Omega Bio-Tek Inc.,
Norcross, GA) according to the manufacturer’s instructions.
Genomic DNA samples were stored at −80◦C for subsequent
analysis. Purity and DNA concentration were determined
through 1% agarose gel electrophoresis and NanoDrop2000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA), respectively. V3-V4 regions of bacterial 16S rRNA
gene were amplified using the following primer set: 338F
(5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). The reaction system was
comprised of 4 µl of 5 × FastPfu Buffer, 2 µl of 2.5mM dNTPs,
0.8 µl of each primer (5µM), 0.4 µl of FastPfu polymerase and
10 µl of DNA template. The reactions were performed using
GeneAmp R© 9700 thermal cycler (Applied Biosystems, Foster
City, CA). Amplification process was as follows: denaturation for
3min at 95◦C followed by 27 cycles of 95◦C for 30 s, 55◦C for
30 s, 72◦C for 45 s, and a final extension of 10min at 72◦C. The
amplified fragments were analyzed by electrophoresis on a 2%
agarose gel. The products were then purified with AxyPrep DNA
Gel Extraction Kit (Axygen Bioscience, CA) according to the
manufacturer’s instructions. Raw microbial sequence data were
analyzed and processed at the Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China). Sequences were analyzed and
assigned to operational taxonomic units (OTUs; 97% identity).
The alpha-diversity whose coverage is based on the Chao and
Shannon index within each sample was determined by QIIME

tool (Version 174 1.7.0) (22). Beta diversity was evaluated by
computing the unweighted Unifrac distance and visualized using
principal coordinates analysis (PCoA) plots. LDA effect size
(LEfSe) was used to explore biomarkers that exhibited statistical
differences. The datasets presented in this study were submitted
to the NCBI Sequence Read Archive (SRA) database. The name
of the repository and accession number is [PRJNA779481].

Statistical Analysis
Growth performance, organs weight, intestinal length and
morphology, colonic permeability, mRNA expression, and
concentrations of SCFAs data were subjected to analysis of
variance using SPSS (23.0) software. Student’s t-test was used
to determine differences between two groups. The results
were presented as means ± SEM. The relationships among
the intestinal barrier, inflammatory cytokines, and bacterial
species were explored using Pearson’s correlation analysis and a
correlation matrix was generated. Figures were generated using
GraphPad 8.0 software. ∗ was used to indicate a statistically
significant difference (P < 0.05), and ∗∗ indicated a highly
significant difference (P < 0.01). The P values ranging from 0.05
to 0.1 were also recorded.

RESULTS

Body Weight, Diarrhea Rate, and Organ
Development in Piglets
The results showed that the body weight of piglets in both groups
gradually increased from Day 3 to Day 30. The body weight
of piglets in the ENI group was significantly higher relative to
that of piglets in the CON group at the age of 30 (P < 0.05)
(Figure 1B). Diarrhea rate of piglets in the ENI group was lower
compared with the rate of piglets in the CON group, and the
difference was statistically significant at the post-weaning stage
(P < 0.05) (Figure 1C). Piglets in the ENI group had higher
liver and spleen weight and higher relative weights of liver and
spleen to living body weight compared with those of piglets in the
control group (P < 0.05) (Figures 1D–G). The colon of piglets in
the CON group was longer relative to that of piglets in the ENI
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FIGURE 2 | Effects of early-life nutrition interventions on the intestinal barrier of the colon in piglets. CON, control group, ENI, early-life nutrition interventions group. (A)

The content of LPS in plasma. (B) The activity of AKP in serum. (C) The mRNA expression levels of ZO-1, Occludin, and Claudin4 in the colon. (D) The mRNA

expression levels of GALNT1, B3GNT6, and MUC2 in the colon. Data are expressed as mean ± SEM (n = 4). The independent-samples t-test was used to compare

data between two groups. *P < 0.05.

group, however, the differences were not statistically significant
(Figures 1H,I).

Intestinal Morphology and Intestinal
Barrier of Colonic Mucosa in Piglets
The results showed that the activity of AKP in serum and the level
of LPS in plasma of piglets in the ENI group were significantly
lower compared with those of piglets in the CON group (P
< 0.05) (Figures 2A,B). The findings indicated that early-life
nutrition intervention significantly upregulated expression of
ZO-1, Occludin, Claudin4, GALNT1, B3GNT6, and MUC2 genes
in colonic mucosa at the mRNA level (Figures 2C,D).

Analysis of intestinal morphology did not show any noticeable
pathologic changes in the two groups; however, the number of
goblet cells and crypt depth of piglets was significantly higher in
the ENI group compared with that of the CON group (P < 0.05)
(Figures 3A–C).

Intestinal Inflammation in Colonic Mucosa
of Piglets
Relative mRNA expression levels of MCP-1, TNF-α, IL-1β, and
IL-8 in the ENI group were lower relative to those in the
CON group, however, only the difference in relative mRNA
expression level of MCP-1 was statistically significant (P < 0.05)
(Figure 4A). Protein expression levels of inflammatory cytokines
(TNF-α (P = 0.066), IL-6, and IL-8) in the colonic mucosa
showed a similar trend as the relative mRNA expression levels
of inflammatory cytokines (Figure 4B).

Concentrations of SCFAs in Colonic
Mucosa and Chyme
Concentrations of acetic acid, propionic acid, isobutyric acid,
butyric acid, and valeric acid in colonic mucosa and colonic
chyme of piglets in the ENI group were higher relative to those
of piglets in the CON group (Figures 5A–D,F), however, the
differences were not statistically significant. Concentration of

isovaleric acid in colonic chyme of piglets in the ENI group was
lower compared with that of piglets in the CON group, however,
the difference was not statistically significant (Figure 5E).

Composition of Gut Microbes in Colonic
Chyme and Mucosa Samples From Piglets
Fresh colonic chyme and colonic mucosa were obtained from
piglets, and 16 s rRNA gene sequencing analysis was performed
to explore the effects of early-life nutrition interventions on the
structures and composition of the gut microbiota. The findings
showed no significant difference in Chao index and Shannon
index in colonic mucosa between the two group (Figures 6C,D).
However, Chao index and Shannon index in colonic chyme of
piglets in the CON group were higher compared with those
of piglets in the ENI group (P < 0.05) (Figures 6A,B). PCoA
analysis showed significant differences in phylum and genus
composition between ENI and CON groups (Figures 6E–H).

Microbial community composition at the phylum and genus
level of the two groups is presented in Figures 7A,B,E,F. The
results showed that colonic chyme samples comprised 6 major
phyla including Firmicutes, Actinobacteria, Bacteroidota,
Proteobacteria, Spirochaetota, and Campilobacterota
(Figure 7A). The findings showed that colonic mucosa samples
mainly comprised Desulfobacterota, Deferribacterota, Firmicutes,
Actinobacteria, Bacteroidota, Proteobacteria, Spirochaetota,
and Campilobacterota at the phylum level (Figure 7E). The
proportion of Firmicutes in colonic chyme was higher in the
ENI group compared with that in the CON group, whereas
the proportion of Bacteroidota in colonic chyme was higher in
the CON group relative to that in the ENI group (P < 0.05)
(Figure 7C). Notably, the proportion of the top 6 bacteria in
colonic mucosa was not significantly different between the two
groups (Figure 7G).

Composition of the gut microbiota in the colonic chyme and
colonic mucosa was further analyzed at the genus level. The
proportion ofCatenibacterium in colonic chymewas significantly
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FIGURE 3 | Effects of early-life nutrition interventions on the morphology of the colon and the number of goblet cells. CON, control group, ENI, early-life nutrition

interventions group. (A). HE and PAS staining of colon tissue. (B) The crypt depth of the colon. (C) The number of goblet cells of the colon. Data are expressed as

mean ± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

FIGURE 4 | Effects of early-life nutrition interventions on inflammation in the piglet colon. CON, control group, ENI, early-life nutrition interventions group. (A) The

mRNA expression levels of MCP-1, TNF-α, IL-1β, and IL-8 in colon. (B) The protein expression levels of TNF-α, IL-6, and IL-8 in piglets. Data are expressed as mean

± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.
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FIGURE 5 | Effects of early-life nutrition interventions on concentrations of SCFAs in the colonic mucosa and colonic chyme. CON, control group, ENI, early-life

nutrition interventions group. (A) Acetate acid. (B) Propionic acid. (C) Isobutyric acid. (D) Butyric acid. (E) Isovaleric acid. (F) Valeric acid. Data are expressed as mean

± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

higher in the ENI group (P < 0.05), whereas the proportion
of norank-f-Muribaculaceae in colonic chyme was lower in the
ENI group compared with that of the CON group (P < 0.05)
(Figure 7D) The proportion of the top 10 bacteria in colonic

mucosa was not significantly different between the two groups

(Figure 7H). LEfSe analysis was performed and presented as
LDA score ≥2.0 to further explore the differences in microbiota

composition between the two groups. The results showed that

61 biomarkers (blue bar) were enriched in colonic chyme in

the CON group compared with the levels in the ENI group.
Notably, LEfSe analysis showed that only 5 biomarkers (red bar)

were enriched in colonic chyme of the ENI group, including

Lachnospiraceae, Lachnospirales, Firmicutes, Lactobacillaceae,

and Lactobacillus (Figure 8A). Analysis of colonic mucosa

showed a total of 23 biomarkers in the CON and ENI groups.
The results showed that piglets in the ENI group had a higher
composition ofmicrobiota compared with that in the CON group
(Figure 8B). Notably, Lactobacillus was enriched in colonic
mucosa and chyme.

Relationship Among Intestinal Microbiota,
Intestinal Barrier and Immune-Related
Indexes
The potential association among intestinal microbiota, intestinal
barrier, and immune-related indexes in colonic chyme and
mucosa was explored. The results showed that the proportion
of Lactobacillus in colonic chyme was negatively correlated
with the relative mRNA expression level of MCP-1 and was
positively correlated with the relative mRNA expression levels
of ZO-1, Claudin4, and GALNT1 (Figure 9A). The proportion
of Escherichia-Shigella was positively correlated with the relative
mRNA expression level of IL-8. Moreover, proportions of
Parabacteroides and Actinobacillus were positively correlated
with the relative mRNA expression level of IL-1β , whereas
the proportion of Clostridium-sensu-stricto-6 was negatively
correlated with the relative mRNA expression levels of ZO-1
and Occludin.

Correlation analysis of the intestinal microbiota, intestinal
barrier, and immune-related indexes in colonic mucosa showed
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FIGURE 6 | The analysis of gut microbiota diversity in the colonic chyme and colonic mucosa of piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The Chao index of microbiota in colonic chyme. (B) The Shannon index of microbiota in colonic chyme. (C) The Chao index of microbiota in colonic

mucosa. (D) The Shannon index of microbiota in colonic mucosa. (E) PCoA analysis of microbiota in colonic chyme at the phylum level. (F) PCoA analysis of

microbiota in colonic chyme at the genus level. (G) PCoA analysis of microbiota in colonic mucosa at the phylum level. (H) PCoA analysis of microbiota in colonic

mucosa at the genus level. Data are expressed as mean ± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

similar results to those of colonic chyme (Figure 9B). The
results showed that the proportion of Lactobacillus was
negatively correlated with the relative mRNA expression level
of MCP-1, and was positively correlated with the relative
mRNA expression levels of ZO-1, Claudin4, and GALNT1. The
proportion of Escherichia-Shigella was positively correlated with
the relative mRNA expression levels of IL-8. The proportion of
Parabacteroideswas positively correlated with the relative mRNA
expression level of IL-1β (Figure 10).

DISCUSSION

Previous studies report that dietary changes can alter the
composition of gut microbes in suckling piglets and these
changes can be adjusted by early-life nutrition interventions (3,
23). For example, Sugiharto et al. (11) reported that provision of
synthetic milk to suckling piglets improved the gut microbiome
composition, as well as increased concentration of SCFAs in
the colon. Similar findings were observed in the present study.
The proportion of Firmicutes and Bacteroidetes was significantly
different between the ENI and CON groups. Studies report that
change in microbiota composition is significantly associated with
diet composition. A diet rich in protein and fat increases the
ratio of Firmicutes to Bacteroides in the intestines of animals
or humans (24). The synthetic milk used in the current study
contained high crude protein and crude fat content, which may

be an important reason for the increase in Firmicutes proportion
in the intestine and a decrease in Bacteroides proportion. Most
previous studies mainly focused on microbiota composition
in chyme and fecal samples, and only a few studies explored
the composition of mucosa-associated microbiota (25). Changes
in mucosa-associated microbiota may have significant effects
on host growth and development (25). Therefore, microbiome
composition in chyme andmucosa was explored and a significant
difference was observed between the two sites, both at phylum
and genus levels. This disparity can be attributed to different
substrate availability, and rapid decrease in oxygen gradient from
the outer mucosal layer to the lumen (26, 27). Although the
microbiome composition was different in chyme and mucosa
samples in this study, Lactobacillus was the dominant genus in
the ENI group. Lactobacillus genus is commonly found in food
and intestinal tracts and is a typical probiotic with significant
beneficial effects on gut health. Lactobacillus effectively inhibits
colonization of harmful bacteria in the intestine (28). A high
proportion of Lactobacillus can be attributed to administration of

early-life nutritional interventions, resulting in low proportions

of harmful bacteria, such as Escherichia-Shigella, Actinobacillus,
Clostridium-sensu-stricto-6, Pasteurellaceae, and Parabacteroides.

The period from birth to 30 days old is a transition period

during which the piglet diet is changed from sow milk to solid
foods, and this period represents a delicate moment for piglets
(29, 30). Weaned piglets are more likely to suffer from body
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FIGURE 7 | Gut microbiota community composition in the colonic chyme and colonic mucosa of piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The relative abundances of microbiota in colonic chyme at the phylum level. (B) The relative abundances of microbiota in colonic chyme at the genus level.

(Continued)
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FIGURE 7 | (C) The top 6 bacteria in colonic chyme at the phylum level statistical comparison of the relative abundances. (D) The top 10 bacteria in colonic chyme at

the genus level statistical comparison of the relative abundances. (E) The relative abundances of microbiota in colonic mucosa at the phylum level. (F) The relative

abundances of microbiota in colonic mucosa at the genus level. (G) The top 6 bacteria in colonic mucosa at the phylum level statistical comparison of the relative

abundances. (H) The top 10 bacteria in colonic mucosa at the genus level statistical comparison of the relative abundances. Data are expressed as mean ± SEM

(n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

FIGURE 8 | The differentially abundant taxa among the two groups by LEfSe analysis. CON: control group, ENI: early-life nutrition interventions group. (A) LEfSe

analysis of microbiota in colonic chyme. (B) LEfSe analysis of microbiota in colonic mucosa.

weight loss, appetite slough, and digestive function disorder
during this period (31). Several studies have been conducted
to explore the changes that occur during this period as they
affect production in the pig industry (32). Studies report that
supplementation of additional formula milk improves growth
performance, and reduces incidence of pre-weaning and post-
weaning diarrhea of piglets (7), and the findings show that gut
microbiota play a key role in these changes. The findings of

the present study showed that early-life nutrition interventions
improve body weight gain and reduce diarrhea incidence at
pre-weaning and post-weaning periods of piglets. Early-life
nutrition interventions significantly increased the ratio of liver
to body weight and ratio of spleen to body weight. The ratio
of liver to body weight is widely used as a parameter for
general assessment of liver size or regrowth. The spleen is a
major hematopoietic tissue, and the increased ratio of spleen
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FIGURE 9 | The correlation of intestinal microbiota, intestinal barrier, and immune-related indexes. (A) The correlation of intestinal microbiota, intestinal barrier, and

immune-related indexes in colonic chyme. (B) The correlation of intestinal microbiota, intestinal barrier, and immune-related indexes in colonic mucosa. *P < 0.05.

FIGURE 10 | Early-life nutrition interventions improved growth performance and intestinal health via the gut microbiota in piglets: a possible mechanism.

to body weight is correlated with the hematopoietic function
of the spleen (33). This finding indicates that the condition of
the piglets improved after administration of early-life nutrition

interventions. Lactobacillus was enriched in colonic mucosa and
chyme of piglets. These findings indicate that early-life nutrition
interventions supported growth of beneficial bacteria in the gut
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before and after weaning thus reducing the risk of gastrointestinal
infections, and improved body weight of piglets (3). Moreover,
the proportion of Firmicutes was increased, whereas the
proportion of Bacteroidetes was significantly decreased in the
ENI group relative to that of the CON group. Previous studies
report that the ratio of Firmicutes to Bacteroidetes is an indicator
of obesity (34). Firmicutes are more efficient in absorbing
energy compared with Bacteroidetes, thus they promote more
efficient absorption of calories resulting in weight gain (35).
This finding partially explains the observation that piglets in
the ENI group exhibited better growth performance compared
with the CON group. In addition, studies report that milk
substitutions improve feed intake of piglets (36), which is often
used as a measure of growth performance (37). Therefore,
increase in the weight of piglets in the ENI group can be
attributed to improved feed intake induced by the early-life
nutrition interventions.

The intestine is one of the largest organs in organisms
and plays a role in defending other organs against harmful
agents, and plays key roles in digestion and absorption of
dietary nutrients in the body (38). Nutrients are received from
the outside to the intestine to support the life of animals,
and various harmful pathogens and toxins may attack the
host through the intestine (39). The intestinal barrier plays
an important role in life activities and prevents these harmful
substances from penetrating the intestinal tissue (40). The
results in the current study showed that the relative mRNA
expression levels of tight junction proteins, barrier defense-
related proteins, and key glycosyltransferases were higher in
piglets in the ENI group relative to the levels in piglets
in the CON group. High expression levels of these markers
implied that synthetic milk improves the gut barrier function,
and maintains the intestine at a relatively healthy level (41).
Previous studies used milk as a substitute for sow milk and
the findings showed that it improved intestinal function and
upregulated expression of tight junction proteins. For example,
Jin et al. (42) reported that milk supplementation changes
mRNA expression levels of ZO-1, Occludin, and Claudin-1. The
synthetic milk may potentially harbor specific growth factors
which improved expression of tight junction proteins (42).
Moreover, Lactobacillus may have upregulated gene expression
of tight junction proteins (43). Previous studies report that
Lactobacillus plays a key role in positively protecting the gut
barrier (44). Pearson correlation analysis was conducted to
explore the relationships among the abundances of major gut
flora with the expression of tight junction proteins. Abundance
of Lactobacillus was positively correlated with expression levels
of tight junction proteins explored in the present study. The
MUC2 gene plays an important role in intestinal barrier
protection and is produced and secreted by intestinal goblet
cells (45). Several factors regulate the secretory processes of
MUC2 including cytokines, toxins, microbiota-metabolites, and
microbes such as Lactobacillus (46). The findings of the current
study showed that early-life nutrition interventions increased the
abundance of Lactobacillus in the colon. The production and
secretion of MUC2 may have been stimulated by Lactobacillus
(47). Abundance of Lactobacillus was positively correlated with

the relative mRNA expression levels of MUC2. Furthermore,
early-life nutrition interventions downregulated expression of
inflammatory cytokines in the present study. This was attributed
to increased expression ofMUC2, and decreased enteric leakiness
which in turn reduced contact of intestinal epithelial cells
with harmful substances, and ultimately decreased frequency
of inflammation (48). Previous human and animal studies
indicated that LPS is a strong inducer of proinflammatory
cytokines, and is produced by harmful microorganisms (49).
LPS stimulation upregulates expression of TNF-α, MCP-1, and
IL-10 (50). In the present study, Pearson correlation analysis
showed that abundances of Escherichia-Shigella, Parabacteroides,
Actinobacillus, and Clostridium-sensu-stricto-6 were positively
correlated with expression levels of inflammatory cytokines. The
lower inflammatory cytokines of piglets in the ENI group can be
attributed to the effects of the early-life nutrition interventions
that reduced abundances of proinflammatory bacteria such as
Escherichia-Shigella (51). Previous studies indicate that intestinal
crypt hyperplasia can cause a series of intestinal disorders
(52). The crypt depth of the colon was increased by early-
life nutritional intervention in the present trial. Although
similar results were reported by Greeff et al. (8), the study
did not fully explore the mechanism underlying increase in
crypt length. Further studies should be conducted to explain
this phenomenon.

CONCLUSION

In summary, early-life nutrition interventions through
administration of synthetic milk increased growth performance,
improved gut health, and reduced the diarrhea rate of piglets
in the present study. Intestinal microbes, mainly beneficial
bacteria such as Lactobacillus, play an important role in
these changes. Implementation of this approach and further
studies can improve pig production through reduction of
antimicrobial infections thus improving mortality and morbidity
of piglets.
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Yapeng Yang 1, Yuqing Wang 1, Hang Zhang 1, Miaomiao Dong 1, Yingping Xiao 3*,

Shiyu Tao 1* and Hong Wei 1*

1College of Animal Sciences and Technology, Huazhong Agricultural University, Wuhan, China, 2 State Key Laboratory of

Animal Nutrition, College of Animal Science and Technology, China Agricultural University, Beijing, China, 3 State Key

Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-products, Institute of Agro-product

Safety and Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou, China

There is an interaction and bidirectional selection between dietary intake and gut

microbiota due to the different efficiency of nutrients in the gut. The nutritional

composition of germ-free (GF) diets differs significantly from specific pathogen-free (SPF)

diets. There is, however, no data revealing how SPF animals from the same microbial

background respond to them and if they affect the host. We examined the growth of SPF

mice on the GF diet and found that it reduced body weight, intestinal length and intestinal

morphology. Interestingly, the GF diet increased the level of pro-inflammatory bacteria

in the gut of SPF mice, including Proteobacteria, Burkholderiaceae, Alloprevotella and

Parasutterella. Furthermore, GF diets caused significant increases in malondialdehyde

(MDA), IL-1β, IL-6, and D-lactate levels in the serum of SPF mice and significantly altered

their serum metabolic profile, especially amino acid metabolism. In conclusion, GF diets

are not suitable for the growth and development of SPF mice. These findings, based on

the role of gut microbiota in diet selection, provide new insights into the scientific and

rational use of experimental animal diets.

Keywords: germ-free diet, nutrient, microbiota, metabolism, gut development

INTRODUCTION

Diets are composed of different types and levels of nutrients, which act differently and can cause
considerable changes in the organism. In detail, nutrient deficiencies or excesses affect hormones,
metabolic pathways, gene expression, and the composition and function of gut microbes, altering
the physiology of the host and having a major impact on growth, reproduction, and metabolism
(1). For example, high dietary fat can disrupt the intestinal barrier and lead to inflammation, which
is associated with the development of many diseases such as metabolic disorders and cancer (2–4).
In animals, specific components of the diet such as dietary fiber enhance sow performance and
improve piglet growth through the gut microbiota (5, 6). Therefore, the selection of diets with
different nutrient contents and types in animal experiments may lead to bias in the baseline data
of the experimental animals themselves due to different nutrient supply and animal needs, thus
affecting the scientificity and rationality of the experimental data (7, 8).

The gut microbiota is the largest symbiont community in the body and is considered as an
additional organ which closely related to immunity, nutrient absorption and metabolism and other
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physiological functions (9, 10). The gut microbiota uses nutrients
from the diet as substrates formetabolism, and differentmicrobes
utilize the same diet differently. In turn, diet regulates the
structure of the gut microbiota, so that different diets lead to
microbial differences in the same host background (11). Such
diet-microbiota interactions have beneficial or detrimental effects
on the host by directly altering the microbial structure or by
indirectly altering microbial metabolites (12). Microorganisms
in the gut produce a large number of small molecules through
primary and secondary metabolic pathways, many of which are
dependent on the host’s diet. The most widely studied of these are
short-chain fatty acids (13). Short-chain fatty acids are produced
by fermentation of indigestible foods by gut microorganisms
and play an important role in providing energy, maintaining
intestinal health, and fighting inflammation (14–16). Several
studies have shown the correlation between gut microbiota and
host physiological functions. Anaerobic bacteria in the intestine
form a biological barrier to maintain the normal function of
the intestinal mucosa. The intestinal barrier serves as a physical
and immune defense against toxins, food antigens, and harmful
microbes in the intestinal lumen (17, 18). Intestinal microbial
dysbiosis leads to the impaired intestinal barrier. Furthermore,
dysbiosis of the gut microbiota causes alterations of metabolites,
which translocate from the gut across a disrupted intestinal
barrier to affect various metabolic organs, leading to metabolic
inflammation and oxidative stress and ultimately to disease
(19, 20).

In addition to the regulation of host physiological functions,
the gut microbiota ferments certain components of the diet to
produce nutrients the host needs such as vitamin K, biotin,
pantothenic acid, and pyridoxine (21). As one of the most
important experimental models for studying gut microbiota,
germ-free (GF) animals do not have the ability to synthesize
these nutrients (22, 23). Unlike specific pathogen-free (SPF)
animals, which do not have specific pathogens but a complete gut
microbiota, GF animals do not contain any microorganisms in
their bodies. Therefore, in contrast to SPF animals, the ability
of GF animals to utilize nutrients is compromised (24). The
GF and SPF diets are recognized as diets that are suitable
for two different animals and meet their respective nutritional
requirements. Based on the different physiological characteristics
and nutritional needs of GF and SPF animals, the composition of
their diets is different. For example, The GF diet should be as low
in fiber as possible and nutrients such as vitamins, minerals, and
amino acids should be supplemented additionally compared to
the SPF diet (24, 25). Our laboratory has been studying the diets
of GF animals and has formulated diets that meet the growth and
reproductive needs of GF mice (26). The GF diet has a higher
nutritional content than the SPF diet, both as previously reported
and in the formulas we have created.

Based on the comparison and speculation of the nutrient
composition of the two different diets, we propose the scientific
hypothesis that the gut microbiota in the same host context can
lead to microbial selectivity for diet due to differences in nutrient
preferences, thus causing differences in a range of physiological
functions in the host. Therefore, in this study, we used SPF
mice of the same host microbial background (same strain) as

animal models to investigate the response of the gut microbiota
to the different diets and the differences in metabolism, gut
development, inflammatory and oxidative status and growth due
to the different response profiles.

METHODS AND MATERIALS

Mice
Sixteen 3-week-old male SPF Kunming (KM) mice were
purchased from the Experimental Animal Center of Huazhong
Agricultural University (Wuhan, China). Mice were housed in a
pathogen-free colony (temperature, 25 ± 2◦C; relative humidity,
45–60%; lighting cycle, 12 h/day; light hours 06:30–18:30) with
free access to food and water. All animal experiments and
sample collection procedures were approved by the Institutional
Animal Care and Use Committee of Huazhong Agricultural
University, Hubei, China. All experimental methods in this study
were carried out following the Guide for the Care and Use of
Laboratory Animals at Huazhong Agricultural University. The
animal experiment ethics number for this study is HZAUMO-
2021-0187.

Experiment Design and Sample Collections
Mice from the same genetic and microbiological background
were divided randomly into 2 groups (n = 8/group): (i) mice
were fed SPF diet; (ii) mice were fed GF diet. The SPF diet (lot
number: 21053113) was purchased in Keao Xieli Feed Co., Ltd.
(Beijing, China). The GF diet is manufactured according to our
specially designed formula and sterilized by 50 kGy of Co60-
γ irradiation to completely kill the microorganisms (27, 28).
The GF and SPF diets had the same ingredients but different
ratios, and both were tested for the nutrient content according
to standards before starting to feed the mice. Table 1 lists the
composition and content of both diets. After 7 weeks, mice
were sacrificed to collect the duodenum, jejunum, and ileum
after the mice were euthanized with CO2 inhalation followed by
cervical dislocation to ensure death. Full blood samples of mice
were collected by extirpating eyeballs. The serum was prepared
as follows: the whole blood was left at room temperature for
60min and then centrifuged (3,500 rpm, 15min) to remove any
remaining insoluble material. The serum is then stored at−80◦C.
The lengths of the small intestine and colon were measured
and the duodenum, jejunum and ileum segments obtained were
fixed in 4% paraformaldehyde for hematoxylin-eosin staining.
Before sacrifice, fresh feces from each mouse were collected for
the microbial sequencing. Measurement of mice weight at the
beginning of the experiment (3 weeks old) and before sampling
(10 weeks old).

Hematological Parameters Testing
Whole blood was collected in 5mL EDTA anticoagulation tubes.
Hematology analyzer VETSCAN HM5 (Abaxis, Inc., Union
City, CA, USA) was used to test hematological parameters. The
following hematological parameters were measured: white blood
cell (WBC), lymphocyte count (LYM), monocyte count (MON),
neutrophil count (NEU), red blood cell (RBC), hemoglobin
(HGB), hematocrit (HCT), mean cell volume (MCV), mean
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TABLE 1 | Ingredient composition of the GF diet and SPF diet.

Nutrient levels GF diet SPF diet Nutrient levels GF diet SPF diet

Nutrient level Crude protein, g/kg 227.10 231.00 Amino acid Lysine, g/kg 9.50 13.90

Crude fat, g/kg 66.50 48.00 Tryptophan, g/kg 1.20 2.50

Crude fiber, g/kg 22.00 41.00 Arginine, g/kg 12.60 12.00

Crude ash, g/kg 55.50 70.00 Leucine, g/kg 14.25 17.60

Moisture, g/kg 69.00 79.00 Isoleucine, g/kg 6.00 11.00

Energy, Kcal/kg 3820.00 3440.00 Threonine, g/kg 8.00 9.00

Vitamins Vitamin A, IU/kg 9555.00 20000.00 Valine, g/kg 9.40 11.90

Vitamin D, IU/kg 1445.00 1667.00 Histidine, g/kg 4.35 5.60

Vitamin E, mg/kg 82.70 182.00 Minerals Calcium, g/kg 10.70 12.10

Vitamin K, mg/kg 2.03 8.00 Total phosphorus, g/kg 11.40 7.90

Vitamin B1, mg/kg 8.05 20.23 Natrium, g/kg 0.09 2.83

Vitamin B2, mg/kg 12.60 20.00 Magnesium, g/kg 2.30 2.80

Vitamin B6, mg/kg 10.80 15.00 Potassium, g/kg 0.70 8.20

Vitamin B12, mg/kg 0.03 0.03 Copper, mg/kg 18.00 12.41

Niacin, mg/kg 58.80 70.00 Iron, mg/kg 156.0 158.6

Pantothenic Acid, mg/kg 25.30 25.00 Manganese, mg/kg 426.50 88.10

Biotin, mg/kg 0.16 0.30 Zinc, mg/kg 138.00 50.70

Folic Acid, mg/kg 4.62 10.0 Iodine, mg/kg 0.03 0.90

cell hemoglobin (MCH), mean cell hemoglobin concentration
(MCHC), red cell distribution width (RDW), platelet count
(PLT), mean platelet volume (MPV), thrombocytosis (PCT)
and platelet distribution width (PDW). The lymphocyte ratio
(LYM%), monocyte ratio (MON%) and neutrophil ratio (NEU%)
were calculated from the above assay values.

Hematoxylin-Eosin Staining and Analysis
After fixation with 4% paraformaldehyde for 24 h, the
duodenum, jejunum, and ileum samples were embedded in
paraffin, sectioned and stained with hematoxylin for histological
analysis. Determination of villus height and crypt depth were
performed using CaseViewer software (version 220 2.2) at 200×
magnification. Three tissue sections from each mouse were
coded and examined by 2 professionals to prevent observer bias.

Growth, Intestinal Permeability, Immune
and Oxidative Stress Markers Testing
The ELISA kits (Shanghai Enzyme-linked Biotechnology,
Shanghai, China) were used to detect various types of indicators
in serum including growth-related hormones, inflammatory
factors, oxidative stress indicators, and intestinal barrier
indicators, according to the manufacturer’s instructions.
Growth-related hormones included Growth hormone (GH) and
Insulin-like growth factor 1 (IGF-1). Inflammatory cytokines
included tumor necrosis factors-α (TNF-α), interleukin-1β
(IL-1β), interleukin-6 (IL-6), and interleukin-8 (IL-8), oxidative
stress indicators included superoxide dismutase (SOD) and
malondialdehyde (MDA), diamine oxidase (DAO) and D-
lactate (D-LA) were indicators of intestinal permeability.
Besides, two immunoglobulins, Immunoglobulin A (IgA) and
Immunoglobulin G (IgG) were also measured in serum.

Bacterial DNA Extraction, 16S rRNA Gene
Amplification and Sequencing
Fecal samples were collected and immediately frozen at
−80◦C. Total DNA was extracted from each fecal specimen
by using the QIAamp R Fast DNA Stool Mini Kit (Qiagen
Ltd., Germany) following the manufacturer’s instructions.
The V3–V4 region of the 16S rRNA gene was amplified

with primers: 338F (5
′

-ACTCCTACGGGAGGCAGCA-3
′

) and
806R (5

′

-GGACTACHVGGGTWTCTAAT-3
′

). The amplified
products were detected using agarose gel electrophoresis (2%
agarose), recovered by AxyPrep DNA Gel Recovery Kit
(Axygen Biosciences, Union City, CA, United States), and
then quantified by Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, United States) to pool into equimolar
amounts. Paired-end library was constructed using NEXTFLEX
Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA) and MiSeq
Reagent Kit v3 (Illumina, San Diego, CA, USA) were used
for sequencing. Amplicon libraries were sequenced on the
Illumina MiSeq 2500 platform (Illumina, San Diego, CA,
USA) for paired-end reads of 250 bp. The raw reads were
deposited into the NCBI Sequence Read Archive database
(accession number: PRJNA768608): https://dataview.ncbi.nlm.
nih.gov/object/PRJNA768608. The specific information of the
raw sequencing data were listed in Supplementary Table S1.

Detection of Serum Metabolomics
The untargeted metabolomics profiling was performed on
XploreMET platform (Metabo-Profile, Shanghai, China). Briefly,
samples were thawed and centrifuged to separate the fragments.
Mix 50 µl of sample and 10 µl of internal standard and add
175 µL of pre-cooled methanol/chloroform. After centrifugation
200 µl of supernatant was transferred to an autosampler vial
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(Agilent Technologies, Foster City, CA, USA). The sample was
evaporated using a CentriVap vacuum concentrator (Labconco,
Kansas City, MO, USA) to remove the chloroform and
the sample was further freeze-dried. Dried samples were
derivatized with 50 µL of methoxylamine (20 mg/mL pyridine)
for 2 h at 30◦C, followed by the addition of 50 µL of
MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamide) with
1% trimethylchlorosilane (TMCS) containing fatty acid methyl
ester (FAMEs) as a retention index at 37◦C. The samples were
left for a further 1 h at 5◦C using the sample preparation head.
In the meantime, the derivatized samples were injected with a
sample injection tip. Each sample was introduced onto a time-of-
flight mass spectrometry (GC-TOF/MS) system (Pegasus) with
an Agilent 7890B gas chromatograph for GC-TOFMS analysis.

Statistical Analysis
16S raw sequencing reads were demultiplexed according to
sample-specific barcode (6–8 nucleotides) and imported into
the QIIME2 platform (version 2020.2) (29). Quality control
and denoising were performed simultaneously using DADA2

with default parameters to generate ASVs (30). All ASVs were
classified against the silva 132 database by naïve Bayes classifier
constructed by scikit-learn software (31). α-and β-diversity were
calculated using the vegan package (version 2.5-6) inside R. PCoA
was performed using weighted Bray-Curtis distance metrics.
PERMANOVA was used to evaluate factors shaping microbiota
by using the adonis function of the “vegan” package (999
permutations). Differential taxa were identified by LefSe (32)
and function prediction was performed with PICRUSt2 (version
2.4.1) (33).

The metabolomics raw data were processed using

ChromaTOF (V4.71, Leco Corp., St. Joseph, MO, USA) for

automatic baseline denoising and smoothing, peak picking,
deconvolution, and peak alignment. Compound identification

was performed by comparing MS similarity and FAMES

retention index distances with reference standards in JiaLib.
Statistical analysis includes multivariate statistical analysis such
as principal component analysis (PCA), partial least squares
discriminant analysis (PLS-DA), etc., and univariate statistical
analysis including Student t-test, Mann-Whitney-Wilcoxon

FIGURE 1 | Effect of GF diet on body weight and small intestine and colon length of SPF mice. (A) Initial body weight, (B) Final body weight, (C) Body weight change

(%), (D) Small intestinal length, (E) Colonic length, (F) Colonic illustrate, and (G) Small intestinal illustrate. The unpaired t-test was used to determine whether

differences existed between the two groups, *P < 0.05, **P < 0.01. All data are shown as mean ± SEM (n = 8).
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(U-test), etc. All P-values were adjusted for false discovery rate
(FDR). Statistical algorithms were performed using the widely
used statistical analysis package in R Studio (http://cran.r-
project.org/).

The differential bacteria and metabolites screened by lefSe
were combined according to the group and imported into R.
Rcorr function was used to calculate the Pearson correlation
coefficient and P-value. The differential bacteria were classified
by group and metabolites were classified by class, and the
classified data were imported into R for heat mapping using the
“Pheatmap” package (1.0.8).

All data were presented as means ± SEM. Data were tested
for normal distribution and statistical significance was assessed
by the independent sample t-test using SPSS (SPSS version 20.0
for Windows; SPSS Inc., Chicago, IL, USA) software. Data were
considered statistically significant when P < 0.05.

RESULTS

GF Diet Intake Reduces Body Weight and
Shortens the Length of the Small Intestine
and Colon in SPF Mice
In the present experiment, the initial body weights of the
SPF diet and GF diet group were almost identical (P > 0.05;

Figure 1A). Compared with SPF diet mice, GF diet mice had
significantly lower final body weight and rate of weight change
(P < 0.01; Figures 1B,C) and significantly shorter lengths of the
small intestine (P < 0.05; Figures 1D,G) and colon (P < 0.01
Figures 1E,F).

GF Diet Intake Causes Deterioration of
Intestinal Morphology in SPF Mice
To investigate the effect of the GF diet on the intestinal
morphology of mice, the duodenum, jejunum and ileum were
stained with HE (Figures 2A–C). Compared with SPF Diet, the
villi length of the duodenum, jejunum and ileum of GF diet
mice was significantly lower (P < 0.05; Figures 2D–F). The crypt
depth of ileum was reduced (P < 0.05; Figure 2I) and there
was no change in duodenal and jejunal crypt depth (P > 0.05;
Figures 2G,H). No difference in villi length/crypt depth ratio in
duodenum, jejunum and ileum (P > 0.05; Figures 2J–L).

GF Diet Intake Alters Hematological
Parameters in SPF Mice
Hematological parameters were examined using anticoagulated
blood from mice on the GF diet and SPF diet groups. The results
revealed that LYM% and RDWs were significantly lower and
MON, MON% and NEU% were significantly higher in the GF

FIGURE 2 | Effect of GF diet on intestinal morphology of SPF mice. Hematoxylin and eosin staining of (A) Duodenum, (B) Jejunum, and (C) Ileum. (D) Villus length of

duodenum. (E) Villus length of jejunum, (F) Villus length of ileum, (G) Crypt length of duodenum. (H) Crypt length of jejunum, (I) Crypt length of ileum, (J) Villus/Crypt

analysis of duodenum. (K) Villus/Crypt analysis of jejunum, (L) Villus/Crypt analysis of ileum. The unpaired t-test was used to determine whether differences existed

between the two groups, *P < 0.05. Data are shown as mean ± SEM (n = 6).
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TABLE 2 | Effect of GF diet and SPF diet on hematological parameters in mice.

Index/unit GF diet SPF diet P-value

WBC/109/L 3.40 ± 1.77 3.45 ± 1.26 0.948

LYM/109/L 2.15 ± 1.67 2.52 ± 0.81 0.589

LYM%/% 57.73 ± 18.46 73.50 ± 4.70 0.030

MON/109/L 0.23 ± 0.11 0.13 ± 0.02 0.328

MON%/% 8.23 ± 4.44 4.21 ± 1.40 0.034

NEU/109/L 1.02 ± 0.36 0.80 ± 0.49 0.029

NEU%/% 34.06 ± 14.4 22.26 ± 5.45 0.048

RBC/1012/L 9.10 ± 2.58 10.74 ± 1.48 0.139

HGB/g/dl 11.20 ± 4.08 13.59 ± 1.55 0.144

HCT/% 42.40 ± 13.06 51.58 ± 5.78 0.090

MCV/fl 46.63 ± 3.46 48.13 ± 2.59 0.343

MCH/pg 12.00 ± 1.83 12.73 ± 1.10 0.353

MCHC/g/dl 25.81 ± 3.83 26.38 ± 1.62 0.708

RDWc/% 19.00 ± 0.76 19.48 ± 1.56 0.452

RDWs/fl 33.21 ± 1.93 35.36 ± 1.29 0.020

PLT/109/L 509.88 ± 145.31 569.88 ± 175.30 0.468

MPV/fl 7.45 ± 1.23 6.98 ± 0.33 0.309

PCT/% 0.39 ± 0.17 0.40 ± 0.13 0.884

PDWc/% 33.14 ± 3.45 31.39 ± 2.58 0.270

PDWs/fl 11.83 ± 4.05 10.08 ± 2.05 0.294

WBC, White blood cell; LYM, Lymphocyte count; LYM%, Lymphocyte ratio; MON,

Monocyte count; MON%, Monocyte ratio; NEU, Neutrophil count; NEU%, Neutrophil

ratio; RBC, Red blood cell; HGB, Hemoglobin; HCT, Hematocrit; MCV, Mean cell volume;

MCH, Mean cell hemoglobin; MCHC, Mean cell hemoglobin concentration; RDWc, Red

cell distribution width (CV), RDWs, Red cell distribution width (SD); PLT, Platelet count;

MPV, Mean platelet volume; PCT, Phrombocytosis; PDWc, Platelet distribution width (CV);

PDWs, Platelet distribution width (SD).

diet group compared to the mice in the SPF diet group (P < 0.05;
Table 2), with no differences in WBC, LYM, NEU, RBC, HGB,
HCT, MCV, MCH, MCHC, RDWc, PLT, MPV, PCT, PDWc, and
PDWs (P > 0.05; Table 2).

GF Diet Intake Alters Intestinal
Permeability and Induces Inflammatory
Responses
To investigate the effects of the GF diet on growth, immunity,
inflammation, oxidative stress, and intestinal permeability in SPF
mice, we measured the serum parameters. The levels of MDA, IL-
1β, IL-6, and D-lactate were found to be significantly higher in
the GF diet mice than in the SPF diet (P < 0.05; Figures 3A–D),
while the remaining indicators were not statistically different (P
> 0.05; Figures 3E–L).

GF Diet Intake Changes the Fecal
Microbiota of SPF Mice
Feces from two groups of mice were collected to examine
the differences in fecal microbiota between the GF diet and
SPF diet group. Assessment of microbiota composition and
diversity of mouse fecal samples by deep sequencing of the
V3–V4 region of the 16S rRNA gene. A total of 844,103
high-quality 16S rRNA gene sequences were obtained from 16
fecal samples. The average number of high-quality sequences

generated per sample was 52,756. The microbial α-diversity
in the fecal samples of both groups is shown in Figure 4A.
The observed fecal microbial species, Chao1, ACE, Shannon,
Simpson, and J indices did not change significantly between
the SPF diet and GF diet group (P > 0.05; Figure 4A). PCoA
based on Bray-Curtis distance showed that the structure of the
fecal microbial community was similar in both groups of mice
(Figure 4B). The relative abundance of fecal microbiota levels
indicated that Firmicutes, Bacteroidetes, and Actinobacteria were
predominant in the feces of both groups of mice (Figure 4C). At
the genus level, as shown in Figure 4D, Lactobacillus, uncultured
bacterium, Bifidobacterium, and Bacteroides were the dominant
genera in both groups of mice (Figure 4D). Using LefSe analysis
of gut microbial abundance in all samples, bacteria with P
< 0.05 and LDA > 2.0 were screened, and we identified 16
different levels of differential bacteria (P < 0.05; Table 3). At
the phylum level, the abundance of Firmicutes was reduced
and Actinobacteria and Proteobacteria were increased in the
GF diet group. At the genus level, the relative abundances
of Negativibacillus, Alloprevotella, Parasutterella, uncultured
bacterium, and Bifidobacterium were significantly elevated and
Ruminiclostridium and Enterococcus were significantly reduced
in the feces of the GF diet group compared with those from
the SPF diet group (Figure 4E). Besides, at other different levels,
the abundance of Gammaproteobacteria, Betaproteobacteriales,
Burkholderiaceae, and gut metagenome increased significantly
in the GF diet group, while uncultured rumen bacterium and
Lactobacillus gasseri decreased significantly (Figure 4E).

Next, we used PICRUSt2 to assess the functional content
of the microbiota based on the 16S data. A total of 14
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology
including related to Metabolism and Environmental Information
Processing showed differences between GF diet and SPF diet
group (P < 0.05; Supplementary Table S2). A significantly
higher production capacity of biosynthesis of amino acids,
biosynthesis of secondarymetabolites, biosynthesis of antibiotics,
metabolic pathways, phenylalanine, tyrosine and tryptophan
biosynthesis, 2-Oxocarboxylic acid metabolism, cysteine and
methionine metabolism and histidine metabolism was observed
in the GF diet group. However, compared with the SPF
diet group, phosphotransferase system (PTS), starch and
sucrose metabolism, glycolysis/gluconeogenesis, amino sugar
and nucleotide sugar metabolism, fructose and mannose
metabolism, the two-component system showed significantly
lower in the GF diet group (Figure 4F).

GF Diet Intake Changes Metabolic Profiles
of Serum in SPF Mice
Serum from both groups of mice was collected for non-targeted
metabolomic analysis on the GC-TOF/MS platform and a total
of 144 metabolites were identified. The classes of metabolites
identified and the number of metabolites in each class were
shown in Figure 5A. The main metabolites detected were amino
acids (42.07%), carbohydrates (16.51%), organic acids (13.53%),
and fatty acids (11.22%). PCA was used to observe within-
and between-group sample variability and possible outliers.
The PCA score plot found a significant difference between
the GF diet and SPF diet groups, indicating that the different
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FIGURE 3 | Effect of GF diet on intestinal permeability, inflammatory response, oxidative stress, hormones and immune factors. (A) Malondialdehyde (MDA), (B)

Interleukin-1β (IL-1β), (C) Interleukin-6 (IL-6), (D) Diamine oxidase (DAO), (E) Superoxide dismutase (SOD), (F) D-lactate (D-LA), (G) Tumor necrosis factors-α (TNF-α),

(H) Interleukin-8 (IL-8), (I) Immunoglobulin A (IgA), (J) Immunoglobulin G (IgG), (K) Growth hormone (GH), and (L) Insulin-like growth factor 1 (IGF-1) contents in serum

of SPF mice. Values are presented as mean ± SEM (n = 5). Statistical significance was calculated using unpaired t-test, *P < 0.05; **P < 0.01.

dietary treatments had a significant effect on serum metabolites
(Figure 5B). Analysis of the various metabolites in the two
groups of samples revealed significant differences in nucleotide
and vitamin-related metabolites (P < 0.05; Figure 5C) and
extremely significant differences in indole-related metabolites (P
< 0.01; Figure 5C). Single and multidimensional tests were used
to obtain the differential metabolites between the two groups and
a total of 39 differential metabolites were identified (P < 0.05,
Table 4). The major differential metabolites among the different
dietary treatments were amino acids and carbohydrates, followed
by organic acids and fatty acids, and others (Figure 5D).

For amino acids, the GF diet significantly increased the
content of valine, leucine, and aminoadipic acid (P < 0.05)
and extremely significantly increased the content of alpha-
Aminobutyric acid (P < 0.01), while significantly decreasing
the content of histidine, tryptophan and pipecolic acid (P <

0.05) and extremely significantly decreasing the content of serine
and taurine (P < 0.01) compared with the SPF diet group. For
carbohydrates, all metabolites were significantly higher (P <

0.05) in the GF diet group compared to the SPF diet group,
except for mannitol, which was significantly lower in the GF diet

group (P < 0.05). For organic Acids, similar to carbohydrates, all
metabolites were elevated in the GF diet group except for lactic
acid (P < 0.05). For fatty acids, all metabolites were increased in
the GF diet group compared to the SPF diet (P < 0.05).

Through pathway analysis, all metabolites were mapped
onto 32 KEGG metabolic pathways (Supplementary Table S3).
Removing the pathways with an impact value of 0, 27 KEGG
metabolic pathways were finally identified including amino
acid metabolism (14 metabolites), carbohydrate metabolism
(7 metabolites), metabolism of cofactors and vitamins (2
metabolites), metabolism of other amino acids (2 metabolites),
lipid metabolism (2 metabolites), and nucleotide metabolism (2
metabolites) (Figure 5E).

Correlations Between Gut Microbiota and
Metabolites, Hematological Parameters,
and Intestinal Length
Next, we screened for differential metabolites by different
classes and investigated potential associations between all levels
of differential gut microbiota and metabolites, hematological

Frontiers in Nutrition | www.frontiersin.org 7 January 2022 | Volume 8 | Article 813757180

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


Wu et al. Microbiota Response to Different Diets

FIGURE 4 | Effect of GF diet on fecal microbial community of SPF mice. (A) Fecal microbial α-diversity. (B) Principal coordinates analysis (PCoA) based on the total

OTUs. The phylum (C) and the genus (D) in relative abundance of the fecal microbiota. (E) Identification of differential bacterial taxa by LefSe tool (LDA score > 2.0).

The length of the column is proportional to the taxa abundance. (F) Assess the functional content of microbiota.
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TABLE 3 | All levels of differential bacteria in the feces between the GF diet group

and the SPF diet group.

Microbial taxa LDA Enrichment P-value

p_Actinobacteria 4.865 GF diet 0.001

p_Firmicutes 5.055 SPF diet 0.046

p_Proteobacteria 3.575 GF diet 0.013

c_Gammaproteobacteria 3.577 GF diet 0.007

o_Betaproteobacteriales 3.541 GF diet 0.027

f_Burkholderiaceae 3.541 GF diet 0.027

g_Alloprevotella 3.295 GF diet 0.027

g_Bifidobacterium 4.852 GF diet 0.008

g_Enterococcus 2.931 SPF diet 0.011

g_Negativibacillus 3.112 GF diet 0.027

g_Parasutterella 3.540 GF diet 0.027

g_Ruminiclostridium 2.960 SPF diet 0.027

g_unculted bacterium 4.571 GF diet 0.036

s_gut metagenome 3.295 GF diet 0.027

s_Lactobacillus gasseri 4.692 SPF diet 0.027

s_uncultured rumen bacterium 3.152 SPF diet 0.008

p, Phylum; c, Class; o, Order; f, Family; g, Genus; s, Species.

parameters and intestinal length. As shown in the heatmap in
Figure 6, Actinobacteria and Bifidobacterium ware significantly
positively related to leucine, aminoadipic acid, threonic acid,
fructose 6-phosphate, glucose 6-phosphate, myristic acid, 11Z-
Eicosenoic acid, Behenic acid 3-Hydroxybutyric acid, DHA
and glycolic acid while significantly negatively related to
taurine, tryptophan, mannitol, and xanthosine. Moreover,
another bacterium that significantly affects metabolites is
Alloprevotella, which was significantly positively to glucose 6-
phosphate, DHA, Glycolic acid and 2-Hydroxybutyric acid
while significantly negatively related to taurine, histidine,
tryptophan, andmannitol. For hematological parameters, Several
bacteria from Proteobacteria (Parasutterella, Burkholderiaceae,
Betaproteobacteriales, Gammaproteobacteria) were significantly
positively correlated with MON% and negatively correlated with
RDWs. For intestinal length, Negativibacillus was significantly
negatively related to the length of the small intestine and colon.

DISCUSSION

Extensive studies of the gut microbiota have shown that diet
can regulate the composition and function of the microbial
community in the intestine (11, 34–36). Furthermore, diet drives
the metabolism of the gut microbiota, making metabolites a
link between diet and different physiological states (13, 37,
38). A notable example is that high-fat diet can alter the
microbiota structure and metabolic profile of mice, leading to
an inflammatory response and impairment of intestinal barrier
function (3, 4). In our study, we measured the actual nutrient
content in GF and SPF diets. Althoughwe addedmore nutritional
ingredients to the GF diet, we found that the nutrient content
of the GF diet was lower than that of the SPF diet. This is

because high dose irradiation leads to nutrient loss in the GF diet.
Consistent with previous reports, we found that irradiation led to
a reduction in vitamins, amino acids, and some minerals in the
GF diet (27, 28, 39).

Diets with different nutrient contents lead to differences in
the microbiota and metabolic profile of the organism (7, 40).
In the present study, we observed differences in gut microbiota
and serum metabolism in SPF mice due to GF diet. For gut
microbiota, the relative abundance of Firmicutes was reduced
and the abundance of Bacteroidetes was increased in the GF diet
group. This is possibly due to the low fiber content of the GF
diet. Previous studies have shown that the fiber content of the
diet correlates with the ratio of Firmicutes/Bacteroidetes, with the
lower the fiber content, the higher the Firmicutes/Bacteroidetes
ratio (41). Furthermore, we found that the abundance of
several inflammation-associated microbiotas was significantly
upregulated in the GF diet group, including Proteobacteria,
Burkholderiaceae, Alloprevotella, and Parasutterella. Studies have
previously shown that Proteobacteria and Parasutterella are
associated with dysbiosis of the gut microbiota and chronic
inflammation of the gut (42–44). Burkholderiaceae is associated
with the development of Inflammatory bowel disease (IBD)
(45) and Alloprevotella associated with metabolic disorders
due to unhealthy diet (46). These suggested that the GF
diet affects the intestine by increasing harmful bacteria in
the gut. By metabolomic analysis, we found that the GF
diet resulted in different metabolic patterns in the serum.
For specifically affected metabolites, the GF diet increased
the content of alpha-aminobutyric acid, valine, leucine, and
aminoadipic acid compared with the SPF diet. Increased levels
of alpha-aminobutyric acid are thought to be a marker for a
range of diseases (47, 48). Valine and leucine are branched-
chain amino acids (BCAA) and recent studies have reported
a role for BBCA in the development of diseases such as type
2 diabetes (T2D), IBD, and cardiovascular disease (49, 50).
Moreover, we observed differences in the KEGG metabolic
pathway between the GF diet and SPF diet groups mainly in
amino acid metabolism. Besides the low amino acid content
observed in GF diet, amino acid imbalance may also have a
detrimental effect on SPF mice. Amino acid imbalance causes
many diseases of the body (51). Recent studies have shown
that imbalance of amino acids, especially the ratio of BCAA
to non-BCAA (especially tryptophan and threonine) altered
the whole-body metabolism in mice (52). Further analysis
revealed that Actinobacteria, Bifidobacterium, Negativibacillus,
Alloprevotella, and gut metagenom were negatively related to
the abundance of Taurine, Histidine, and Tryptophan, while
Actinobacteria and Bifidobacterium were positively correlated
with several BCAAs. This suggests that alterations in specific
bacteria disrupt the amino acid balance and thus lead to changes
in the metabolic profile.

MON are circulating white blood cells that are important
in both innate and adaptive immunity and play a major role
in immune defense, inflammation and tissue remodeling (53).
The numbers of MON increase during acute infection and
inflammation (54). We found an increase in the number of MON
in the GF diet group. We also measured several serum indicators
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FIGURE 5 | Effect of GF diet on metabolic profiles of serum in SPF mice. (A) Distribution of metabolite classes. (B) Principal component analysis (PCA) score plot of

all samples. (C) Distribution of the relative abundance of metabolites of each Class in different groups. (D) Heatmap of the potential biomarkers. The relative

abundance values of metabolites in different samples are depicted by color intensity. (E) Pathway analysis bubble plot. The horizontal coordinate is the extent to which

the pathway is affected, and the number of differential metabolites in the pathway is represented by graphs of different sizes. The P-values calculated by the

enrichment analysis are described in terms of color intensity.
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TABLE 4 | Altered metabolites in the serum between GF diet and SPF diet groups.

Metabolite Class GF diet SPF diet P-value

alpha-Aminobutyric acid Amino acids 4.40 ± 1.36 2.27 ± 0.43 0.003

Valine Amino acids 292.13 ± 51.84 202.03 ± 77.99 0.010

Leucine Amino acids 311.77 ± 53.72 266.14 ± 19.39 0.028

Serine Amino acids 81.38 ± 24.34 123.96 ± 15.43 0.002

Taurine Amino acids 208.34 ± 134.03 358.64 ± 28.76 0.005

Aminoadipic acid Amino acids 1.52 ± 0.50 1.02 ± 0.35 0.050

Histidine Amino acids 16.75 ± 14.61 33.27 ± 8.73 0.025

Tryptophan Amino acids 215.32 ± 18.35 235.34 ± 15.87 0.047

Pipecolic acid Amino acids 7.93 ± 2.17 12.16 ± 3.08 0.011

Threonic acid Carbohydrates 3.41 ± 0.89 2.58 ± 0.33 0.028

Erythronic acid Carbohydrates 51.74 ± 13.75 37.79 ± 8.90 0.044

Glucosamine-1P Carbohydrates 1.75 ± 0.31 0.84 ± 0.19 0.000

Mannitol Carbohydrates 18.70 ± 2.89 24.21 ± 4.39 0.017

Fructose 6-phosphate Carbohydrates 1.42 ± 0.34 0.93 ± 0.43 0.033

Glucose 6-phosphate Carbohydrates 2.71 ± 0.73 1.53 ± 0.72 0.009

Myristic acid Fatty acids 10.02 ± 1.18 7.55 ± 2.43 0.036

Heptadecanoic acid Fatty acids 6.91 ± 1.09 5.14 ± 0.83 0.005

Oleic acid Fatty acids 187.58 ± 31.14 146.53 ± 22.40 0.007

11Z-Eicosenoic acid Fatty acids 3.88 ± 0.73 2.65 ± 0.51 0.003

DHA Fatty acids 1.92 ± 0.14 1.30 ± 0.48 0.010

Behenic acid Fatty acids 0.56 ± 0.08 0.44 ± 0.08 0.019

Lactic acid Organic acids 365.47 ± 52.72 440.38 ± 49.46 0.016

Glycolic acid Organic acids 29.80 ± 7.16 20.71 ± 2.71 0.010

2-Hydroxybutyric acid Organic acids 7.68 ± 2.16 3.16 ± 0.68 0.000

3-Hydroxybutyric acid Organic acids 477.18 ± 147 306.36 ± 105.92 0.027

3,4-Dihydroxybutyric acid Organic acids 1.35 ± 0.20 0.69 ± 0.12 0.000

2,4-Dihydroxybutanoic acid Organic acids 12.09 ± 1.49 5.88 ± 0.80 0.000

Erythritol Alcohols 3.32 ± 0.49 2.84 ± 0.29 0.047

Pinitol Alcohols 0.16 ± 0.05 0.55 ± 0.20 0.000

Inositol-4-phosphate Alcohols 22.02 ± 2.79 18.63 ± 2.30 0.027

Maleimide Alkylamines 9.19 ± 1.73 11.42 ± 2.05 0.046

3-Amino-2-piperidone Alkylamines 3.89 ± 1.31 5.83 ± 1.47 0.021

Spermidine Alkylamines 0.22 ± 0.10 0.46 ± 0.14 0.004

Pseudouridine Nucleotides 6.46 ± 0.92 4.24 ± 0.44 0.000

Uridine Nucleotides 0.80 ± 0.28 0.39 ± 0.16 0.007

Xanthosine Nucleotides 0.07 ± 0.02 0.12 ± 0.03 0.002

Niacinamide Vitamins 14.94 ± 2.77 23.49 ± 4.68 0.022

alpha-Tocopherol Vitamins 4.40 ± 1.36 2.27 ± 0.43 0.010

Serotonin Indoles 292.13 ± 51.84 202.03 ± 77.99 0.001

related to inflammation and found significantly higher levels of
IL-1β and IL-6 in the GF diet group. IL-1β and IL-6 are key
mediators of the inflammatory response (55). IL-1β affects T
cell maturation and the proliferation of B cells. Besides, IL-1β
promotes the expression of several inflammatory molecules such
as nitric oxide and phospholipase A2 (56, 57). IL-6 is involved
in the regulation of the acute phase response to injury and
infection. Its dysregulation is associated with the development
of various diseases such as IBD, multiple sclerosis and various
cancers (58). Our data showed that IL-1β and IL-6 levels were
significantly increased in the serum of GF diet mice. The RDW

reflects the degree of heterogeneity of erythrocyte volume. The
increase in RDW reflects a severe disruption of erythrocyte
homeostasis and may be attributable to a variety of underlying
metabolic abnormalities such as oxidative stress, inflammation,
malnutrition and erythrocyte ruptured (59). We found RDWwas
significantly increased in the GF diet group of mice. Another
indicator of oxidative stress observed to be significantly increased
in the GF diet group was MDA. MDA is a metabolic product of
free radical-induced peroxidation of unsaturated fatty acids in
biological membranes, and its level reflects the degree of lipid
peroxidation in the body and indirectly the degree of cellular
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FIGURE 6 | Correlation heatmap between the differential microbiota and specific metabolites, hematological parameters and intestinal length. The Pearson correlation

coefficient was used to examine the correlation. *P < 0.05, **P < 0.01.

damage (60, 61). Through correlation analysis, we found that
these indicators correlated with the abundance of Proteobacteria.
The altered abundance of Proteobacteria is one of the features
of gut microbial dysbiosis, and its elevated abundance leads to
intestinal epithelial dysfunction and intestinal inflammation (62,
63). These results suggest that the GF diet leads to inflammation
and oxidative stress in the organism by increasing the abundance
of Proteobacteria in the gut.

In the present study, we found intestinal dysplasia and
impairment of intestinal barrier function in mice from the GF
diet group. The length of the small intestine and colon in themice
from the GF diet group was extremely significantly shortened.

The small intestine is the main digestive organ of the body
and is the primary site for nutrient absorption. Villi expand
the surface area of the intestine and help the body to absorb
nutrients from food. Therefore, a decrease in the length of the
villi is associated with decreased nutrient absorption, weight gain
and fat accumulation in animals (64). We observed a significant
negative correlation betweenNegativibacillus and small intestinal
and colonic length. Negativibacillus is a pathogenic bacteria
associated with gut dysbiosis or pediatric Crohn’s disease (65, 66).
D-LA, a chemicalmarker of the intestinal barrier, is present at low
levels in healthy individuals, and levels of D-LA increase when
the intestinal barrier is disrupted (67). A significant increase in

Frontiers in Nutrition | www.frontiersin.org 12 January 2022 | Volume 8 | Article 813757185

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


Wu et al. Microbiota Response to Different Diets

the serum concentrations of D-LA was observed in mice from
GF diet, suggesting that GF diet intake induced an increase in
intestinal permeability in mice.

Weight loss in SPF mice is attributed to inflammation,
intestinal dysplasia and oxidative stress following GF diet intake.
The intake of GF diet altered the gut microbiota and serum
metabolic profile of mice, and the increase of harmful bacteria
in the gut led to damage of the intestinal barrier function
(68). Current research suggests that disruption of intestinal
barrier function leads to increased intestinal permeability, which
facilitates the transport of harmful substances and pathogens to
the bloodstream, leading to inflammation and oxidative stress
(69, 70). Pathophysiology of various diseases associated with
inflammation and oxidative stress. Oxidative stress can promote
inflammation, conversely, inflammatory processes also promote
oxidative stress and injury. Both of them can cause injury to
cells and contribute to a diverse set of pathologies (71, 72).
Overall, diet altered the gut microbiota, leading to damage to
the intestinal barrier and inflammation, ultimately disrupting the
healthy physiological state of the mice.

CONCLUSIONS

In the present study, we found considerable differences in
nutrient content between the GF and SPF diets and due to the
special nutritional composition, the GF diet altered the structure
of the gut microbiota, increased pro-inflammatory bacteria in
the gut such as Proteobacteria, Burkholderiaceae, Alloprevotella,
and Parasutterella. In addition, the GF diet altered the serum
metabolic profile especially amino acid metabolism in SPF mice.
Furthermore, the GF diet was found to cause a significant
increase in levels of MDA, IL-1β, IL-6, and D-lactate in the
serum and these indicators in the serum indicated that the GF
diet destroyed the intestinal barrier, leading to inflammatory
responses and oxidative stress, which ultimately led to weight
loss in SPF mice. These results are helpful to enhance our
understanding of the effects of different nutrient composition

diets on host physiological status through the gut microbiota,
and also provide new ideas for the scientific selection of diets for
experimental animals.
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Semen quality is one of the most important factors for the success of artificial

insemination which has been widely applied in swine industry to take the advantages of

the superior genetic background and higher fertility capability of boars. Hydroxytyrosol

(HT), a polyphenol, has attracted broad interest due to its strong antioxidant,

anti-inflammatory, and antibacterial activities. Sperm plasma membrane contains

a large proportion of polyunsaturated fatty acids which is easily impaired by oxidative

stress and thus to diminish semen quality. In current investigation, we aimed to explore

the effects of dietary supplementation of HT on boar semen quality and the underlying

mechanisms. Dietary supplementation of HT tended to increase sperm motility and

semen volume/ejaculation. And the follow-up 2 months (without HT, just basal diet), the

semen volume was significantly more while the abnormal sperm was less in HT group

than that in control group. HT increased the “beneficial microbes” Bifidobacterium,

Lactobacillus, Eubacterium, Intestinimonas, Coprococcus, and Butyricicoccus, however,

decreased the relative abundance of “harmful microbes” Streptococcus, Oscillibacter,

Clostridium_sensu_stricto, Escherichia, Phascolarctobacterium, and Barnesiella.

Furthermore, HT increased plamsa steroid hormones such as testosterone and its

derivatives, and antioxidant molecules while decreased bile acids and the derivatives.

All the data suggest that HT improves gut microbiota to benefit plasma metabolites then

to enhance spermatogenesis and semen quality. HT may be used as dietary additive to

enhance boar semen quality in swine industry.

Keywords: hydroxytyrosol, boar, semen quality, gut microbiota, blood metabolome

INTRODUCTION

Artificial insemination (AI) has been extensively used in swine industry in order to take the
advantages of the superior genetic background and higher fertility capability of boars and sows
(1–4). The application of AI is restricted to the semen quality, which can be influenced by multiple
factors including the boar itself (e.g., age) and the environment factors (e.g., temperature and light)
(1–4). Sperm plasmamembrane contains a large proportion of polyunsaturated fatty acids (PUFA),
which is easily impaired by oxidative stress and thus to diminish semen quality (1, 2). Increasing
evidence suggests the potential to use nutritional interventions to enhance antioxidant capacity for
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improving boar semen quality (3, 4). In vitro studies found
that supplementation with exogenous antioxidants, such as
rosmarinic acid, polysaccharide, and skim milk could improve
boar sperm quality by alleviating oxidative stress during the
cryopreservation (5–7). Moreover, a lot of evidence from in
vivo studies also illustrated that dietary supplementation with
antioxidants improved the boar semen quality. For example,
dietary supplementation of L-arginine and lysine improved boar
semen quality by increasing antioxidant capacity (3, 4).

Hydroxytyrosol (HT), a polyphenol, is extracted from olive
leaves and oil. HT has attracted broad interest due to its strong
antioxidant, anti-inflammatory, and antibacterial activities (8,
9). HT exhibited antioxidant capacity by scavenging oxidant
chemical species and promoting the expressions of antioxidant
enzymes via activating nuclear factor E2-related factor 2 (Nrf2)
signaling (8). Furthermore, Wei et al. reported that HT increased
bacterial membrane permeabilization and then interacted with
DNA, which collectively inhibited bacterial growth (10). Our
recent study also showed that olive fruit extracts enriching
HT exhibited strong antioxidant effects by benefiting gut
microbiota inmice (11). Moreover, our previous study found that
improved gut microbiota was able to ameliorate sperm quality
by modulating the plasma metabolomes and small intestinal
function in mice (12, 13). To search the effective strategies to
improve sperm quality and enhance the production of swine
production, current investigation was designed to explore the
effects of dietary supplementation of HT on the boar semen
quality and the underlying mechanisms.

MATERIALS AND METHODS

Boars and Experimental Design
All animal procedures were approved by the Animal Care and
Use Committee of the Institute of Animal Sciences of Chinese
Academy of Agricultural Sciences (IAS2021-67). A total of
20 healthy boars (Duroc) aged from 31 to 33 months were
selected in this study at the artificial insemination center of
Yangxiang Joint Stock Company (Guangxi, China) (1). Boar
feeding conditions have been previously reported (2). All boars
were randomly divided into 2 groups (n = 10 per group).
Boars in the control group (Con) were fed with a commercially
prepared corn and soybean meal-based diet (Table 1), and boars
in the HT supplement group (HT) were fed with a basal diet
supplemented with 20 mg/kg body weight of HT. The dose of
HTwas adopted according to our previous mice experiment (11).
The boars received two meals at 11:00 and 17:00 and the total
feed intake amounts were 2.5 kg (1.25 kg per meal) every day. HT
was mixed with the diet when the boars received the first meal
and HT was taken almost completely by the boars each day. HT
(purity > 99%) was kindly donated by Viablife Biotech Co., Ltd.
(Hangzhou, China). The boars were housed in individual crates
and HT was supplied for 60 days (Figure 1A).

Semen samples were collected by gloved-hand techniques.
After collection, four semen parameters were assessed: semen
volume, sperm concentration, sperm motility, and abnormal
sperm rate, according to the reported methods (1, 14). Blood
samples were collected into ethylenediamine tetraacetic acid

TABLE 1 | Composition and nutrient analysis of basal diet.

Ingredient Content, %

Corn 35.15

Barley 24.83

wheat 15.82

Rice bran meal 9.40

Soybean meal 7.90

Soybean oil 2.00

L-lysine 0.40

Methionine 0.14

Threonine 0.24

Ground limestone 1.44

Monocalcium phosphate 1.21

Sodium chloride 0.48

Premix* 1.00

Total 100

Nutrient, %

Calculated NE, kcal/kg 2.24

Crude protein, % 14.50

Crude fat, % 3.22

Crude ash, % 6.18

Crude fiber, % 4.15

*Premix provided the following minerals per kilogram: 17mg Cu, 160mg Fe, 140mg Zn,

50mg Mn, 0.50mg I, 0.50mg Se, and 0.22 mg Cr.

(EDTA) plasma tubes by venipuncture from the hindlimb vein
of boars during ejaculations. Each blood sample was then
centrifuged at 3,000 × g for 10min at 4◦C to obtain a plasma
sample and subsequently stored at −80◦C until analysis. Each
boar’s rectum was massaged to stimulate defecation, and then
fresh feces were collected and stored at −80◦C for subsequent
microbiota analysis (1).

The follow-up long term beneficial effects of HT on boar
semen quality were determined. After HT supplementation, all
the boars were fed with basal diet (without HT supplementation).
The semen was collected every 5 days and the semen quality was
analyzed. The long-term analysis was for 2 months (Figure 1A).

Evaluation of Spermatozoa Motility Using a
Computer-Assisted Sperm Analysis
System
Spermatozoa motility and concentration, and abnormal sperm
rate were determined by the computer-assisted sperm assay
(CASA) method according to World Health Organization
guidelines and our previous reports (ML-210JZ, Nanning
SongJing TianLun Biological Technology Co., LTD, Nanning,
China) (15–18).

Morphological Observations of
Spermatozoa
Boar sperm was stained with Eosin Y (1%) (15–17). Spermatozoa
abnormalities were then viewed using an optical microscope and
were classified into head or tail morphological abnormalities: two
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FIGURE 1 | Effects of HT on the semen quality. (A) Study design. (B) Sperm

motility. (C) Semen volume. (D) Sperm concentration. (E) Abnormal sperm.

Data were expressed as the mean ± SEM.

heads, two tails, blunt hooks, and short tails. The examinations
were repeated three times, and 500 spermatozoa per animal
were scored.

Boar Feces Microbiota Sequencing
Total genome DNA from feces was extracted using E.Z.N.A.R
Stool DNA Kit (Omega Biotek Inc, USA). The V3-V4 region
of the bacterial 16S rRNA gene was amplified using a
specific primer (338F, 5’-ACTCCTACGGGAGGCAGCAG-3’;
806R, 5’-GGACTACHVGGGTWTCTAAT-3’). Then the library
was sequenced on the Illumina HiSeq 2500 platform and 300
bp paired-end reads were generated at the Novo gene. The
sequences were analyzed and assigned to operational taxonomic
units (OTUs; 97% identity). OUT abundance information was
normalized using a standard of sequence number corresponding
to the sample with the least sequences (12, 13).

Plasma Metabolites Determined by
LC-MS/MS
The metabolites were detected as reported in our early study
(19). Briefly, boar plasma was collected and maintained at
−80◦C. LC-MS/MS analysis with ACQUITYUPLC and AB Sciex
Triple TOF 5600 (LC/MS) was applied (19). Before LC-MS/MS
analysis, the serum samples (100 µl) were precipitated with 10
µl methanol (0.3 mg/ml L-2-Chlorophe) on ice and processed to
remove proteins. All samples were then centrifuged at 13,000 g
for 10min at 4◦C and the supernatants were injected onto a
ACQUITY UPLC HSS T3 column, which was at a flow rate of
0.35 ml/min with 2µl mobile phase. MS analyses were conducted
using electrospray ionization in the positive and negative ion
models. Using full scan analysis. Progenesis QI v. 2.3 (Nonlinear
Dynamics, Newcastle, UK) was applied to normalize the peaks.
Human Metabolome Database (HMDB), Lipidmaps (v. 2.3), and
METLIN software were applied to qualify the data. Furthermore,
the data were analyzed with SIMCA software (v. 14.0, Umetrics,
Umeå, Sweden) and KEGG database (https://www.kegg.jp/) was
applied for the pathway enrichment analysis (19).

Detection of Protein Levels and Location in
Spermatozoa Using Immunofluorescence
Staining
Microscope slides loaded with boar sperm cells were incubated
with 2% Triton X-100 for 1 h at room temperature. Then the
samples were blocked for non-specific binding by incubating in
1% BSA with 1% goat serum for 30min at room temperature.
After washing, the cells were incubated with appropriate diluted
primary antibodies (anti-Catsper, 1:100; anti-p-ERK, 1:100; anti-
PKA, 1:100; anti-ZAG, 1:100) at 4◦C overnight and then stained
with secondary antibodies (Alexa Flour 546 goat-anti-rabbit
IgG) at 1:200 dilution in PBS for 30min at room temperature.
Cell nuclei were counterstained with DAPI. All the samples
were observed at room temperature using Leica Laser Scanning
Confocal Microscope (LEICA TCS SP% II, Germany) (17).

Determination of Protein Levels by
Western Blotting
Proteins was isolated from sperm cells using RIPA buffer
containing protease and phosphate inhibitors (Sangong
Biotech, Ltd, Shanghai, China). Total protein concentration was
measured using BCA kit (Beyotime Institute of Biotechnology,
Shanghai, Chain) according to the manufacture’s instruction.
Fifty microgram protein was loaded onto 10% polyacrylamide
gels and transferred to polyvinylidene fluoride (PVDF) PVDF
membrane. The membranes were blocked for 1 h at room
temperature in TBST buffer containing 5% non-fat milk. Then
the membranes were incubated overnight at 4◦C with the
primary antibodies (Novex R© by life technologies, USA) at a
dilution of 1:500 prepares in blocking solution. The control
samples were incubated with actin antibody. After washed 3
times, the membranes were incubated with secondary donkey
anti-goat IgG-HRP (Beyotime Institute of Biotechnology,
Shanghai, P.R. China) or goat anti-rabbit IgG-HRP (Novex R© by
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life technologies, USA) for 1 h at room temperature. finally, the
blots were imaged following three washes (12, 13, 17).

Statistical Analysis
All statistical analyses were performed by using the student’s t-
test (SPSS 21 software). Spearman correlation analysis between
the relative abundance of gut microbiota and plasma metabolites
using GraphPad Prism 7.0. Data are expressed as the mean ±

SEM. P-value <0.05 was considered significant.

Data Availability
The microbiota raw sequencing data generated in this study has
been uploaded to the NCBI SRA database with the accession
number PRJNA779574.

RESULTS

Effects of HT on Semen Quality
The semen quality was analyzed by using the semen obtained
from the last two collections before the end of the experiment.

Compared to control group, dietary supplementation of HT
tended to increase sperm motility and semen volume/ejaculation
even though not significantly (Figures 1B,C). However,
HT did not alter sperm concentration or abnormal
rate (Figures 1D,E).

Effects of HT on the Protein Expression of
Important Genes Related to Sperm Quality
Compared to control group, dietary supplementation of HT
increased the protein levels of important genes related to sperm
quality such as Catsper, p-ERK, PKA, p-AKT, and ZAG by
IHF staining analysis (Figures 2A,B; P < 0.05). The data were
confirmed by the WB analysis of Catsper, Gelsolin, and PKA
(Figures 2C,D; P < 0.05) which suggested that HT improved
sperm quality by enhancing the protein expression of important
genes related to sperm quality.

Improvement of HT on Fecal Microbiota
The results showed that dietary supplementation of HT had
no significant effects on the α-diversity of fecal microbiota,

FIGURE 2 | Effects of HT on the protein expression of important genes related to sperm quality. (A) Immunofluorescence staining (IHF) of Catsper, p-ERK, p-ERK,

PKA, and ZAG. (B) Quantitative data for IHF staining (Fold change to Con). (C) Western blotting (WB) of PKA, Gelsolin, and Catsper. (D) Quantitative data for WB

staining (Fold change to Con). *P < 0.05.
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which was characterized by ACE, Chao1, Simpson, and Shannon
indexes (Supplementary Figure 1A). There were 1,109 common
OTUs for both Con and HT groups (Supplementary Figure 1B).
Moreover, the Con group and HT group contained specific 93
and 77 OTUs, respectively (Supplementary Figure 1B).

The microbial structure was different between HT group and
Con group by PCoA analysis (Supplementary Figure 1C). At
the phylum level, HT tended to reduce the relative abundance
of Bacteroidetes and to increase the relative abundance of
Actinobacteria (Figure 3A; Supplementary Figure 1E). At the
order level, HT tended to decrease the level of Bacteroidales
and to increase the relative abundance of Bifidobacteriales
(Figure 3B; Supplementary Figure 1F). Moreover, at the family

level, HT had the tendency to decrease the relative abundance
of Prevotellaceae (Figure 3C; Supplementary Figure 1G). At the
genus level, HT tended to increase the relative abundance
of “beneficial microbes” Bifidobacterium, Lactobacillus,
Eubacterium, Intestinimonas, Coprococcus, and Butyricicoccus
(Figures 3D,E; Supplementary Figure 1H), however, to decrease
the relative abundance of “harmful microbes” Streptococcus,
Oscillibacter, Clostridium_sensu_stricto, Escherichia,
Phascolarctobacterium, and Barnesiella (Figures 3D,F;
Supplementary Figure 1H) (12). LDA effect size (LEfSe)
analysis of the taxonomic alterations revealed that the content of
some microbiota was different between HT group and control
group (Supplementary Figure 1D).

FIGURE 3 | Effects of HT on the fecal microbial composition. (A) The relative amount of microbiota in feces at Phylum level. (B) The relative amount of microbiota in

feces at Order level. (C) The relative amount of microbiota in feces at Family level. The relative amount of microbiota in feces at Genus level (D–F). Data were

expressed as the mean ± SEM.
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Effects of HT Supplement on the Plasma
Metabolites
Compared to control group, HT significantly changed
boar plasma metabolites indicated by the plot from the
partial least squares discriminant analysis (PLS-DA)
(Supplementary Figure 2A). There were 16 significantly
changed metabolites between the HT and Con groups
(Supplementary Figure 2B). The potential metabolic pathways
of the changed metabolites were determined by KEGG

pathway analysis. The results showed that the changed
metabolites were involved in sphingolipid metabolism, Fc
gamma R-mediated phagocytosis, apelin signaling pathway,
choline metabolism in cancer, calcium signaling pathway,
phospholipase D signaling pathway, tuberculosis, sphingolipid
signaling pathway, and insulin resistance signaling pathways
(Supplementary Figure 2C). It is very interesting to notice
that HT increased plasma level of steroid hormones and
their derivatives (Figures 4A–F), especially testosterone

FIGURE 4 | HT-induced alterations in plasma metabolites. (A–W) The relative quantification of plasma metabolites. Data were expressed as the mean ± SEM. *P <

0.05.

Frontiers in Nutrition | www.frontiersin.org 6 January 2022 | Volume 8 | Article 815922194

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


Han et al. Hydroxytyrosol Improves Boar Semen Quality

glucuronide (Figure 4A). And HT tended to increase the
plasma levels of flavonoids: Naringenin 7-O-glucuronide, and
3,4-Dihydroxyphenylglycol (Figures 4G,H). Moreover, it is very
interesting that melatonin metabolite 6-hydroxymelatonin, L-
Acetylcarnitine and Propionylcarnitine were also elevated by HT
in boar plasma although not significantly (Figures 4I–K).
However, HT decreased plasma levels of bile acids:
taurocholic, taurodeoxycholic acid, taurochenodesoxycholic
acid, chenodeoxycholic acid glycine conjugate, 3a,7a,12a-
Trihydroxy-5b-cholestan-26-al, isoursodeoxycholic acid,
and deoxycholic acid glycine conjugate (Figures 4L–R).
Furthermore, HT tended to decrease plasma LysoPC (16:0),
4-Hydroxy-3-polyprenylbenzoate, Phenethylamine glucuronide
and Sphingosine 1-phosphate (Figures 4S–W).

Correlation of Fecal Microbiota, Plasma
Metabolites, and/or Sperm Quality
There was very good correlation between fecal microbiota and
plasma metabolites, between plasma metabolites and semen
parameters, and between fecal microbiota and semen parameters
(the average of semen quality of each boar obtained from
the last two collections before the end of the experiment)
by the spearman correlation analysis (Figure 5). As shown
in Figure 5A, the fecal Lactobacillus and Bifidobacterium
were positively correlated with the plasma naringenin 7-O-
glucuronide; while Streptococcus and Escherichia were negatively
correlated with the plasma 3,4-dihydroxyphenylglycol and
naringenin 7-O-glucuronide; Coprococcus was negatively
correlated with plasma taurocholic, taurodeoxycholic
acid, taurochenodesoxycholic acid, chenodeoxycholic acid
glycine conjugate. Plasma LysoPC (16:0), S-lactoylglutathione,
phenethylamine glucuronide, 4-hydroxy-3-polyprenylbenzoate,
and ethyl glucuronide were negatively correlated with sperm
motility (Figure 5B); while plasma gamma-glutamyl leucine,
lithocholate 3-O-glucuronide, estrone glucuronide, and
gamma-glutamylleucine were positively correlated with sperm
motility (Figure 5B). Moreover, there was a significantly
positive association between the sperm motility and the fecal
Ruminococcus and a significantly negative association between
the sperm volume and the fecal Streptococcus and Escherichia
(Figure 5C).

Long-Term Beneficial Effects of HT on
Semen Quality
HT had a long-term beneficial effect on boar semen quality
by the increase in the semen volume and the decrease in the
percentage of abnormal sperm in the follow-up 2months analysis
(withoutHT supplementation) (Figures 6A,B). However, HT did
not change sperm concentration and motility in the follow-up
determination (Figures 6C,D).

DISCUSSION

Previous studies have reported that dietary supplementation of
antioxidants, such as lysine and L-arginine could improve sperm
quality in boars (3, 4). Our recent study found that HT had
antioxidant effects via modulating gut microbiota and enhancing

the expressions of antioxidant enzymes in mice (11). In current
investigation, we found that dietary supplementation of HT
tended to increase the semen quality, which may be associated
with the alterations in gut microbiota and plasma metabolites.

Accumulating evidence suggests that gut microbiota involves
in various perspectives of host health (20, 21).Moreover, previous
studies have well-established the causal relationship between the
gut microbiota and sperm quality in both animal models and
humans (1, 12, 13, 22, 23). Polyphenols, including HT, can be
metabolized by gut microbiota in the colon and on the other
hand HT can modify gut microbiota (24, 25). HT enhanced
the relative abundance of Actinobacteria, Prevotellaceae_UCG-
001, and Lactobacillus johnsoniiin in mice (26, 27). Similarly, in
current study, we found that HT tended to increase the relative
abundance of Lactobacillus, which has been shown to have the
ability to improve sperm motility in zebrafish (28, 29). Moreover,
it has been shown that the increase in the relative abundance of
Bacteroides and Prevotella was associated with higher circulating
endotoxin and decreased spermatogenesis (22). HT decreased the
relative amount of Prevotella and Bacteroides in current study.
We previously found that alginate oligosaccharides (AOS) could
enhance the sperm motility and concentration by the increase
in the relative abundance of Bifidobacteriales in mice (12). In
current study, we found that HT tended to increase the relative
abundance of Bifidobacteriales. Collectively, our data suggested
that HT had the potential to improve spermatogenesis and sperm
motility by benefiting gut microbiota.

Our previous study has shown that improved gut microbiota
can enhance sperm quality by altering circulating metabolome
(12). In current investigation, dietary supplementation of HT
altered plasma metabolites by the increase in steroid hormones,
antioxidant molecules, and many others. Testosterone and its
derivatives play vital roles in spermatogenesis which were
increased by HT in boar plasma. L-carnitine plays an important
role in improving sperm motility and has been used to treat
infertility due to its strong anti-oxidant and anti-inflammatory
effects in men and animal models (30–33). It has been shown
that epididymis has high level of L-carnitine (32). Interestingly,
in current investigation, HT enhanced the plasma level of
propionyl-L-carnitine, which is a derivate of L-carnitine and
can enhance cellular content of L-carnitine (34). Additionally,
in this study, we found that HT enhanced the plasma levels
of flavonoids and riboflavin. It has been shown that flavonoids
and flavanone metabolites, such as naringenin 7-O-glucuronide
and 3,4-dihydroxyphenylglycol, had powerful antioxidant ability,
thus theymay contribute to improved sperm quality and function
(35–38). 6-Hydroxymelatonin (increased by HT) is one of the
metabolites of melatonin and has been shown to have strong
antioxidant activity (39). Thus, we speculate that HT might
improve sperm quality by enhancing the antioxidant capacity
of boars. Furthermore, various studies have reported that bile
acids can cause oxidative stress by promoting the production
of oxygen free radicals from mitochondria (40). Moreover, bile
acids contribute to infertility by activating farnesoid X receptor
and G-protein-coupled bile acid receptor expressed in sperm,
which then influence glucose and lipid metabolism and lead
to abnormal sperm (41, 42). In current study, plasma levels of
several bile acids and their derivates were decreased by HT.
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FIGURE 5 | Correlations. Correlations between fecal microbiota and plasma metabolites (A); between plasma metabolites and semen quality parameters (B); and

between fecal microbiota and semen quality parameters (C) by Pearson correlation analyses. *P < 0.05.
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FIGURE 6 | Long-term effects of HT on semen quality. After HT

supplementation, semen quality was determined every 5 days for 2 months

(no HT supplementation). (A) Semen volume. (B) Abnormal sperm. (C) Sperm

motility. (D) Sperm concentration. Data were expressed as the mean ± SEM.

*P < 0.05.

Furthermore, there was a positive correlation between the plasma
level of propionyl-L-carnitine and the relative abundance of
Lactobacillus. Gut microbiota, including Lactobacillus, regulates
the L-carnitine metabolism (43, 44). Collectively, these data
demonstrated that HT might have the potential to improve
plasma metabolome to benefit spermatogenesis.

Indeed, HT improved spermatogenesis by the increase in
the protein levels of important genes (PKA, p-AKT, p-ERK,
Catsper, ZAG, and Gelsolin) for spermatogenesis and sperm
quality. Cation channel of sperm (Catsper) is the primary
spermatozoan calcium ion channel and plays an essential
role in male fertility via modulating sperm tail calcium
entry and sperm hyperactivated motility (45). It has been
reported that the cyclic adenosine monophosphate (cAMP)
dependent protein kinase (protein kinase A, PKA), AKT,
and ERK signaling are involved in modulating the sperm
maturation, capacitation, and motility (46, 47). Zn-alpha2-
glycoprotein (ZAG) can promote sperm motility via cAMP/PKA
signaling pathway (48). Notably, in current study, HT
increased the protein levels of these genes which suggested HT
enhancing spermatogenesis.

The underlying mechanisms of HT improving semen quality
is that it benefits gut microbiota to improve plamsa metabolites
then to enhance spermatogenesis and semen quality. The data
were confirmed by the follow-up long-term analysis. After the
feeding period, all the boars were fed a basal diet (without

HT supplementation) and semen samples were collected and
analyzed every 5 days for 2 months. HT increased semen volume
while decreased the percentage of abnormal sperm in the follow-
up 2 months. In summary, HT improves boar semen quality via
the benefiting on gut microbiota and plamsa metabolome. HT
may be applied as dietary additive to improve boar semen quality
in swine industry.
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The microbiota–gut–liver axis has emerged as an important player in developing

nonalcoholic steatohepatitis (NASH), a type of nonalcoholic fatty liver disease (NAFLD).

Higher mushroom intake is negatively associated with the prevalence of NAFLD.

This study examined whether lentinan, an active ingredient in mushrooms, could

improve NAFLD and gut microbiota dysbiosis in NAFLD mice induced by a high-fat

(HF) diet. Dietary lentinan supplementation for 15 weeks significantly improved

gut microbiota dysbiosis in HF mice, evidenced by increased the abundance of

phylum Actinobacteria and decreased phylum Proteobacteria and Epsilonbacteraeota.

Moreover, lentinan improved intestinal barrier integrity and characterized by enhancing

intestinal tight junction proteins, restoring intestinal redox balance, and reducing

serum lipopolysaccharide (LPS). In the liver, lentinan attenuated HF diet-induced

steatohepatitis, alteration of inflammation–insulin (NFκB-PTP1B-Akt-GSK3β) signaling

molecules, and dysregulation of metabolism and immune response genes. Importantly,

the antihepatic inflammation effects of lentinan were associated with improved gut

microbiota dysbiosis in the treated animals, since the Spearman’s correlation analysis

showed that hepatic LPS-binding protein and receptor (Lbp and Tlr4) and pro- and

antiinflammatory cytokine expression were significantly correlated with the abundance

of gut microbiota of phylum Proteobacteria, Epsilonbacteraeota and Actinobacteria.

Therefore, lentinan supplementation may be used to mitigate NAFLD by modulating the

microbiota–gut–liver axis.

Keywords: mushroom, NAFLD, gut-liver axis, oxidative stress, gut microbiota, β-glucan

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), one of themost common liver diseases worldwide, affects
up to 30% of the adult population (1). Nonalcoholic steatohepatitis (NASH), a more severe form
of NAFLD, is defined by the presence of steatosis with inflammation and progressive fibrosis,
ultimately leading to cirrhosis or hepatocellular carcinoma (2). Recently, evidence for cross talk
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among the gut microbiota, the liver, the immune system, and
energy metabolism has emerged, indicating that the microbiota
is an important player in the development of NASH (3).

Compelling evidence links NASH with the alteration of the
gut microbiome and intestinal barrier integrity. For example,
the diversity and composition of gut microbiota significantly
alter in the animal model and patients with NASH (4, 5).
The tight junction proteins, including zonula occludens-1 (ZO-
1) and occludin, decrease in the proximal small intestine of
NASH mice (6). The gut integrity is disrupted by a redox
imbalance in the intestine (7–10). Reactive oxygen species
(ROS), such as nitric oxide (NO) and its generating enzyme
inducible NO synthase (iNOS), induce the dysfunction and
loss of tight junction of intestinal epithelial cells (7–9). In
contrast, antioxidant enzymes, such as haem oxygenase 1 (HO-
1), NAD(P)H quinone dehydrogenase 1 (NQO1), and glutamate-
cysteine ligase catalytic subunit (Gclc), play important roles in
maintaining intestinal barrier integrity (10). The transcription
factor of these antioxidant enzymes, nuclear factor erythroid 2-
related factor 2 (Nrf2), ameliorates intestinal barrier dysfunction
induced by lipopolysaccharide (LPS, present in the outer
membrane of gram-negative bacteria) (11). Therefore, gut
microbiota dysbiosis and redox imbalance may disrupt gut
integrity and lead to overtranslating the gut bacteria-derived
toxin, such as LPS, into the port vein, thereby promoting
inflammatory responses in the liver.

Lipopolysaccharide and its downstream pathway significantly
contribute to hepatic inflammation in NAFLD (12, 13). LPS
binds to its binding protein (Lbp), a 60-kDa acute-phase protein,
to elicit immune responses by presenting the LPS to toll-like
receptor 4 (Tlr4, important cell surface pattern receptor) (14,
15). Activation of Tlr4 subsequently induces proinflammatory
responses, including the activation of nuclear factor kappa B
(NFκB) and the increase in proinflammatory cytokines (TNFα,
IL-6, and IL-1β) expression (14, 15). NFκB is also a transcription
factor that increases protein tyrosine phosphatase 1B (PTP1B,
encoded by the ptpn1 gene) (16), leading to insulin resistance. It
is reported that patients with NASH have upregulation of hepatic
Tlr4 mRNA and increased serum LPS (hyperendotoxinemia)
(17). Therefore, the alteration of the gut–liver axis mediated by
gut microbiota metabolite, LPS, may play a critical role in the
development and progression of NASH.

Mushrooms have been used as food and medicinal resources
for millennia (18). A clinical study has reported that higher
mushroom intake was negatively associated with the NAFLD
prevalence among adults (19). It is speculative that the active
ingredient in mushrooms, such as β-glucan, contributes to

Abbreviations:AUC, area under curve; DEGs, differentially expressed genes; Gclc,

glutamate-cysteine ligase catalytic subunit; GTT, glucose tolerance test; HF, high-

fat diet; HFL, high-fat diet supplemented with lentinan; HO-1, haem oxygenase

1; iNOS, inducible NO synthase; INSR, insulin receptor; Lbp, lipopolysaccharide-

binding protein; LF, low-fat diet; LPS, lipopolysaccharide; Mcp1, monocyte

chemoattractant protein-1; NAFLD, nonalcoholic fatty liver; NFκB, nuclear factor

kappa B; NQO1, NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear factor-E2-

related factor 2; PTP1B, protein tyrosine phosphatase 1B; ROS, reactive oxygen

species; Tlr4, toll-like receptor 4; TNFα, tumor necrosis factor alpha; ZO-1: zonula

occludens-1.

the beneficial effect. Lentinan from shiitake mushroom, a
β(1,3)/β(1,6)-glucan, has a β(1,3) backbone branched with short
β(1,6)-linked side chains. In comparison, the β-glucans in cereal
are primarily in β(1,4) linkages separating shorter stretches of
β(1,3) structure. The mixed-linkage β(1,3)/β(1,4)-glucan (MLG)
of cereal is the specific hydrolysis by the MLG utilization locus
(MLGUL) of some gut microbiota, such as Bacteroides ovatus
(20), resulting in compositional and functional shifts in the
gut microbiota (21, 22). Recently, it has been reported that
lentinan, β(1,3)/β(1,6)-glucans of mushroom, alleviates LPS-
induced intestinal injury through modulating the composition
and metabolites of intestinal microbiota in piglet (23). However,
lentinan’s potential effects and mechanism on the gut–liver axis
in NAFLD represent a gap in the current research.

In this study, using the high-fat (HF) diet-induced NASH
mouse model, we examined the effects of lentinan on gut
microbiota, gut redox balance, and tight junction proteins,
and also lipid deposition, NFκB/PTP1B signaling of endotoxin
LPS, macrophage infiltration, and transcriptome regulation of
immune and metabolic response in the liver.

MATERIALS AND METHODS

Materials
Lentinan (Figure 1A) of purity >98% was purchased from
Yuanye Biological Technology Co., Ltd (Shanghai, China).
Details of sources of antibodies and other reagents used are
shown in the Supplementary Data.

Animals and Treatment
Male C57BL/6J mice aged 9 weeks were purchased from the
Experimental Animal Center of Xuzhou Medical University
[Xuzhou, China, SCXK (Su) 2015-0009], housed, andmaintained
in a 12-h light/dark photoperiod with unrestricted water and
food. All animal care and experiments were carried out under
protocols approved by the ethics committee of Xuzhou Medical
University. After habituation to the laboratory environment for 1
week, the mice were randomly divided into four groups (N = 10
per group): (1) mice fed a low-fat (LF) diet (5% fat by weight) as
a control (LF) group; (2) mice fed the LF diet supplemented with
lentinan (500 mg/Kg in diet) as the LFL group; (3) mice receiving
the HF diet (31.5% fat by weight) as the HF group; and (4) mice
fed the HF diet supplemented with lentinan (500 mg/Kg in diet)
as the HFL group. The detailed information of LF and HF diets
is in Supplementary Table S1. The consumption of 500 mg/Kg
lentinan in the diet is equivalent to dose of ∼60 mg/kg body
weight for mice, which was decided according to an effective dose
of β-glucan at 30 mg/kg in reduction of blood glucose in rats (24)
and transferred by dose translation formula between mice and
rats (25). Lentinan (98%) was purchased from Yuanye Biological
Technology Co., Ltd (Shanghai, China). Mice were administered
the three diets for 15 weeks. Body weight and food intake were
measured on the last day of each week. After 13 weeks of feeding,
an intraperitoneal glucose tolerance test (GTT) was performed
as detailed below. Mice were then euthanized after 15 weeks of
feeding. The data of body weight, energy intake, liver weight,
and GTT were collected from 10 mice per group. After the mice
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FIGURE 1 | Lentinan improved HF diet-induced dysbiosis. Cecal contents microbiota composition was analyzed by 16S RNA sequencing. (A) The chemical structure

of lentinan. (B) PCoA of community dissimilarity. (C) The taxonomic composition analysis at phylum levels among three groups. (D–H) Relative abundance of phylum.

Proteobacteria (D), Epsilonbacteraeota (E), Actinobacteria (F), Firmicutes (G), and Bacteroidetes (H). (I,J) The top 20 bacteria in relative abundance at the levels of

class (I) and order (J) in three groups. The color of spots in the left panel of heatmap represents the Z-scores, demonstrating that all groups were represented by the

Z-scores as the relative abundance levels [Z score = (actual relative abundances of a species in a specific group – mean relative abundance of the three

groups)/standard deviation]. Values are means ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. LF mice; #p < 0.05, ##p < 0.01 vs. HF mice.
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were sacrificed (n = 6 mice per group), blood was collected to
detect serum LPS levels; fresh tissues of liver and intestine were
collected to perform qPCR and western blot; cecum contents
were collected for gut microbiota analysis. In addition, after mice
were perfused with paraformaldehyde (n= 4mice per group), the
liver and intestinal tissues were collected for oil red O staining,
Hematoxylin and eosin (H&E) staining, immunohistochemistry,
and immunofluorescence.

Glucose Tolerance Test
The GTT was performed as we have previously described (26).
The detailed methods are described in the Supplementary Data.

RNA-Sequencing Analysis
RNA sample preparation and sequencing: Total RNA was
extracted from livers of mice in LF, HF, and HFL groups
(three mice in each group) using TRIzol reagent kit (Invitrogen,
Carlsbad, California, USA). Subsequently, the mRNA was
enriched by oligo (dT) beads. The enriched mRNA was
fragmented with fragmentation buffer and reverse-transcribed
into cDNA with random primers. Second-strand cDNA was
synthesized by DNA polymerase I, RNase H, dNTP, and buffer.
The cDNA fragments were purified with a QiaQuick PCR
extraction kit (Qiagen 28104), end repaired, poly(A) added,
and ligated to Illumina sequencing adapters. The ligation
products were size selected by agarose gel electrophoresis,
PCR amplified and sequenced using Illumina HiSeq 4000 by
CapitalBio Technology Co., Ltd (China).

Gene-level differential expression analyses: Differential
expression genes (DEGs) analysis for mRNA was performed
using R package edge R. DEGs with |log2(fold change)| value >1
and p < 0.05, considered as significantly modulated (27), were
retained for further analysis. The KEGG pathway enrichment
analysis was performed for DEGs using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)
(28). The protein–protein interaction (PPI) network of the
proteins encoded by the DEGs was searched using the STRING
database and Cytoscape software (29).

LPS Determination
The serum concentration of LPS was determined using
a chromogenic end-point TAL kit. The absorbance was
measured at 545 nm using a spectrophotometer, with measurable
concentrations ranging from 0.1 to 1.0 EU/ml. All samples for
LPS measurements were performed in duplicate.

Oil Red O Staining
Oil red O staining was used to examine hepatic lipid
accumulation as described previously (30). The detailed methods
are provided in the Supplementary Data.

Hematoxylin and Eosin Staining
The H&E staining detection and histological assessment are
described in the Supplementary Data.

Immunohistochemistry
The immunohistochemistry methods for hepatic F4/80 and
intestinal iNOS detection and quantification are provided in the
Supplementary Data.

Immunofluorescence
Jejunum segments were immunostained as described
previously (31). The detailed methods are described in the
Supplementary Data.

Western Blotting
Western blot assays were performed as described previously (32).
The methods are depicted in the Supplementary Data.

Quantitative RT-PCR Analysis
Total RNA was extracted with RNA Isolator Total RNA
Extraction Reagent (Vazyme, China) from the liver and jejunum,
before reverse-transcription to cDNA using a high-capacity
cDNA reverse transcription kit (Takara, Japan). qPCR was
performed using the TransStart R© Top Green qPCR SuperMix
(TransGen, China) and determined on a real-time PCR detection
system (Roche LightCycler480, Switzerland). The mRNA levels
for specific genes were calculated using the formula 2(-11Ct)
and normalized by β-actin mRNA levels. All primers are listed in
Supplementary Table S2.

Gut Microbiota Analysis
DNA extraction, PCR amplification, and 16S rRNA gene
sequencing: After 15 weeks of feeding, the cecum contents
of mice were collected. Microbial DNA was extracted using
the HiPure Stool DNA Kit (Magen, Guangzhou, China)
according to the protocol recommended by the manufacturer.
V3–V4 region of 16s rRNA genes was amplified by PCR
with the primers 341-F, 5’-CCT ACGGGNGGCWGCAG-3’
and 806-R, 5’-GGACTACHVGGG TATCTAAT-3’ (33), and the
amplification procedure was as follows: Initial denaturation at
94◦C for 2min, followed by denaturation at 98◦C for 10 s,
annealing at 65◦C for 30 s, and extension at 68◦C for 30 s. This
round was repeated for 30 cycles, followed by a final extension
at 68◦C for 5min. PCRs were performed in triplicate, and the
reaction system was composed of 5ml of 10 × KOD buffer, 5ml
of 2mM dNTPs, 3ml of 25mM MgSO4, 1.5ml of each primer
(10mM), 1ml of KOD polymerase, and 100 ng of template
DNA, with 50ml in total. After amplification, the products
were purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and quantified using
ABI StepOnePlus Real-Time PCR System (Life Technologies,
Foster City, USA). Purified products were pooled in equimolar
and paired-end sequenced (PE250) on an Illumina platform
according to the standard protocols.

Sequence data processing: To get high-quality clean reads, raw
reads containing more than 10% of unknown nucleotides-(N)
and reads with <60% of bases with a quality value (Q-value)
>20 were removed using FASTP (version 0.18.0) (34). Paired-
end clean reads were merged as raw tags using FLSAH (version
1.2.11) (35) with a minimum overlap of 10 bp and mismatch
error rates of 2%. Noisy sequences of raw tags were filtered
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by QIIME (version 1.9.1) (36) pipeline under specific filtering
conditions (37) to obtain high-quality clean tags. The filtering
conditions were as follows: (1) break raw tags from the first low-
quality base site where the number of bases in the continuous
low-quality value (the default quality threshold is ≤3) reaches
the set length (the default length is three); (2) then, filter tags
whose continuous high-quality base length was <75% of the
tag length. The clean tags were searched against the reference
database (http://drive5.com/uchime/uchime_download.html) to
perform reference-based chimera checking using the UCHIME
algorithm. After chimeric tags were removed, the final effective
tags were used for further analysis.

Bioinformatic analysis: The clean tags were clustered into
operational taxonomic units (OTUs) of ≥97% similarity
using UPARSE (version 9.2.64) pipeline (38). The α-diversity
indices evaluating gut microbial community richness (the
Ace and Chao1 estimators) and community diversity (the
Shannon estimator) were calculated usingMothur (39). Principal
coordinate analysis (PCoA) based on Bray–Curtis distance and
permutational multivariate analysis of variance (PERMANOVA)
was performed to compare the global microbiota composition
after the intervention in each group at phylum, genus, and
OTU levels, respectively. The difference in abundant taxa was
detected by the linear discriminant analysis (LDA) effect size
(LEfSe) algorithm, which emphasizes statistical significance,
biological consistency, and effect relevance (40). Differences
with log 10 LDA scores (absolute values) >3.0 and p < 0.05
were considered significant (41). The functional potential of the
gut microbial communities was estimated by the PICRUSt12
algorithm (42). In univariate analysis of gut microbiota and
predicted KEGG biochemical pathways in each group, a paired
t-test or aWilcoxon matched-pairs test was adopted and p-values
were adjusted for multiple comparisons using the Benjamini–
Hochberg false discovery rate.

Statistical Analysis
Statistical analysis was performed using SPSS (version 20,
IBM Corporation, Chicago, IL, USA). All data were tested
for normality by applying the Shapiro–Wilk normality test.
If normality was given, the one-way analysis of variance
(ANOVA) was performed, followed by the post-hoc, Tukey’s test
for comparisons among the groups. Correlations between gut
bacterial abundance and serum LPS and its binding protein
and receptor in the liver and also hepatic proinflammatory and
antiinflammatory cytokines were calculated using Spearman’s
correlation analysis. Differences were considered significant
when p < 0.05 and marked with ∗ or # (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001). Values are
expressed as the mean± standard error of means (SEM).

RESULTS

Dietary Lentinan Supplementation
Improved Gut Microbiota Dysbiosis in HF
Mice
Gut microbiota dysbiosis plays an important role in NAFLD
onset and progression (43, 44). Here, by 16S rRNA gene

sequencing analysis, we investigated the gut microbiota after the
HF diet with or without lentinan (Figure 1A) supplementation
for 15 weeks. Principal coordinate analysis (PCoA) of microbiota
showed a clear cluster separation among the LF, HF, and
HFL groups (Figure 1B), whereas the LF diet-fed mice with
lentinan supplementation had a similar cluster with the LF mice
(Supplementary Figure S1A). The HF mice showed a decrease
in gut microbial community richness (the Chao1 and Ace
estimators) and community diversity (the Shannon estimator)
(all p < 0.05, Supplementary Figures S1B–D), whereas lentinan
prevented the reduction of gut microbial community richness
(all p < 0.05, Supplementary Figures S1B,C). Among the LF,
HF, and HFL groups, the difference in the relative abundance of
microbiota at phylum was shown in Supplementary Figure S1E.
Specifically, the gut microbiota of these three groups
was mainly dominated by Firmicutes, Bacteroidetes,
Proteobacteria, Epsilonbacteraeota, and Actinobacteria at
the phylum level (Figure 1C), in which Proteobacteria and
Epsilonbacteraeota increased (both p < 0.05, Figures 1D,E), and
Bacteroidetes decreased in the HF group (p < 0.05, Figure 1H).
Importantly, lentinan supplementation reduced the abundance
of Proteobacteria and Epsilonbacteraeota and increased
Actinobacteria and Firmicutes (all p < 0.05, Figures 1D–G

and Supplementary Figure S1E). At the class level, Clostridia,
Bacteroidia, Deltaproteobacteria, Campylobacteria, and Bacilli
were dominant bacterial (Supplementary Figure S1F), in
which Clostridia, Deltaproteobacteria, and Campylobacteria
were deceased in the HF mice with lentinan supplementation
compared with that of the HF group (Figure 1I). At the
order level, Clostridiales, Bacteroidales, Desulfovibrionales,
Campylobacterales, and Lactobacillales accounted for the
majority of gut microbiota (Supplementary Figure S1G).
Compared with HF mice, supplementation of lentinan decreased
the relative abundance of Clostridiales, Desulfovibrionales, and
Campylobacterales and increased Lactobacillales (Figure 1J).

Furthermore, in HF mice, the low taxa belonging to
phylum Proteobacteria, including class Deltaproteobacteria,
order Desulfovibrionales, and family Desulfovibrionaceae,
were all significantly increased (Figures 2A–C and
Supplementary Figures S1F–H). Phylum Epsilonbacteraeota’s
lower taxa, including class Campylobacteria, order
Campylobacterales, family Helicobacteraceae, and genus
Helicobacter, were significantly increased in HF mice
(Figures 2D–G and Supplementary Figures S1F–I).
Importantly, lentinan prevented HF-induced alterations in
these microbiota belonging to the phylum Proteobacteria
and Epsilonbacteraeota. Notably, bacteria belonging
to Actinobacteria, order Bifidobacteriales, family
Bifidobacteriaceae, and genus Bifidobacterium were elevated
significantly in HF mice with lentinan supplementation
(Figures 2H–J and Supplementary Figures S1G–I). LDA
effect size (LEfSe) showed that the lower taxa bacteria of the
phylum Epsilonbacteraeota, such as order Campylobacterales,
class Campylobacteria, family Helicobacteraceae, and genus
Helicobacter, belonging to phylum Proteobacteria were enriched
in the HF group (Figure 2K). In HFL mice, bacteria belonging
to order Bifidobacteriales, family Bifidobacteriaceae, and
genus Bifidobacterium were elevated. In addition, genus
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FIGURE 2 | Lentinan restored the HF-induced compositional shift of gut microbial community. (A–K) Comparison of the representative taxonomic abundance of class

Deltaproteobacteria (A), order Desulfovibrionales (B), family Desulfovibrionaceae (C), class Campylobacteria (D), order Campylobacterales (E), family

Helicobacteraceae (F), genus Helicobacter (G), order Bifidobacteriales (H), family Bifidobacteriaceae (I), and genus Bifidobacterium (J). (K) LEfSe results of mice gut

microbiomes. Values are means ± SEM (n = 6). *p < 0.05, ***p < 0.001 vs. LF mice; #p < 0.05, ##p < 0.01 vs. HF mice.
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TABLE 1 | Predicted KEGG functional pathway differences at level 2 inferred from 16S rRNA gene sequence using PICRUSt after LF, HF and HFL diet.

KO functional categories LF HF HFL LF vs. HF HF vs. HFL

Level One Level Two p-value p-value

Metabolism Carbohydrate Metabolism 12.062 ± 0.232 11.862 ± 0.335 12.522 ± 0.228 — 0.001

Amino Acid Metabolism 10.842 ± 0.321 10.431 ± 0.181 10.421 ± 0.264 0.016 —

Nucleotide Metabolism 4.562 ± 0.153 4.408 ± 0.12 4.608 ± 0.188 — 0.042

Enzyme Families 2.569 ± 0.025 2.476 ± 0.052 2.528 ± 0.063 0.005 —

Glycan Biosynthesis and Metabolism 2.683 ± 0.217 2.414 ± 0.151 2.108 ± 0.165 0.020 0.010

Metabolism of Other Amino Acids 1.655 ± 0.033 1.551 ± 0.025 1.639 ± 0.075 0.003 0.008

Biosynthesis of Other Secondary Metabolites 1.037 ± 0.044 0.947 ± 0.035 0.982 ± 0.043 0.002 —

Genetic Information Processing Transcription 3.424 ± 0.117 3.483 ± 0.144 3.631 ± 0.077 — 0.044

Environmental Information Processing Signal Transduction 2.139 ± 0.247 2.44 ± 0.193 2.04 ± 0.254 0.041 0.010

Signaling Molecules and Interaction 0.194 ± 0.003 0.179 ± 0.011 0.212 ± 0.03 — 0.007

Cellular Processes Cell Motility 3.629 ± 0.992 4.453 ± 0.691 3.155 ± 0.716 — 0.014

Transport and Catabolism 0.415 ± 0.045 0.335 ± 0.034 0.306 ± 0.047 0.005 —

Human Diseases Metabolic Diseases 0.106 ± 0.011 0.094 ± 0.004 0.103 ± 0.008 — 0.025

Organismal Systems Environmental Adaptation 0.201 ± 0.011 0.221 ± 0.010 0.199 ± 0.007 0.002 0.001

Nervous System 0.111 ± 0.004 0.103 ± 0.002 0.109 ± 0.004 0.001 0.010

Immune System 0.105 ± 0.012 0.094 ± 0.006 0.092 ± 0.006 0.044 —

Digestive System 0.023 ± 0.006 0.015 ± 0.003 0.014 ± 0.004 0.016 —

Excretory System 0.02 ± 0.005 0.011 ± 0.004 0.012 ± 0.004 0.003 —

Circulatory System 0.009 ± 0.008 0.015 ± 0.011 0 ± 0.001 — 0.007

Values are mean (%) ± standard deviation (%). n = 6. KEGG, Kyoto Encyclopedia of Genes and Genomes; PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of

Unobserved States; KO, KEGG Ortholog; LF, low-fat diet; HF, high-fat diet; HFL, HF diet supplemented with lentinan.

Turicibacter, family Streptococcaceae, genus Streptococcus,
genus Enterococcus, family Enterococcaceae, and genus
Ruminococcaceae (GCA_900066225) were also increased in
HFL mice. Moreover, KEGG functional orthologs predicted
potential functional interactions between the gut microbiota
and host among the LF, HF, and HFL group in 19 functional
orthologs at level two (Table 1). Totally, 12 functional orthologs
were significantly altered in the HF group compared with
the LF group. Compared with the HF group, the lentinan
supplementation was associated with microbial functional
shifts in 12 functional orthologs, including carbohydrate
metabolism, nucleotide metabolism, glycan biosynthesis and
metabolism, metabolism of other amino acids, transcription,
signal transduction, and so on.

Dietary Lentinan Supplementation
Improved Hyperendotoxinemia, Tight
Junction Proteins, and Redox Imbalance in
the Jejunum of HF Mice
Gut microbiota alteration can promote the endotoxinemia and
alteration of intestinal barrier integrity (45). After identifying the
capacity of lentinan to prevent gut dysbiosis, we next examined
the serum LPS and the tight junction proteins, occludin and ZO-
1 in the jejunum. The serum LPS level was significantly increased
in the HF fed mice, whereas lentinan inhibited the elevation of
serum LPS in the mice fed by HF diet, but not by LF diet (p
< 0.01, Figure 3A). Meanwhile, the mRNA expressions of the
tight junction proteins, occludin and ZO-1, were significantly

lower in the jejunum of HF diet-fed mice compared with LF
and HFL groups (all p < 0.05, Figure 3B). In line with these
findings in transcription level, the protein levels of the tight
junction proteins were significantly increased in the mice with
lentinan supplementation (all p< 0.05, Figure 3C). The HFmice
showed reduced immunofluorescence staining of both occludin
and ZO-1, whereas clear and uniform positive staining of the
tight junction proteins was found in the epithelium of jejunum
in LF and HFL groups (Figure 3D), suggesting that intestinal
barrier integrity was improved by lentinan supplementation.

Given that redox imbalance is the major factor for intestinal
barrier dysfunction (7–10), we next investigated the effects of
lentinan supplementation on antioxidants and oxidative stress
markers in the jejunum. The expression of antioxidants Nrf2,
HO-1, NQO1, and Gclc was decreased in the HF group, whereas
lentinan supplementation significantly prevented the decrease in
antioxidants induced by the HF diet (all p < 0.05, Figures 3E,F).
Moreover, lentinan significantly inhibited the HF diet-mediated
increments of iNOS protein (all p < 0.05, Figures 3E–G). These
findings suggest lentinan supplementation attenuated redox
imbalance in the intestine of HF mice.

Dietary Lentinan Supplementation
Prevented HF Diet-Induced
Hepatosteatosis and Hepatic Inflammation
Following lentinan improving gut microbiota, redox balance,
and tight junction proteins, we further examined the effects of
lentinan on hepatic lipid deposition and macrophage infiltration.
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FIGURE 3 | Lentinan improved intestinal barrier integrity and oxidative stress in the jejunum in HF mice. (A) Serum LPS levels. (B) The mRNA levels of occludin and

ZO-1 in the jejunum. (C) Protein levels of occludin and ZO-1 in the jejunum. (D) Immunofluorescence staining of occludin and ZO-1 proteins in the jejunum sections.

(E) The mRNA levels of Nrf2, HO-1, NQO1, Gclc, and iNOS in the jejunum. (F) Protein levels of Nrf2, HO-1, and iNOS in the jejunum. (G) iNOS protein staining of

(Continued)
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FIGURE 3 | jejunum sections and quantification of iNOS protein after staining. Values are means ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. LF mice; #p

< 0.05, ##p < 0.01, ###p < 0.001 vs. HF mice. Scale bar: 50µM.

With oil red O and H&E staining, the hepatocytes of the
HF group contained larger cytoplasmic lipid droplets (p <

0.001, Figures 4A,B) and were enlarged with ballooning (p <

0.001, Figures 4C,D), compared with LF mice. These alterations
in hepatic cellular morphology were significantly prevented
by lentinan supplementation. Moreover, we found that the
number of F4/80-positive cells (macrophage marker) was higher
in HF mice compared with LF mice and HFL mice (both
p < 0.05, Figures 4E,F), indicating that lentinan suppressed
macrophage infiltration induced by HF diet. Importantly,
lentinan supplementation reduced the mRNA expression of
macrophage-related gene CD68 and CD11c (the marker of
proinflammatory M1 type macrophages), but increased the
mRNA expression of CD206 (the marker of antiinflammatory
M2 type macrophages) (all p < 0.05, Figure 4G), suggesting
that the M1 macrophage polarization was inhibited by lentinan.
Furthermore, lentinan supplementation inhibited the mRNA of
the proinflammatory cytokines and chemokines, TNFα, IL-1β,
IL-6, andmonocyte chemoattractant protein-1 (Mcp1) compared
with HF mice (all p < 0.05, Figure 4H) and increased the
expression of antiinflammatory cytokines, IL-10, and arginase
I (Arg1) (both p < 0.05, Figure 4H). Moreover, the mRNA
expressions of Lbp and Tlr4 (the LPS-binding protein and
cell surface pattern recognition receptors) were significantly
higher in the liver of HF mice compared to LF mice and
HFL mice (p < 0.05, Figure 4H), which is consistent with
the increase in serum LPS levels in the HF group described
previously (Figure 3A).

The Spearman’s correlation analysis was used to investigate
the relationship between gut bacterial abundance and serum
LPS and its binding protein and receptor in the liver and
also hepatic proinflammatory and antiinflammatory cytokines
(Figure 4I). Phylum Proteobacteria and its down taxa (class
Deltaproteobacteria, order Desulfovibrionales, and family
Desulfovibrionaceae), and also phylum Epsilonbacteraeota and
its down taxa (class Campylobacteria, order Campylobacterales,
family Helicobacteraceae and genus Helicobacter), were
positively correlated with LPS, Lbp, Tlr4, and proinflammatory
cytokines, whereas negatively correlated with antiinflammatory
cytokines, IL-10, and Arg1. Phylum Actinobacteria and its down
taxa (order Bifidobacteriales, family Bifidobacteriaceae, and
genus Bifidobacterium) were negatively correlated with Tlr4
and positively correlated with IL-10. Therefore, these findings
suggest that lentinan in attenuation of HF diet-induced hepatic
inflammation was associated with the improvement of gut
microbiota profile.

Dietary Lentinan Supplementation
Improved Glucose Intolerance and Hepatic
NFκB-PTP1B-Akt-GSK3β Signaling
Pathway in HF Mice
Hepatic inflammation contributes to insulin resistance and
abnormal glucosemetabolism (46). Next, we determined whether

lentinan could improve glucose metabolism. In the GTT test,
lentinan decreased the blood glucose level at 60-, 90-, and 120-
min time points (all p < 0.05, Figure 5A). The glucose area
under curve (AUC) was markedly higher in HF mice than in LF,
LFL, and HFL mice (both p < 0.01, Figure 5B). Consistently,
mRNA expression of insulin receptor (INSR) was significantly
lower in livers of HF mice than that in the other two groups
(both p < 0.001, Figure 5C). PTP1B is a mediator of the
proinflammatory (NFκB) signaling pathway in dysregulation of
insulin (pAkt-pGSK3β) signaling cascade (47). We found that
lentinan significantly decreased the total and phosphorylated
protein levels of NFκB subunit p65 and also PTP1B protein level
in livers of HF mice (all p < 0.001, Figure 5D). Furthermore, the
phosphorylation levels of Akt and GSK3β significantly decreased
in HF diet-fed mice, whereas lentinan reversed the reduction in
these two insulin signaling molecules (both p< 0.05, Figure 5D).
These results showed that lentinan improved glucose intolerance
and retrieved the insulin Akt-GSK3β signaling pathway in HF
mice. In addition, we observed that after the HF diet for 15 weeks,
the mice had significantly higher body weight, body weight
gain, energy intake, and liver weight compared with LF diet-
fed mice, and lentinan supplementation prevented these changes
(Supplementary Table S3). However, these metabolic indexes of
LFL mice were not significantly altered compared with LF group
(Supplementary Table S3).

Dietary Lentinan Supplementation
Modulated Hepatic Transcriptome Related
to Metabolism and Immune Response
To gain comprehensive profiles of lentinan supplementation on
the hepatic metabolisms and inflammation at the transcriptome
level, RNA-sequencing (RNA-seq) of liver tissues of HF and
HFL groups was performed, followed by differentially expressed
genes (DEGs) screening analysis. Consequently, lentinan
supplementation modulated a total of 749 genes, including 408
upregulated genes and 341 downregulated genes (Figures 6A,B).
Within the organismal system, 48 genes were significantly altered
in the immune system, the most affected system (Figure 6C). In
metabolism pathways, there were 146 genes altered, including
24 in lipid metabolism, 8 in glycan biosynthesis and metabolism,
and 13 in carbohydrate metabolism. The top 20 KEGG pathways
associated with DEGs are shown in Supplementary Table S4.
Of these, the energy metabolism and immune response-related
pathways were significantly affected in the liver of mice
with lentinan supplementation, such as PI3K-Akt signaling
pathway, metabolic pathways, arachidonic acid metabolism,
and cytokine–cytokine receptor interaction. The PPI network
was constructed to clarify the interaction of DEGs involved in
hepatic lipid metabolism, carbohydrate metabolism, immune
system, and PTP1B-Akt signaling affected by lentinan. The
results demonstrated that the complex interaction network of
immune and metabolism was significantly intervened by the
lentinan supplementation (Figure 6D). The connectivity degree
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FIGURE 4 | Lentinan prevented HF diet-induced hepatic lipid deposition, macrophage infiltration, and hepatic inflammation. (A) Oil red O staining of liver sections. (B)

Quantification of hepatic lipid area after Oil red O staining. (C) H&E staining of liver sections. (D) Quantification of hepatic ballooning after H&E staining. (E) F4/80

protein staining of liver sections. (F) Densitometric analysis of F4/80 staining. (G) CD68, CD11c, and CD206 mRNA levels in liver tissues of mice. (H) The mRNA levels

(Continued)
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FIGURE 4 | of TNFα, IL-1β, IL-6, Mcp1, IL-10, Arg1, Lbp, and Tlr4 in liver tissues. (I) Correlation between specific gut microbiota, serum LPS, its binding protein and

receptor in the liver, and hepatic proinflammatory and antiinflammatory cytokine expression. Values are means ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs.

LF mice; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HF mice.

FIGURE 5 | Lentinan improved glucose intolerance and NFκB-PTP1B-Akt-GSK3β signaling pathway in the liver of HF mice. (A) Blood glucose levels during GTT

performed on week 13 and (B) area under the curve (AUC). (C) Hepatic INSR mRNA levels. (D) Protein levels of p65, p-p65, PTP1B, p-Akt/Akt, and p-GSK3β/GSK3β

in liver tissues. Values are means ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. LF mice; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HF mice.

of PTP1B-Akt signaling with the PPI network was 38, indicating
that PTP1B-Akt is a key node with a higher centrality value in the
interaction network regulated by lentinan in HF diet-fed mice.
Furthermore, we confirmed the mRNA expression of 10 DEGs by
qPCR (Figure 6E).

DISCUSSION

In this study, we demonstrated that chronic dietary
supplementation of lentinan attenuated gut microbiota
alteration, intestinal tight junction deficit, and redox imbalance

induced by a HF diet. In the liver, lentinan suppressed
steatohepatitis and improved endotoxemia (LPS) and its
downstream NFκB-PTP1B-Akt-GSK3β (inflammation–insulin)
signaling pathway. Furthermore, Spearman’s correlation analysis
revealed that the gut phylum Proteobacteria, Epsilonbacteraeota,
and Actinobacteria, and also their next level taxa, were
correlated with LPS-related-binding protein and receptor,
and inflammatory cytokines in the liver. Previous animal and
epidemiological studies suggest that mushroom intake has
beneficial effects for steatohepatitis and NALFD (48–50). For
example, in a large population-based study (a cross-sectional
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FIGURE 6 | Lentinan modulated hepatic transcriptome for immune and metabolism. (A) Scatter plots of genes in pairwise of the HFL group vs. the HF group. The

x-axis and y-axis present gene expression levels. (B) The number of differentially expressed genes (DEGs). (C) KEGG pathway classification of DEGs for the HFL

group vs. the HF group. All second-level categories are grouped in top categories in different colors (n = 3). (D) PPI network by string analysis of DEGs involved in lipid

(Continued)

Frontiers in Nutrition | www.frontiersin.org 12 January 2022 | Volume 8 | Article 803691211

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


Yang et al. Lentinan Protects the Gut-Liver-Axis

FIGURE 6 | metabolism, carbohydrate metabolism, immune system, and PTP1B-Akt signaling. The line indicates interaction evidence of nodes. Orange represents

upregulation, and blue represents downregulation in the HFL mice by comparison with the HF mice. (E) qPCR analysis of the mRNA of some altered genes in the PPI

network. Values are means ± SEM (n = 6). *p < 0.05, vs. HF mice.

study of 24,236 adults), a high intake of mushrooms is associated
with a low prevalence of NAFLD (50). However, the detailed
mechanisms of mushroom in improving NAFLD have not been
investigated. Here, importantly, our findings of lentinan (the
main ingredient of mushroom) in benefits to the gut–liver axis
suggest that lentinan as a prebiotic contributes to mushroom
consumption in preventing western-style diets induced NAFLD.

Previous clinical studies have reported that the richness
and diversity of gut microbiota are decreased in patients
with NAFLD (51, 52). Furthermore, at the phylum level,
the proportion of Bacteroidetes is decreased in patients with
NAFLD (53). The progression of NAFLD is correlated with
an increase in Proteobacteria (52). In this study, in the
HF diet-induced NAFLD mouse model, we found that both
the richness and the diversity were decreased in the gut
microbiota. At phylum levels, the abundance of Bacteroidetes
was decreased, whereas the Proteobacteria was increased in
HF diet-fed mice. Therefore, the findings of our mouse
study further suggest that overconsumption of dietary fat
contributes to gut microbiota dysbiosis (in richness, diversity,
and composition) in the NAFLD. Importantly, in this study,
supplementation of lentinan prevented HF diet-induced gut
microbiota alteration in richness and composition. At phylum
levels, lentinan ameliorated the elevation of the Proteobacteria
and Epsilonbacteraeota induced by a HF diet. Moreover, lentinan
increased the abundance of Actinobacteria and Firmicutes at
phylum levels. With LDA analysis, lentinan supplementation
promoted bacteria that belongs to the phylum Actinobacteria,
including order Bifidobacteriales, family Bifidobacteriaceae, and
genus Bifidobacterium. These bacteria have been reported to
be probiotics to improve lipid metabolism and inhibit the
progression of NAFLD (54, 55). Therefore, lentinan in improving
the gut microbiota richness and composition in the above
probiotics may contribute to the prevention of NAFLD induced
by the HF diet.

In this study, lentinan supplementation promoted the
probiotics for gut health, such as genus Bifidobacterium.
It is reported that microbiomes belonging to the genus
Bifidobacterium are associated with decreased intestinal
permeability of infants (56), and the administration of
Bifidobacterium infantis increases the tight junction proteins,
occludin and claudin four, in the intestine of a neonatal mouse
model of necrotizing enterocolitis (57). The probiotics in
Bifidobacterium improving gut integrity have been considered
due to their potentials in reducing oxidative stress. For example,
Bifidobacterium lactis HN019 supplemented in milk reduces
nitric oxide metabolites levels in patients with metabolic
syndrome (58). A yogurt enriched with Bifidobacterium lactis
decreases malondialdehyde (a prooxidant biomarker) in patients
with diabetes mellitus type two (59). Importantly, we found
that lentinan supplementation significantly attenuated the

alterations in oxidative stress marker iNOS and antioxidants
Nrf2, HO-1, NQO1, and Gclc in the small intestinal tissue
induced by the chronic HF diet. Overall, these findings suggest
that lentinan supplementation in promoting probiotics, such as
genus Bifidobacterium, contributes to attenuating cellular redox
imbalance and intestinal barrier disruption.

In this study, we found a dramatic reduction in tight
junction proteins (occludin and ZO-1) in the jejunum of HF
mice. It is reported that the intensity of ZO-1 staining is
significantly lower in the duodenum of patients with NAFLD
with increased intestinal permeability (60). The abnormality
of intestine permeability is related to the increased bacterial
overgrowth prevalence in the small intestine of these patients
(60). Interestingly, in this study, we revealed that the bacteria of
phylum Proteobacteria and Epsilonbacteraeota were significantly
increased in the small intestine of NAFLD mice induced by the
HF diet. Proteobacteria is a major source of translocated antigen
LPS from the gut (61, 62). It is reported that LPS exposure
causes oxidative stress in the gut (63). NO/iNOS systemmediates
LPS-induced barrier dysfunction in the intestine, evidenced by
that the administration of NOS inhibitor attenuates LPS-induced
tight junction disruption in the ileum and colon of mice (9).
Therefore, the increased Proteobacteria and its derived LPS
may contribute to gut barrier dysfunction and redox imbalance.
In addition, some bacteria of phylum Epsilonbacteraeota,
such as order Campylobacterales, genus Campylobacter, and
genus Helicobacter, are tolerant of bile acids and promote
hepatic inflammation (64). Flagellins and other 19 proteins of
Campylobacter jejuni are associated with the bile adaptation (65).
The intragastrical inoculation of Helicobacter hepaticus induces
chronic hepatitis and fibrosis in mice with the activation of p65
in the liver (66). Therefore, the above findings suggest that the
bile resistance property of bacteria in phylum Epsilonbacteraeota
may allow them to colonize the bile and liver to promote
chronic hepatitis in the NAFLD mice induced by the HF diet.
Importantly, we found that lentinan supplementation improved
tight junction proteins (occludin and ZO-1) deficits in the
small intestine and concurrently decreased the proportion of
phylum Proteobacteria and Epsilonbacteraeota and serum LPS
in HF diet-fed mice. Therefore, lentinan in the prevention of
the dysbiosis of Proteobacteria, overtranslocation of its derived
metabolite LPS into blood circulation and the inhibition of bile-
resistant Epsilonbacteraeotamay be involved in the improvement
of gut barrier dysfunction and hepatic inflammation induced by
chronic HF diet.

The liver is an important immunological organ, in which the
immune system is activated after exposure to gut microbiome-
derived factors, such as LPS (13, 67). We found that LPS-
binding protein and cell surface pattern recognition receptor,
Lbp and Tlr4, were significantly increased in the liver of mice
fed the HF diet. Consistently, in a clinical study, Tlr4 mRNA
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FIGURE 7 | Graphical summary of the protective effect of lentinan on the development of NAFLD via the gut–liver axis. Lentinan showed conservation of appropriate

intestinal microbiota composition, resetting cellular redox balance (activation of antioxidants and inhibition of iNOS), and increasing tight junction proteins for gut

epithelial integrity (1), which contribute to reduce endotoxin translocation into circulation and liver (2) and thereby to mitigate the adverse consequences of HF

consumption, that is, hepatic steatosis and inflammation, and insulin resistance (3). Green arrows represent lentinan’s effects.

expression is upregulated in hepatic biopsy tissue of patients
with NASH with increased serum LPS (17). Tlr4 triggers the
initial activation of the NFκB signaling pathway, which is
necessary for the transcription of proinflammatory cytokines
(TNFα, IL-6, and IL-1β) and overexpression of PTP1B (the
inhibitor of insulin signaling) (15, 68). In this study, we
found that the HF diet promoted steatohepatitis and glucose
intolerance inmice, which hadM1 proinflammatorymacrophage
polarization, elevated NFκB and PTP1B level and impaired
insulin Akt-GSK3β signaling pathway in the liver. Importantly,
supplementation with lentinan attenuated these adverse effects
induced by the HF diet. Furthermore, the RNA-seq profile
of the liver transcriptome followed by the KEGG pathways
analysis also confirmed that the PI3K-Akt signaling pathway
and cytokine–cytokine receptor interaction in the liver were
significantly affected by lentinan. Consistently, the PPI network
analysis showed that PTP1B and Akt1 are vital nodes in the
network amongmetabolism and the immune system. In addition,

the KEGG pathway analysis suggests that lentinan significantly
modulated the arachidonic acid metabolism pathway, which is
reported to be involved in the development and progression
of NAFLD (69). However, the detailed mechanism of the
arachidonic acid pathway involving lentinan improving NAFLD
requires further investigation. Furthermore, according to the
current mice study, supplementation of 368mg lentinan per day
may attenuate the NAFLD in humans. However, clinical trials
would be required to determine the optimum dose in future
human studies.

CONCLUSION

In summary, this study with the NAFLD mouse model induced
by the HF diet, chronic lentinan supplementation preserved
the conservation of gut microbiota in richness and appropriate
composition. Remarkably, lentinan supplementation promoted
genus Bifidobacterium (important for intestinal barrier integrity
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and redox balance) and inhibited the proliferation and
growth of bacteria belonging to the phylum Proteobacteria
(a major source of translocated antigen LPS) and bile-
resistant Epsilonbacteraeota. Lentinan supplementation
enhanced tight junction proteins and reset cellular redox
balance (activation of antioxidants and inhibition of iNOS)
in the small intestine and also improved steatohepatitis and
NFκB-PTP1B-Akt-GSK3β (inflammation–insulin) signaling
pathway in the liver. In addition to highlight the mechanisms
underlying lentinan in improving NAFLD through the
gut–liver axis (Figure 7), the findings of this study suggest
increasing intake of mushroom ingredient, lentinan, could
be a plausible strategy to mitigate the adverse effects of
western-style diets on the gut microbiota and gut–liver axis
in NAFLD.
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Sucralose is a non-nutritive artificial sweetener (NNS) used in foods or beverages to

control blood glucose levels and body weight gain. The consumption of NNS has

increased in recent years over the world, and many researches have indicated long-term

sucralose administration altered the gut microbiome composition of mice. These studies

all focus on the US Food and Drug Administration (FDA) defined acceptable daily intake

(ADI), approximately 5 mg/kg BW/day for human. In our study, mice were given with

T1-4 (0.0003, 0.003, 0.03, and 0.3 mg/mL) of sucralose, respectively, Control group

mice were given normal water. In particular, 0.3 mg/mL of sucralose was equal to the

ADI (5 mg/kg BW/day). After 16 weeks, all mice were weighted and sacrificed, the

liver of each mouse was isolated and weighed, segments of jejunum, ileum and colon

were collected for H&E-stained. The contents of jejunum, ileum, cecum and colon were

collected for 16S rRNA gene sequencing. The results showed sucralose administration

affects the intestinal barrier function evidenced by distinct lymphocyte aggregation in

ileum and colon while not change the mice body weight. The 16S rRNA gene sequencing

of the mice gut microbiome suggested sucralose administration significantly changed the

composition of gut microbiota, especially in T1 and T4 group. For example, a reduction

of probiotics abundance (Lachnoclostridium and Lachnospiraceae) was found in cecum

of T4 group mice compared with Control group. On the other hand, Allobaculum, which

was reported positively correlated with diabetes, was increased in the T1 and T4 group.

In addition, the potential pathogens, including Tenacibaculum, Ruegeria, Staphylococcus

were also increased in jejunum, ileum and colon by sucralose administration in T1 and T4

group. These new findings indicate that low dose of sucralose (T1) alter gut microbiome

in mice, and these adverse health effects are equal to ADI level (T4). Overall, our study

provides guidance and suggestions for the use of sucralose in foods and beverages.

Keywords: sucralose, low dose, gut microbiome, mice, intestinal barrier

INTRODUCTION

Global consumption of sugar-free foods is increasing. Non-nutritional sweeteners (NNS)
added to beverages and foods are defined as sweetener with higher sweetness and lower
calorie content than caloric or nutritional sweeteners (such as sucrose or corn syrup)
(1). Sucralose also named trichlorogalactosucrose and TGS, is a NNS, zero-calorie artificial
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sweetener (2). It is a substitute for chlorinated sugar, and its
sweetness is 600 times than sucrose, because of its low production
cost, high thermal stability and solubility, sucralose has become
an important sugar substitute in foods and beverage (3, 4). US
Food and Drug Administration (FDA) defined acceptable daily
intake (ADI) approximately 5 mg/kg BW/day for human (5, 6).
The adverse health effects of sucralose have been highly argued
over the years. For example, a large number of early studies
have shown that most of the ingested sucralose will not be
absorbed and metabolized by the body, and it will not change
with gut peristalsis (7, 8). However, researches have confirmed
that sucralose can change the composition of gut microbiome,
inhibiting intestinal development, and aggravating HFD-induced
hepatic steatosis in adulthood (5, 9).

Gut microbiome refers to the complex community of
microorganisms living in the digestive tract of human and
animals, its number is about 10 times than our body cells (10).
The balance between host and gut microbiome is essential to
maintain a healthy gut barrier and optimal immune homeostasis,
which helps to prevent the occurrence of diseases (11, 12).
Gut microbiome contribute to the metabolic health of the
human host, when aberrant, it will cause the pathogenesis of
various common metabolic disorders including obesity, type 2
diabetes, non-alcoholic liver disease, cardio-metabolic diseases
and malnutrition (13). Related research used fecal samples
from Sprague Dawley rats that received artificial sweetener
sucralose (1.1%) for 12 weeks, the results show that sucralose
administration reduced the total number of anaerobic bacteria,
aerobic bacteria, bifidobacteria, Lactobacillus, Bacteroides and
Clostridium (14). Uebanso research showed that the abundance
of Clostridium flora in the high-dose sucralose group decreased
significantly, and the concentrations of butyric acid and bile
acid increased in a dose-dependent manner with the intake
of sucralose (15). So, sucralose administration significantly
altered mice gut microbiome, and reduced the abundance of
beneficial bacteria.

Although many studies have deeply explored the impact of
sucralose on gut microbiome, most studies were close to the
concentration of ADI (5 mg/kg BW/day) (16, 17). In this study,
we found low concentration sucralose also significantly altered
gut microbiome by setting four concentration gradients, and
it might involve in the development of diabetes. It provides a
research basis for the adverse effect mechanism of sucralose on
human health, and provides guidance and theoretical support for
the practical application of artificial sweeteners.

MATERIALS AND METHODS

Animals and Sampling
Forty specific pathogen-free (SPF) C57BL/6J male mice weaned
at the age of 28 days were purchased from SLAC Laboratory
Animal Co., Ltd (Shanghai, China). The mice were raised in
cages at 25 ± 2◦C for 12 h light/dark cycles with free access to
water andmouse chow. After acclimatization for 1 week, themice
were weighed and randomly divided into 5 groups and treated
for 16 weeks as follows: Control group mice were given distilled
water (C, n= 8), Trichlorogalactosucrose (TGS) 1–4 groups mice

were given a sucralose solution of 0.0003 g/mL (T1, n = 8),
0.003 mg/mL (T2, n = 8), 0.03 mg/mL (T3, n = 8), 0.3 mg/mL
(T4, n = 8) per day. FDA defined ADI for sucralose in humans
were 5mg per kg (body weight) (18), 0.3 mg/ml is equal to a
mouse with an average body weight of 0.02 kg, according to the
following calculation:

ADI 5mg/kg/day× average mouse weight 0.02Kg

Average daily liquid intake 3ml

≈ 0.3mg/mL

At the end of 16-week study, all mice were weighed individually
and euthanized. The liver of each mouse was isolated and
weighed. Segments of jejunum, ileum and colon were collected
and fixed in 4% paraformaldehyde for H&E-stained. The
contents of jejunum, ileum, cecum and colon were collected
and stored at −20◦C until DNA isolation and 16S rRNA gene
sequencing. More detailed bioinformatics methods can be found
in a previous study (19).

Histological Staining
The jejunum, ileum, and colon tissue segments (1 cm) were
collected for histological staining from 3 mice per group,
the tissues were rinsed with PBS, immediately fixed in 4%
paraformaldehyde, and then cut into sections (4–5mm), theH&E
staining were used to stain the tissue sections according the
methods described by previous study (20).

Histopathological scores were calculated according to the
methods described by Ma (21): Epithelial surface loss, crypt
destruction, and immune cell infiltration (0: no change, 1:
localized and mild, 2: localized and moderate, 3: localized and
severe, 4: extensive and moderate, 5: extensive and severe).

DNA Extraction and PCR Amplification
Microbial genomic DNA was extrtacted from each intestinal
content according to the manufacturer’s instructions (QIAamp
DNA Stool Mini Kit QIAGEN, CA). The V4-V5 region of the
bacteria 16S ribosomal RNA gene was amplified by PCR (95◦C
for 2min, followed by 25 cycles at 95◦C for 30 s, 55◦C for 30 s,
and 72◦C for 30 s and a final extension at 72◦C for 5min) using
primers 515 F 5′-barcode- GTGCCAGCMGCCGCGG)-3′ and
907 R 5′-CCGTCAATTCMTTTRAGTTT-3′, where the barcode
is an eight-base sequence unique to each sample. The PCR
reactions were performed in triplicate using 20µLmixture which
contained 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5mM dNTPs,
0.8 µL of forward primer (5µM), 0.8 µL of reverse primer
(5µM), 0.4 µL of FastPfu Polymerase, 0.2 µL of BSA and 10 ng
of template DNA, then add ddH2O to 20 µL. Amplicons were
extracted from 2% agarose gels and purified using the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA,
U.S.) according to the manufacturer’s instructions and quantified
using QuantiFluorTM-ST (Promega, U.S.).

Library Construction and Sequencing
Purified PCR products were quantified by Qubit R©3.0 (Life
Invitrogen) and every 24 amplicons whose barcodes were
different were mixed equally. The pooled DNA product was
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used to construct Illumina Pair-End library following Illumina’s
genomic DNA library preparation procedure. Then the amplicon
library was paired-end sequenced (2 × 250) on an Illumina
Novaseq platform [Mingke Biotechnology (Hangzhou) Co., Ltd]
according to the standard protocols. The original image data
files obtained by high-throughput sequencing were converted
into Sequenced Reads by Base Calling analysis, the results
were stored in FASTQ (referred to as fq) format file, which
contains sequence information of reads and their corresponding
sequencing quality information.

Statistical Analysis
All statistical analyses were performed by SPSS 23.0 (IBM, New
York, NY, United States) using One way ANOVA (22). Data
are presented as the mean ± SEM. Results were considered
significant when P < 0.05.

RESULTS

Sucralose Administration Did Not Change
the Phenotype of Mice
In order to confirm the effect of zero-calorie sucralose on body
nutritional absorption, Mice was given with T1-4 (0.0003, 0.003,
0.03, and 0.3 mg/mL) of sucralose in drinking water, respectively.
The results showed mice body weight and liver weight were not
significant differences between Control group and T1–T4 groups
(Figures 1A,B). To observe the effect of sucralose on intestines
of mice. We stained mice intestinal tissue segments of each
group. Compared with the Control group, the intestinal barrier
and goblet cells of T1-4 groups were significantly damaged, and
there was distinct lymphocyte aggregation in ileum and colon
of T1 group and ileum of T4 group (Figure 1C). According
to the scores of H&E staining, T1 and T4 group presented
with severe acute colitis, crypt destruction, disappearance of
superficial epithelial cells and goblet cells, and the increased
infiltration of inflammatory cell (Figure 1D).

Sucralose Administration Altered Mice Gut
Microbiome
To validate that sucralose administration will change the
structure of gut microbiome in mice, the jejunal, ileal, cecal,
colonic contents were collected for 16S rRNA gene sequencing.
The alpha-diversity indicated that the number of features
and Shannon index had an upward trend from the Control
group to T1 and T2 groups, and there was a downward
trend from T2 group to T3 and T4 group in mice jejunum
(Figures 2A,B), ileum (Figures 2C,D), cecum (Figures 2E,F)
and colon (Figures 2G,H). The beta-diversity showed significant
changes in mice gut microbiome community membership and
structure from Control group to T1-4 groups. Especially in
T1 group (Figures 3A–D), its clustering is far away from all
other groups in jejunum (Figure 3A) ileum (Figure 3B) cecum
(Figure 3C) and colon (Figure 3D). In mice jejunum, ileum and
cecum, T3 and T4 groups were closer to control group. In colon,
T4 group was as far away from the control group as T1 group.

The Mice Gut Core Microbiome
To identify the core microbiome in mice gut, Top 51 bacterial
features of mice gut core microbiome was obtained by referring
the research of Li (23). Most of these features are associated with
the phylum Firmicutes (n = 26), Bacteroidetes (n = 14). At the
family level, the top three families were Erysipelotrichaceae (n
= 10), Lactobacillaceae (n = 6) Staphylococcaceae (n = 4). The
top feature was Allobaculums (n = 4) (F2, F20, F49, F66) at
genus level. These features sequence and taxonomy are shown
in Table 1. Phylogenetic tree analysis indicated the Firmicutes
had the highest level of abundance in the phylum, the next was
Proteobacteria based on the top 129 genus level (Figure 4).

We next confirmed the shifts of mice microbiome in different
gut segments, top 30 most abundant bacterial features were
shown on the bar chart (Figure 5). Among top 5 taxa, in
jejunum and cecum, compared with Control group, Firmicutes-
Allobaculums (F2) had an upward trend in T1 and T4 group,
and it significantly rose in ileum and cecum (P < 0.05). In the
colon, the T4 group had a significant increase in Firmicutes-
Allobaculums (F49 and F66) compared with the Control group.
Firmicutes-Staphylococcus (F5) increased significantly in T1
group compared with Control group in four different gut
segments (P < 0.05) (Figure 5).

Bacterial Taxa Differentially Represented in
Mice Gut Microbiome
Mice gut bacterial features were analyzed by using LEfSe (24),
the abundance of these significantly different features were
shown on the heat map. In jejunum (Figure 6A), Bacteroidetes-
Tenacibaculum (F123) and Proteobacteria-Ruegeria (F116)
had a significantly increase in T1 group compared with
other groups (Control, T2, T3, T4). In ileum (Figure 6C),
Firmicutes-Allobaculum (F2) in T1 and T4 group were
significantly higher than other group (Control, T2, T3),
Firmicutes-Staphylococcus (F5, F37, F10) and Actinobacteria-
Corynebacterium 1 (F41) had a significantly increase in T1
group compared with other groups (Control, T2, T3, T4).
In cecum (Figure 6B), Firmicutes-Lachnoclostridium (F134)
and Firmicutes-Lachnospiraceae UCG-006(F156) in Control
group were significantly higher than T1 and T4 group. In
colon (Figure 6D), after removing these features which were
uncultured or no rank in genus level, we found the Firmicutes-
Allobaculum (F20) in T1 group and Firmicutes-Allobaculum
(F66, F49) in T4 group increased significantly than other groups
(Control, T2, T3).

DISCUSSION

Sweetness, whether provided by sugar or artificial sweeteners,
enhances human appetite and reduce stress, so it is the preference
of most people (25, 26). Besides, sucralose is one of the most
consumed NNS in the world, since entering the food and
beverage market (27), Recent research had shown that sucralose
was used instead of sugar to reduce calorie and blood sugar
intake (28). However, its effect on human health has been
always controversial in recent years. Thus, in the present study,
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TABLE 1 | The mice core gut microbiome.

Feature# Feature ID Phylum Order Family Genus Species

F1 6b16e3df5b1a43f80f1abba36a2f4fa4 Firmicutes Erysipelotrichales Erysipelotrichaceae

F2 c7a8646670d35169426746bafae12863 Firmicutes Erysipelotrichales Erysipelotrichaceae Allobaculums

F4 e91c5ab4a5ff57293c61ab5f8af8f857 Bacteroidetes Bacteroidales S24-7

F5 2baa2ccaf423b8f4b575c26dd5528527 Firmicutes Bacillales Staphylococcaceae Staphylococcus

F9 0e01940bde40f2c0199e553a5a89621f Firmicutes Erysipelotrichales Erysipelotrichaceae Turicibacter

F10 db763fd81e8bbffe8d937b0b8e34ef3c Firmicutes Bacillales Staphylococcaceae Staphylococcus

F3 74fe5a07ff7883bf6065905ae09dab02 Firmicutes Erysipelotrichales Erysipelotrichaceae Faecalibaculum

F12 daa7e3c372cba75996978c9413cb8023 Bacteroidetes Bacteroidales Porphyromonadaceae Parabacteroides

F6 bad7a42c2b923635697a99bfd9cfb4d4 Firmicutes Lactobacillales Lactobacillaceae Lactobacillus

F20 dee4854053933a4ec92f2ab0408b6617 Firmicutes Erysipelotrichales Erysipelotrichaceae Allobaculum

F16 46f1c0f94998484d634272566ab9045e Bacteroidetes Bacteroidales Rikenellaceae Alistipes; s

F34 35af66e08002462940c4550f2caaae05 Proteobacteria Rhodobacterales Rhodobacteraceae Donghicola

F28 6e1541c94d068be4013d732546963c3b Bacteroidetes Bacteroidales S24-7

F42 98db5cc259f3b66be220f159b72736e0 Proteobacteria Burkholderiales Comamonadaceae Delftia

F49 2b380f7d47d59b2b9775fbb9c4d27b2e Firmicutes Erysipelotrichales Erysipelotrichaceae Allobaculum

F52 8731e41abac7051ee170aea30cff35cd Firmicutes Clostridiales Lachnospiraceae Lachnoclostridium

F45 1e7e2fecb3499fe7acf1ec450f55ae46 Firmicutes Lactobacillales Streptococcaceae Streptococcus

F50 ed18d5fd0e21931814692926017a6c25 Firmicutes Clostridiale Lachnospiraceae NK4A136

F39 1ec4262624d166b77c644117324ece51 Bacteroidetes Bacteroidales Porphyromonadaceae Odoribacter

F13 b27d135cb75eb333fb6d6e29f9496218 Firmicutes Erysipelotrichales Erysipelotrichaceae

F41 bb96c3f96496dd3436c48cc3fe9b869b Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium1

F66 d99862e3d320187d202bf5427e084262 Firmicutes; Erysipelotrichales Erysipelotrichaceae Allobaculum

F46 963f23135f931531c59451f0fbb6e12c Bacteroidetes Bacteroidales Prevotellaceae UCG-001

F36 88eacccbc95ec6f6264d25d8143274ec Bacteroidetes Bacteroidales Porphyromonadaceae Odoribacter

F68 1bbcf22e72576560caa74a36d1034535 Bacteroidetes Flavobacteriales Flavobacteriaceae Mesoflavibacter

F60 a2c80a0fefad24ad09383620125620ac Firmicutes Clostridiales Clostridiaceae 1 sensu stricto 1

F11 b415fc5a8da6294f0a2be791c1763b46 Bacteroidetes Bacteroidales Bacteroidaceae Bacteroides

F77 49fe5c8102e07ba0b1060fe687e1ba41 Bacteroidetes Flavobacteriales Flavobacteriaceae Mesoflavibacter

F58 86823ff40593228f03d64f36dfcd0c7c Firmicutes Clostridiales Ruminococcaceae Ruminiclostridium 9

F89 65e916ef00eacbed2d5068c2d14835b3 Firmicutes Bacillales Staphylococcaceae Jeotgalicoccus Halotolerans

F84 0a506ad68d12793df4055a2b76ebe412 Proteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

F17 3aa637bd332ff9fce9373b81613ec1e3 Proteobacteria Burkholderiales Alcaligenaceae Parasutterella

F95 4326af51eda901052e87d2bd8df04fee Bacteroidetes Flavobacteriales Flavobacteriaceae Mesoflavibacter

F79 23e7dba569ab918cf641dc7c6a19cdca Proteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium

F19 5358db5bc5ebe904ec7caf97db19ca41 Firmicutes Erysipelotrichales Erysipelotrichaceae Faecalibaculum

F73 18868dd1c73f1dc845edd0783806a273 Actinobacteria Coriobacteriales Coriobacteriaceae Enterorhabdus

F44 8094bb6c6dd711371552ae749d34bd2e Bacteria Bacteroidales Rikenellaceae RC9 gut

F56 2e2b432ddf60afdd484cd4abd0a34fdb Deferribacteres Deferribacterales Deferribacteraceae Mucispirillum

F100 a4177cc2db325e8adfae6d8003be7467 Firmicutes Clostridiales Lachnospiraceae NK4A136

F116 cdcab14f1a38a841458a3b63cdb952a2 Proteobacteria Rhodobacterales Rhodobacteraceae Ruegeria

F78 1fb77a25c3217ae147accb95cd6e3db9 Firmicutes Clostridiales Lachnospiraceae

F108 d5ca97f9398c389f305fd8e5a89a3d8b Firmicutes Clostridiales Lachnospiraceae Marvinbryantia

F123 e3940000c0af54fe0debb7325bb78c42 Bacteroidetes Flavobacteriales Flavobacteriaceae Tenacibaculum Litoreum

F144 630af886c8a8b7bbef2df85247c40bb7 Firmicutes Clostridiales Ruminococcaceae Ruminiclostridium

F133 884647b522ef48acb57a64e71987a20f Proteobacteria Pseudomonadales Moraxellaceae Enhydrobacter

F148 e4f8ba7abc5dc204a7d9e55e7db910b6 Firmicutes Bacillales Planococcaceae Sporosarcina

F112 342bdcf4e03a5fa45327aa587fe1b2ce Firmicutes Clostridiales Peptococcaceae

F149 c1e75978abce59bd25cbfe9ac36067f2 Bacteroidetes; Flavobacteriales Flavobacteriaceae Winogradskyella

F132 2e9c75913d6338775f03b74a35fc8ece Firmicutes Clostridiales Ruminococcaceae Ruminiclostridium

F137 8c7c75dfb1b25dbf2e80105777369689 Proteobacteria Burkholderiales Burkholderiaceae Pandoraea Oxalativorans

F167 c851e3a644c834c9a924fa361638b492 Firmicutes Erysipelotrichales Erysipelotrichaceae
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FIGURE 1 | Bar chart showing the mice body weight (A) and liver weight (B). Representative H&E-stained sections from jejunum, ileum, cecum and colon (C), the

arrowhead points in the direction where lymphocyte aggregation. Histopathological scores of the H&E staining (D). Data was expressed as mean ± SEM (n = 8) and

analyzed by one-way ANOVA analysis. The different superscript letters on the histogram represent a significant difference (D) (P < 0.01).

we examined the effects of sucralose (0.0003, 0.003, 0.03, and
0.3 mg/mL) on mice weight. Finally, we found that sucralose
administration did not change the phenotype of mice, including
the body weight and liver weight. Resent research showing
the body weight remained constant by short-term sucralose
consumption in human (16). Azad searched Medline, Embase
and Cochrane Library for randomized controlled trials that

evaluated interventions for NNS, NNS administration had no
significant effect on BMI in 1,003 participants (29). This all
consistent with our study, and confirms that sucralose as a
zero-calorie sweetener does not provide energy to the body.

The intestinal barrier is composed of physical barrier
(intestinal epithelium and mucus elements) (30), immunologic
(immune cells) (31), and microbial community (32).
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FIGURE 2 | Alpha diversity including Shannon index (A,C,E,G) and the number of features (B,D,F,H) in control group, Trichlorogalactosucrose (TGS) 1–4 (T1, T2, T3,

T4) groups in jejunum (A,B), ileum (C,D), cecum (E,F), colon (G,H). Data was processed through log10, and expressed as mean ± SEM (n = 8) and analyzed by

one-way ANOVA analysis. The different superscript letters on the boxplot represent a significant difference (P < 0.01).
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FIGURE 3 | PCA of the mice gut microbial community composition of the Control and T1-4 group based on the Bray-Curtis distances showed distinct clusters,

P-value and R-value were calculated by ANOSIM. The jejunum (A), ileum (B), cecum (C), and colon (D) microbial community structure between the Control group and

T1–4 groups were differentiated by colors (red, brown, green, blue, purple, respectively).

Intestinal barrier regulates the two-way flow of water, ions
and macromolecules between the lumen and the host (33).
Epithelial barrier dysfunction has been reported in a variety
of intestinal diseases, including inflammatory bowel disease
(IBD) and ulcerative colitis (34). With the administration of
sucralose, T1-4groups intestinal epithelial barrier was destroyed,
as evidenced by the lymphocyte aggregation, especially in T1
and T4 groups. Resent study indicated that high concentrations
of sucralose [10 mmol, the public may consume generous
sweetener in the diet to achieve up to 10 mmol exposure to
sweeteners (35)] induced apoptosis and cell death of intestinal
epithelial cells, low concentrations of sucralose (0.1 mmol)
down-regulated cell surface claudin 3 (36). Dai et al. (5) research
showed that maternal sucralose administration significantly
inhibited intestinal development and destroyed the intestinal
barrier function in 3-week-old offspring. MUC2 is one of
the important products of goblet cells and is closely related
to the formation of the mucus layer. Research showed that

compared with the control group, the production of MUC2
was significantly decreased in the sucralose group (5). After
6 months of sucralose administration, the genes related to
LPS synthesis increased significantly (37). The relative mRNA
expression levels of proinflammatory factors, including IL-1β,
IFN-γ, and TNF-α were significantly higher in sucralose group
than those in control group in colon (5). In our study, sucralose
administration induced lymphocyte aggregation, which may
lead to the increase of inflammatory factors. These revealed
that sucralose administration might disrupt intestinal barrier
function, the sucralose concentration and the effect on intestinal
barrier of these studies all consistent with T4 group in our study,
more interestingly, we also found the intestinal barrier was
significantly damaged in group T1.

Gut microbiome is also an important part of the intestinal
barrier (38), it is a complex and dynamic system, intestinal
imbalanced states or even unhealthy stable states will develop,
or potentially lead to diseases, including IBD, Nonalcoholic fatty
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FIGURE 4 | Phylogenetic tree analysis showing top 129 bacterial taxa based on 16S rRNA gene V4-V5 hypervariable regions, after removing 21 features which were

uncultured or no rank in genus level. The innermost clades and labels were colored by genus.

liver disease (NALFD) and Irritable Bowel Syndrome (IBS) (39,
40). In this study, we demonstrate low dose of sucralose alter
gut microbiome in mice by using 16S rRNA gene sequencing,
T1-4 groups mice accessed 0.0003 g/mL, 0.003 mg/mL, 0.03
mg/mL, 0.3 mg/mL sucralose for 16 weeks, 0.1 mg/ml of
sucralose solution was FDA acceptable daily intake (18). The
results showed the number of features and Shannon index had
an upward trend in T1 group and a downward trend in T4
group compared with Control group, Beta-diversity indicated T1
group was distinct from other groups, especially Control group.
Sánchez-Tapia research found 1.5% (1.5 mg/mL) concentration
of sucralose led to the lowest α-diversity in rats gut microbiota,
its PCoA analysis revealed that gut microbiota was differentially
shifted by sucralose (41). Many previous studies had shown
that ADI (0.1 mg/ml) of sucralose significantly altered mice gut
microbiome (37, 42). These results were consistent with T4 group
in our study, however, the new finding in our research was T1
(0.0003 mg/mL) group, like T4 (0.3 mg/mL), also altered mice
gut microbiome.

Core microbiome is essential to understand its function in
the gut, it has been well- researched in different species (43,
44). Generally, a core microbiome indicates common bacterial
present in all or most (e.g., >90%) of the communities in the

host (45). In this study, a total of 51 core microbiome members
of mice were identified in five groups. Most of these features are
associated with the phylum Firmicutes (n = 26), Bacteroidetes
(n = 14). Research have shown 2.5% sucralose treatment group
increased the Firmicutes in phylum level (46). In our study, we
found the top feature was Allobaculums (n = 4) (F2, F20, F49,
F66) at genus level. Besides, Allobaculums of T1 and T4 group
were significantly higher in mice jejunum, ileum and colon.
Many research had shown Allobaculums significantly increased
in diabetes model group compared with normal group (47, 48).
However, whether sucralose administration will induce diabetes
by altering gut microbiota, it requires further research.

Sucralose intake associated bacterial features were identified
by using LEfSe, an algorithm that not only analyze statistical
significance but also biological consistency. The results
showing, in jejunum, Bacteroidetes-Tenacibaculum (F123)
and Proteobacteria-Ruegeria (F116) significantly increased
in T1 group compared with Control group. Tenacibaculum
is a genus of gram negative, filamentous bacteria, related to
the disease (tenacibaculosis) existing in aquaculture farms
all over the world (49). Rubio-Portillo research identified
Ruegeria OUT was associated with tissue necrosis in their
hosts (50). In ileum, Firmicutes-Staphylococcus (F5, F37, F10)
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FIGURE 5 | The top 30 features in Control group and T1–4 groups of jejunum, ileum, cecum and colon microbiome in mice. Each color indicates the relative

abundance of a bacterial taxon on the bar chart.

and Actinobacteria-Corynebacterium 1 (F41) significantly
increased in T1 group compared with Control groups. The
representative species of Staphylococcus are Staphylococcus
aureus, it is a pathogen that usually colonizes the human
anterior nostrils. This pathogen is one of main causes of life-
threatening bloodstream infections, as sepsis and endocarditis
(51). In cecum, Firmicutes-Lachnoclostridium (F134) and

Firmicutes-Lachnospiraceae UCG-006 (F156) significantly
decreased in T4 group than Control group. Lachnoclostridium
was significantly up-regulated after treatment of obesity and
inflammatory bowel disease (IBD) (52, 53). Lachnospiraceae
is the major producers of short-chain fatty acids (SCFA), and
is significantly related with enhanced gut barrier function
(54, 55). In colon, Firmicutes-Allobaculum (F20) in T1 group
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FIGURE 6 | Heat map indicated 68 bacterial taxa were identified by LEfSe (LDA > 3) in mice jejunum (n = 20) (A), ileum (n = 11) (C), cecum (n = 20) (B), and colon (n

= 17) (D) microbiome. The top 1,000 features were used for LEfSe analysis. Heat map shows the average relative abundances on a Z-score.

and Firmicutes-Allobaculum (F66, F49) in T4 group increased
significantly than other groups (Control, T2, T3). Allobaculum
is not only positive related to diabetes (47, 48), but also related

to ileal RORγT and IL-17 levels (56), induced susceptibility
to autoimmune encephalitis (57), increased the expansion
of inflammatory T helper 17 cells in gut (58). So, low dose
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of sucralose (T1, 0.0003 g/mL) consumption significantly
altered mice gut microbiome, it might contribute to the
increased expression of pro-inflammatory, these changes same
as most previous study had indicated sucralose intake at
human ADI (T4, 0.03 mg/mL) altered the gut microbiome in
mice (5, 18, 41, 46).

CONCLUSION

Overall, our study demonstrated sucralose administration did
not change mice body weight, but low dose of sucralose (0.0003
mg/mL) significantly altered mice gut microbiome, including
the increases of Tenacibaculum, Ruegeria, Staphylococcus and
Allobaculum in genus level in mice jejunum, ileum and colon.
The decrease of Lachnoclostridium and Lachnospiraceae in
cecum of T4 group mice. Although the sucralose of ADI (0.3
mg/mL) level also altered the gut microbiome inmice, the human
daily intake of sucralose is usually lower than this concentration.
We should focus on the low dose of sucralose administration in
human. Finally, our research is limited to the effect of low-dose
sucralose on the gut microbiome of mice, and the relevance to
human metabolic diseases warrant further investigation.
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Daily foods contain a great number of self-assembled nanoparticles (NPs) which were
incidentally produced during food processing. These food incidental NPs can directly
access the human gastrointestinal tract in high frequency and large quantities. Limited
reports were focused on whether and how these food incidental NPs affected the
gastrointestinal tissues and gut microbiota. In the present study, bone soup and its
NPs both significantly ameliorated colitis symptoms in dextran sulfate sodium (DSS)-
induced mice and inhibited the release of pro-inflammatory cytokines. They also restored
intestinal microbiota dysbiosis by improving the diversity and richness of intestinal
microbiota and regulating community composition, such as a remarkable increase in
Muribaculaceae, Alistipes, and Alloprevotella, and a decrease in Helicobacter. Moreover,
the correlation analysis showed that pro-inflammatory cytokines were negatively
correlated with Muribaculaceae, Alloprevotella, and Alistipes, but positively correlated
with Helicobacter. These findings suggest that the food incidental NPs can influence
human health through regulating the inflammation of the gastrointestinal tissues and the
gut microbiota.

Keywords: bone soup, nanoparticles, ulcerative colitis, gut microbiota, inflammation, dextran sulfate sodium

INTRODUCTION

In the past decades, nanoparticles (NPs) have been increasingly used in food processing and
food packaging for improving the quality of food, extending the shelf-life, enhancing the uptake,
absorption, and bioavailability of food nutrients, etc (1, 2). These engineered NPs could have
direct access to the human gastrointestinal tract (GIT) along with the food (3) and subsequently
affect the gut microbiota and the GIT itself, such as GIT inflammation and redox homeostasis (4).

Abbreviations: NPs, nanoparticles; GIT, gastrointestinal tract; DSS, dextran sulfate sodium; DHA, docosahexaenoic
acid; EPA, eicosatetraenoic acid; IBD, inflammatory bowel disease; BS, bone soup; BSNPs, bone soup nanoparticles;
SASP, sulfasalazine; 16S rRNA, 16S ribosomal RNA; DAI, disease activity index; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; IL-6, interleukin 6; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha; PCoA, principal
coordinates analysis; NMDS, non-metric multidimensional scaling; LEfSe, linear discriminant analysis effect size; OTUs,
operational taxonomic units; LDA, linear discriminant analysis; NF-κB, nuclear factor kappa B.
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Several studies revealed that these NPs, such as TiO2 (5), SiO2
(6), CuO (7), Ag (8), could induce intestinal inflammation and
disruption of gut microbiota. On the contrary, some engineered
NPs, e.g., Ce oxide (9), ZnO (10), and Ag (11) exerted an
anti-inflammatory activity. The underlying mechanisms of the
“nanoparticle-GIT” interaction were not fully understood, thus
warranting further studies.

Apart from the engineered NPs in the food system, daily
foods contained abundant amounts of incidental NPs, too, which
were the assemblies of polar or non-polar food components
derived by physical and chemical forces during the food
processing (heating, cooling, and emulsification, etc.) (12). For
instance, the proteoglycan–lipid NPs with an average diameter
of 50–67 nm were generated during the heating processing
of Freshwater Clams (Corbicula fluminea Muller) soup (12).
Numerous spherical NPs were found in green tea infusions (13).
A large number of self-assembly micro/nanoparticles containing
docosahexaenoic acid (DHA) and eicosatetraenoic acid (EPA)
have been observed in bigeye tuna (Thunnus obesus) head soup
(14). Moreover, porcine bone soup, as a traditional nourishing
food for preventing immune malfunction and inflammatory
bowel disease (IBD) (15, 16), has been demonstrated to contain
amounts of nanoscale colloidal particles with an average size of
ca. 200 nm, and the formation of these incidental NPs has been
investigated (17, 18). These food incidental NPs not only played
a crucial role in the stability and texture characterization of food,
but also made great contributions to the physiological effects of
food due to the unique physicochemical properties at nanoscale.
Similar to the engineered NPs, these food incidental NPs may
directly encounter cells in human GIT and alter the intestinal
microenvironment. To date, however, little has been known on
these incidental food NPs and their biological impacts on the gut.

As we previously reported, the spherical NPs mainly consisted
of lipids and proteins with an average size of ca. 200 nm
and ζ-potential of ca. −15 mV derived from porcine bone
soup were isolated and directly interacted with macrophages
with preventing cells from peroxyl radical-induced membrane
hyperpolarization, mitochondrial malfunction, and phagocytosis
suppression (18). Moreover, these NPs derived from the porcine
bone soup attenuated oxidative stress-induced intestinal barrier
injury in the Caco-2 cell monolayer model (17). In this study,
we set off to evaluate the alleviative effects of NPs derived
from porcine bone soup on dextran sulfate sodium (DSS)
induced colitis in mice, by modulating intestinal inflammation
and gut microbiota.

MATERIALS AND METHODS

Preparation of Nanoparticles Derived
From Porcine Bone Soup
Fresh porcine bones (Landrace pigs, Sus scrofa) were obtained
from the fresh local market. The bone soup was prepared, and
the NPs were isolated according to our previous reports (17–19).
Briefly, 1 kg of fresh porcine bones was cooked with deionized
water (1:3, w/v) for 3 h in a boiling water bath after removing
the blood residues. Filtered through four layers of cotton gauze

to remove the solid residues and the soup was centrifuged at
400 g for 10 min. The supernatant of bone soup was collected
and named as BS. Then BS was applied to a pre-equilibrated size-
exclusive chromatographic column. The fractions with strong
light scattering intensity were collected and dialyzed against
water, and the obtained NPs samples were freeze-dried and
designated as BSNPs. Before the animal experiment, BSNPs
were dissolved with deionized water to the same derived count
rate as that of BS.

Animal Experiments
The 5-week-old specific pathogen-free (SPF) female BALB/c
mice were supplied by Zhejiang Center of Laboratory Animals
(Hangzhou, China). The mice were housed under the standard
conditions (21 ± 1◦C, 55.5 ± 5% relative humidity) with a
controlled light–dark cycle of 12/12 h. The mice were fed on
standard chow and distilled water ad libitum. After 1 week
of adaptive feeding, the mice were randomly divided into five
groups with six mice each. Acute colitis in BALB/c mice was
established according to the previous study (20). The groups were
as follows: (1) Control group, mice were fed with standard chow
and distilled water ad libitum, daily administered normal saline
(50 ml/kg/day) by oral gavage for 7 days. (2) DSS group, provided
free access to 5% DSS (36–50 kDa; MP Biomedicals, Irvine, CA,
United States) in distilled water and daily administered normal
saline (50 ml/kg/day) by oral gavage for 7 days. (3) Sulfasalazine
(SASP) group, provided free access to 5% DSS in distilled water
and daily administered SASP (250 mg/kg, Shanghai Zhongxi
Sanwei Pharmaceutical Co., Ltd., Shanghai, China) by oral gavage
for 7 days. (4) The BS group provided free access to 5% DSS
in distilled water and administered BS at 50 ml/kg/day by oral
gavage for 7 days. (5) BSNPs group provided free access to 5%
DSS in distilled water and administered BSNPs at 50 ml/kg/day
by oral gavage for 7 days. On the 8th day, mice were sacrificed
by cervical dislocation. The fecal samples were collected for 16S
ribosomal RNA (16S rRNA) analysis. The colon samples were
excised quickly and rinsed with ice-cold 0.9% NaCl. Their length
and weight were subsequently measured. At last, colons were
divided into three parts for histopathological analysis and real-
time polymerase chain reaction (PCR).

All animal experiments were conducted according to the NIH
Guidance for the care and use of laboratory animals and approved
by the Animal Care and Welfare Committee of Zhejiang Center
of Laboratory Animals, China.

Disease Activity Index
The severity of colitis was evaluated daily according to the DAI
scoring system as described previously (21), such as body weight
loss, stool consistency, and gross rectal bleeding.

Histological Analysis
For histological evaluation, hematoxylin and eosin (H&E) stained
colon tissues were performed, and histological changes were
evaluated by two independent investigators in a blinded manner
according to a scoring system as described previously (22). The
sum of each score reflected the colonic histological damage.

Frontiers in Nutrition | www.frontiersin.org 2 March 2022 | Volume 9 | Article 821404231

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


fnut-09-821404 March 23, 2022 Time: 15:59 # 3

Wang et al. Food-Derived Nanoparticles Regulated Microflora

TABLE 1 | GenBank accession numbers, sequences of forward and reverse primers, and fragment sizes used for real-time PCR.

Target GenBank number Primer sequence Size, bp

TNF-α NM_013693.3 F:5′ TTGTCTACTCCCAGGTTCTCT3′ 107

R: 5′ GAGGTTGACTTTCTCCTGGTATG3′

IL-6 NM_031168.2 F:5′ CTTCCATCCAGTTGCCTTCT3′ 134

R:5′ CTCCGACTTGTGAAGTGGTATAG3′

IL-1β NM_008361.4 F:5′ CCACCTCAATGGACAGAATATCA3′ 96

R:5′ CCCAAGGCCACAGGTATTT3′

GAPDH NM_001289726.1 F:5′ AACAGCAACTCCCACTCTTC3′ 111

R:5′ CCTGTTGCTGTAGCCGTATT3′

RNA Extract and Real-Time PCR
The mRNA expression of inflammatory cytokines, such as
interleukin 6 (IL-6), interleukin 1 beta (IL-1β), and tumor
necrosis factor-alpha (TNF-α), were determined in ileum mucosa
by real-time PCR. Total RNA was extracted from the colon
tissue using with miRNeasy Mini Kit (QIAGEN, 217004, Hilden,
North Rhine-Westphalia, Germany), its concentration and purity
were measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States).
cDNA was synthesized using RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, K1622, Waltham, MA,
United States). The real-time PCR was conducted using Platinum
SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen,
11744-500, Carlsbad, CA, United States); the reaction solution
contained 10 µl of 2 × SYBR Green, 1 µl of each primer
(10 µM), 1 µl of reverse transcription product, and 8 µl of
RNase/DNase-free water (total volume 20 µl). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an internal
reference gene to normalize target gene transcript levels and the
primers sequences of target genes (Sangon Biotech (Shanghai)
Co., Shanghai, China) are presented in Table 1. The reaction
conditions were as follows: 2 min at 95◦C, 40 cycles for 15 s at
95◦C, 30 s at 60◦C, 30 s at 72◦C. All the results were normalized
to the internal reference gene: GAPDH. The relative expression
of mRNA level was calculated with the 2−11Ct method.

16S rRNA Analysis
The gut microbiota composition of mice feces was determined
by 16S rRNA gene amplification. Briefly, MagPure Stool
DNA KF Kit B (Magen Biotechnology Co., Guangzhou,
China) was used to extract genomic DNA from feces. DNA
concentration and integrity were measured by a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, United States) and agarose gel electrophoresis, respectively.
The 16S rRNA gene V3–V4 region was amplified from the
genomic DNA in a 25 µl reaction using the universal bacterial
primers: (343F, 5′- TACGGRAGGCAGCAG-3′, and 798R, 5′-
AGGGTATCTAATCCT-3′). The PCR products were purified
with Agencourt AMPure XP beads (Beckman Coulter Co., Brea,
CA, United States) and quantified by using a Qubit dsDNA assay
kit (Thermo Fisher Scientific, Waltham, MA, United States).
Sequencing was performed on an Illumina NovaSeq 6000
with two paired-end read cycles of 250 bases each (Illumina

Inc., San Diego, CA, United States; OE Biotech Co., Ltd.,
Shanghai, China).

The Trimmomatic software was used to analyze the raw
data. After trimming, operational taxonomic units (OTUs) were
generated by using VSEARCH 2.7.1 with a 97% similarity cutoff.
The representative read of each OTU was selected by using the
Quantitative Insights into Microbial Ecology (QIIME) package.
All representative reads were annotated and blasted against the
Silva database (Version 132) using the RDP classifier (confidence
threshold was 70%). The microbial richness and diversity in fecal
content samples were estimated using the alpha diversity that
includes Chao1 index, Observed species index, Simpson index,
and Shannon index. The UniFrac distance matrix performed by
QIIME software was used for the unweighted UniFrac Principal
coordinates analysis (PCoA), Non-metric multidimensional
scaling (NMDS) analysis, and phylogenetic tree construction.
Linear discriminant analysis effect size (LEfSe) based linear
discriminant analysis (LDA) and cladogram were generated to
assess differentially abundant microbial taxa. The 16S rRNA gene
amplicon sequencing and analysis were conducted by OE Biotech
Co., Ltd. (Shanghai, China).

Statistical Analysis
Data were expressed as mean± standard error of the mean (SEM)
and performed with GraphPad Prism 7.0 (GraphPad Software,
Inc., San Diego, CA, United States). The significant differences
were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons in multiple groups.
Correlations were analyzed by using Spearman’s correlation
analysis. The value of p < 0.05 was considered to be
statistically significant.

RESULTS

Bone Soup Nanoparticles Alleviated the
Symptoms of Dextran Sulfate
Sodium-Induced Colitis in Mice
The influences of the BS or its BSNPs on the symptoms of DSS-
induced colitis were investigated. As shown in Figures 1A–E, the
DSS-treated group showed a significant reduction in bodyweight,
increase in DAI score, reduction of colon length, and increment
of colon weight/length ratio compared with the healthy control
group (p < 0.05). The BS or BSNPs treatment, similar to that
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FIGURE 1 | Effect of BS or BSNPs treatment on clinical symptoms of dextran sulfate sodium (DSS)-induced colitis. (A) Bodyweight measurement. (B) Disease
activity index. (C) Colon length of mice. (D) Colon weight/length ratio. (E) Representative images of the colon from a different group. Values were expressed as the
mean ± SEM (n = 6). Means without a common letter are significantly different at p < 0.05 using one-way ANOVA followed by Tukey’s test for post hoc analysis.

of SASP, significantly alleviated the bodyweight loss, the DAI
score, and increment in the colon length. A significant reduction
of colon weight/length ratio was observed in the BS/BSNPs-
treated mice compared with the DSS group (p < 0.05). Moreover,
no significant difference was observed between BS and BSNPs
treatment, implying that the alleviative effects of BS in DSS-
induced colitis might be mainly attributed to its NP components.

Bone Soup Nanoparticles Attenuated the
Inflammation of Colonic Mucosa
The histological changes of colonic mucosa were consistent
with the general symptoms described above, determined with
H&E staining. As shown in Figures 2A,B, the DSS treatment
induced inflammatory cell infiltration and significantly elevated
histological score (p < 0.05). The treatment of BS or BSNPs
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FIGURE 2 | Effect of BS, BSNPs, and SASP treatment on histopathological alteration and inflammatory cytokines in the colonic mucosa of DSS-induced colitis.
(A) Representative images of colonic segments. (B) Histological scores. (C) TNF-α expression. (D) Interleukin 6 (IL-6) expression. (E) Interleukin 1 β (IL-1β)
expression. Values are expressed as the mean ± SEM (n = 6). Means without a common letter are significantly different at p < 0.05 using one-way ANOVA followed
by Tukey’s test for post hoc analysis.
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significantly inhibited the cell infiltration and histological score
(p < 0.05).

In line with the histological changes, the pro-inflammatory
cytokines (e.g., TNF-α, IL-6, and IL-1β) were boosted by DSS
but downregulated by BS or BSNPs to an extent similar to
that of SASP (Figures 2C–E), judging by quantitative real-
time PCR determination of mRNA abundance of cytokines.
The BS and BSNPs exhibited the same level of inhibition on
colonic inflammation, elucidating the NPs are the principal active
components of the bone soup in treating DSS-induced colitis.

Bone Soup Nanoparticles Restored Gut
Microbial Diversity
The alpha diversity and beta diversity analysis of the gut microbial
community in each group were assessed using a set of statistical
analysis indexes. The gut microbial community richness index
was calculated with Chao1 and Observed species index, while
Shannon index and Simpson index were used to estimate the
microbial diversity. As shown in Figures 3A–D, the Chao1 index,
Observed species index, Shannon index, and Simpson index of
the DSS group were found to be significantly lower than the
normal mice, suggesting DSS reduced the microbial richness and
diversity, disrupted the microbiota structure. The administration
of either BS or BSNPs restored the microbial richness and
diversity, in similar effectiveness with SASP. No significant
difference was observed between the BS and BSNPs groups.

Besides, the PCoA of the microbial community showed that
the microbial evolution of DSS-treated mice was vastly different
from the normal mice, while the BS and BSNPs-treated mice were
rather similar to the normal mice (Figure 3E). It is in line with the
NMDS analysis (Figure 3F). In addition, the unweighted pair-
group technique with arithmetic mean (UPGMA) was employed
to construct a circular hierarchical clustering tree (Figure 3G),
which indicated that the administration of BS, BSNPs, and
SASP caused much fewer changes in microbial communities
than that of DSS.

Modulation of Gut Microbiota by Bone
Soup Nanoparticles
The gut microbiota community structure distribution and
relative abundance of taxa were analyzed. At the phylum
level, the gut microbiota composition in each group was
shown in Figure 4A. Compared to the normal mice, mice
in the DSS group exhibited the higher relative abundances
of Campilobacterota (33.43 vs. 1.26%) and lower relative
abundances of Bacteroidetes (25.53 vs. 63.95%). The DSS induced
an elevated Firmicutes/Bacteroidetes (F/B) ratio, too (p < 0.05,
Figure 4C). The administration of BSNPs or BS significantly
reversed these microbiota composition changes at the phylum
level and resorted the F/B ratio to a normal level.

Consistently, the BSNPs or BS administration also restored the
microflora balance at the genus level (Figure 4B), characterized
by significantly increased Muribaculaceae (Figure 4D), Alistipes
(Figure 4H), and Alloprevotella (Figure 4G), markedly
decreased Helicobacter and Lachnospiraceae_NK4A136_group
(Figures 4E,F) (p < 0.05). Furthermore, a heatmap based on the

FIGURE 3 | Analysis of the alpha diversity and beta diversity of the differential
microbial community among the control group, DSS group, SASP, BS, and
BSNPs-treated group. Violin plots showing Chao1 index (A),
Observed_species index (B), Simpson index (C), Shannon index (D).
(E) UniFrac distance of unweighted PCoA analysis, (F) UniFrac distance of
unweighted NMDS analysis, (G) the unweighted pair-group technique with
arithmetic mean (UPGMA) analysis the differences between samples. Means
without a common letter are significantly different at p < 0.05 using one-way
ANOVA followed by Tukey’s test for post hoc analysis.

relative abundance of the top 15 abundant genera of bacteria, a
phylogenetic tree, and a heatmap showing relative abundances
of OTUs together with a corresponding phylogenetic tree were
performed (Figures 4I,J). These results confirmed that BS or
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FIGURE 4 | Analysis of the microbial community structure of each group. (A) Relative abundance of each sample at the phylum level. (B) Relative abundance of
each sample at the genus level. Violin plots showing Firmicutes to Bacteroidetes ratio (F/B ratio) (C) of each group, and relative abundance of Muribaculaceae (D),
Helicobacter (E), Lachnospiraceae_NK4A136_group (F), Alloprevotella (G), and Alistipes (H) at the genus levels. (I) Heatmap illustrating the relative abundance of
the 15 most abundant bacterial genus. (J) Phylogenetic tree and heatmap showing relative abundances of operational taxonomic units (OTUs) together with a
corresponding phylogenetic tree. The clustering branch represents different bacterial phyla. The abundance graph was shown on the right, which corresponds to the
abundance of left OTUs in each sample. Means without a common letter are significantly different at p < 0.05 using one-way ANOVA followed by Tukey’s test for
post hoc analysis.

BSNPs treatment could counteract the DSS-induced changes in
the gut microbiota.

The LEfSe was performed to compare the difference in the
abundance of gut microbiota compositions among different
groups of mice (Figures 5A,B). From the phylum level to the
genus level, there were 43 significant taxa in all groups. At the
genus levels, Lachnospiraceae_NK4A136_group and Helicobacter
were enriched in the DSS-treated mice, while 11 other taxa,
such as Muribaculaceae, Alloprevotella, Alistipes, Odoribacter,
Clostridia_vadinBB60_group, and Rikenellaceae_RC9_gut_group,
were enriched in normal mice and SASP/BS/BSNPs-treated mice.

Correlations Between the Expressions of
Pro-inflammatory Cytokines With
Microbiota
The possible correlations between gut microbiota and
pro-inflammatory cytokines were examined with Spearman’s

correlation analyses (23). As shown in Figure 6, six
bacteria were negatively correlated with pro-inflammatory
cytokines (p < 0.05), such as Muribaculaceae, Alloprevotella,
Alistipes, Odoribacter, Clostridia_vadinBB60_group, and
Rikenellaceae_RC9_gut_group. Notably, these six bacteria
were separately enriched in BSNPs, BS, and control group
(Figure 5A), and Muribaculaceae, Alloprevotella, and
Alistipes were significantly lower in the DSS group than
other groups (Figures 4D,G,H). Furthermore, Helicobacter
and Colidextribacter were significantly positively correlated
with the pro-inflammatory cytokines (p < 0.05). Intriguingly,
Helicobacter was enriched in DSS treatment (Figure 5A),
and the treatment of BS, BSNPs, or SASP can significantly
decrease the abundances of Helicobacter (Figure 4E). These
results revealed that the anti-inflammatory effects of BSNPs
and BS on DSS-induced colitis might be correlated to the
increased abundance in Muribaculaceae, Alloprevotella, and
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FIGURE 5 | Linear discriminant analysis (LDA) and effect size (LEfSe) analysis of bacterial among the different groups. (A) LDA indicates the most differential
abundant bacterial taxa in specific samples. (B) Cladogram illustrating highly abundant taxa across various treatments.
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FIGURE 6 | Interrelationship between gut microbiota and pro-inflammatory cytokines. Heatmap of Spearman’s correlation between gut bacteria (at the genus level)
and pro-inflammatory cytokines. Significant difference determined at *p < 0.05, **p < 0.01.

Alistipes, and the decreased abundance in Helicobacter in the
microbiota of mice.

DISCUSSION

The present study demonstrated that BS and BSNPs (the NPs
isolated from bone soups) alleviated the pathological symptoms
and inflammatory cytokines of DSS-induced colitis in mice.
There was no significant difference between BS and BSNPs
treatment, implying that BSNPs may exert protective effects
against DSS-induced bowel disease in mice. BSNPs are mainly
consisted of lipids and proteins, including collagen (18). It has
been reported that the hybrid NPs of lipid–protein were resistant
to hydrolysis of enzymes in saliva, stomach, and intestinal
fluids and protected its inherent bioactive components from
degradation (24, 25). The lipid–protein complex of BSNPs might
make the particles resistant to gastrointestinal digestion, as was
found in grapefruit-derived NPs (25). In our previous study,
BSNPs have been demonstrated impressively high stability under
harsh conditions of 4◦C for 5 days (18). This indicated that
BSNPs might as intact NP form to exert the anti-inflammatory
effect in the gut.

Some inorganic NPs [such as Ce oxide (9), ZnO (10), and Ag
(11)] could exhibit the therapeutic effects in the experimental
colitis model via the anti-oxidative mechanism. Other NPs
fabricated with natural biopolymers, such as chitosan and silk
fibroin, acted as nanoscale drug delivery systems to alleviate
ulcerative colitis (4, 26–28). The alleviative effects of BSNPs on
intestinal inflammation might be attributed to its antioxidant
activity and its constitutive collagen (17–19).

The cellular protective effects of BSNPs have been
demonstrated in previous studies (17–19). According to the
in vitro study, the BSNPs could be engulfed by oral and peritoneal
macrophages, possess intracellular antioxidant activities, and
suppress the membrane hyperpolarization induced by peroxyl
radical on macrophage (18, 19). Such suppression could facilitate
the anti-inflammatory effects (29). The healthier macrophages
would promote the gut homeostasis and recovery of IBD (30).
In addition, the disruption of the intestinal barrier is associated
with disease of the GIT. Emerging evidence showed inadequate
epithelial permeability resulted in IBD, IBS, UC, etc (31, 32).
BSNPs could restore the intestinal barrier function of Caco-2 cells
(17), which may also contribute to its alleviating effects on colitis.

Ulcerative colitis is accompanied by the dysbiosis of gut
microbiota. Our results also revealed that BS or BSNPs
could restore gut microbiota dysbiosis induced by the DSS.
BS or BSNPs treatment increased the richness or diversity
of gut microbial communities, which is badly damaged in
IBD patients and DSS-induced colitis mice (33). The BS
or BSNPs treatment markedly increased the abundance of
Muribaculaceae, Alistipes, and Alloprevotella, while decreasing
that of Helicobacter. The decrease of Muribaculaceae has been
identified as the key to the development of colitis (34). Alistipes
was reported to have protective effects against some diseases,
including colitis (35). Alloprevotella was demonstrated to be
lower in mice with DSS-induced colitis (36). Helicobacter was
pathogens implicated in the formation of peptic ulcers and
IBD (37). Moreover, the BS or BSNPs treatment decreased
the F/B ratio. The ratio would be increased in colitis and
other inflammatory diseases. A lower F/B ratio is connected
to recovery or the health status (38, 39). Notably, our study
demonstrated that Muribaculaceae, Alloprevotella, and Alistipes
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were negatively correlated with TNF-α, IL-6, and IL-1β. Some
previous studies have shown that Muribaculaceae, Alloprevotella,
and Alistipes were negatively correlated with inflammation, cause
they promoted SCFA production and improved the intestinal
tissue’s tolerance to the immune stimulations (34, 36, 40).
In contrast, Helicobacter was positively correlated with three
pro-inflammatory cytokines. Consistently, other reports have
also described that Helicobacter genus could stimulate the
immune response and cause the production of pro-inflammatory
cytokines via activating proinflammatory nuclear factor kappa
B (NF-κB) pathway (36, 41). These findings suggested that the
protective effects of BSNPs on colitis might be attributed to
its regulatory effects of gut microbiota correlated with immune
responses and inflammation.

It has been reported that nanosized-food additives can bind
to bacteria to form the NP-bacteria complex primarily via
van der Waals attraction (42). This complex can induce the
degradation of bacterial cell wall components, the alteration of
metabolic pathways, oxidation of cellular components, and DNA
damage, leading to the influence on the microbiome (43). In
addition, naturally occurring NPs from beer could also bind to
bacteria to form NP–bacteria complexation and then affect the
microbiome (42).

However, it remains unknown whether the BSNPs could
have the chance and ability to bind to the microorganisms
in the alimentary tract and form a hybrid complex. The
BSNPs may have been partially or completely digested before
they reach the colon. The constitutive lipid and protein of
BSNPs may also contribute to the bioactivities. The underlying
mechanism of the interaction between NPs, their digestion
products, and microbiota has not been fully understood and
warrants further investigation.

CONCLUSION

Altogether, our study demonstrated that the isolated NPs from
bone soup showed a preventing effect against DSS-induced
colitis. The treatment of BSNPs alleviated the severity of colitis
with reduction of the release of inflammatory cytokines, restored
gut microbiota dysbiosis by redirecting the bacterial shift to a
normal state with increasing the richness or diversity of gut
microbial communities and regulating community composition,
such as a remarkable increase in Muribaculaceae, Alistipes,
and Alloprevotella, and a decrease in Helicobacter. It indicated

that the food-derived NPs could influence human health by
regulating the inflammation of the gastrointestinal tissues and
the gut microbiota.
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