Animal Nutrition 7 (2021) 11-16

Animal Nutrition

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: http://www.keaipublishing.com/en/journals/aninu/

Review Article

Mutual interaction between gut microbiota and protein/amino acid
metabolism for host mucosal immunity and health

l.)

Check for
updates

Liuting Wu, Zhiru Tang', Huiyuan Chen, Zhongxiang Ren, Qi Ding, Kaiyang Liang,

Zhihong Sun”

Laboratory for Bio-feed and Molecular Nutrition, College of Animal Science and Technology, Southwest University, Chongqing, 400715, China

ARTICLE INFO ABSTRACT

Article history:

Received 31 July 2020

Received in revised form

25 September 2020

Accepted 18 November 2020
Available online 21 December 2020

In recent years, many studies have shown that the intestinal microflora has various effects that are linked
to the critical physiological functions and pathological systems of the host. The intestinal microbial
community is widely involved in the metabolism of food components such as protein, which is one of the
essential nutrients in diets. Additionally, dietary protein/amino acids have been shown to have had a
profound impact on profile and operation of gut microbiota. This review summarizes the current liter-

ature on the mutual interaction between intestinal microbiota and protein/amino acid metabolism for
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host mucosal immunity and health.
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CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The gastrointestinal tract (GIT) harbors large amounts of mi-
croorganisms, which play an essential role in many critical physi-
ological host functions (Lin et al., 2017), including metabolic and
nutritional homeostasis, maturation and stimulation of the im-
mune system, and brain activity (Agus et al., 2018). The gut
microbiota performs an important role in facilitating the course of
protein/amino acid digestion and absorption, by decomposing
complex subunits and changing the metabolic mechanisms of the
host cell. This renders the nutrients easily absorbable by the host
and subsequently changes the metabolic mechanisms of the host
cell (Armstrong et al., 2019; Ibrahim and Anishetty, 2012). Addi-
tionally, bacteria colonizing the intestine has the capacity to
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facilitate the de novo synthesis of essential amino acids, which are
implicated in amino acid homeostasis in the host (Collins et al.,
2012).

The profile of the gut microbiota is influenced by numerous
factors, including host-based factors and environmental factors.
One of fundamental factors is the host diet (Rist et al., 2013). Pre-
vious studies have shown that moderating dietary protein/amino
acids is a strategic approach for the control of amino acid-
fermenting bacterial species and their metabolic pathways, which
in turn could have an impact on the metabolism of the host (Shen
et al., 2010; Rist et al., 2013; Vital et al.,, 2014).

The purpose of the present review is to outline the complex
interaction between gut microbiota and dietary protein/amino
acids for host mucosal immunity and health.

2. Regulation of intestinal microorganisms on protein/amino
acid metabolism and synthesis

The intestinal flora regulates various metabolic pathways in the
host, including those related to glucose, lipid, and lipid metabolism.
Bacterial metabolites in the GIT are extremely complicated. Many
metabolites produced by the intestinal microflora use amino acids
as substrates (Wikoff et al., 2009). The amino acids present in food
or those synthesized by the host can provide nutrition for the

2405-6545/© 2021, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tangzhiru2326@sina.com
mailto:sunzh2002cn@aliyun.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aninu.2020.11.003&domain=pdf
www.sciencedirect.com/science/journal/24056545
http://www.keaipublishing.com/en/journals/aninu/
https://doi.org/10.1016/j.aninu.2020.11.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aninu.2020.11.003
https://doi.org/10.1016/j.aninu.2020.11.003

L. Wu, Z. Tang, H. Chen et al.

intestinal flora for protein synthesis. Amino acids can be directly
incorporated into bacterial cells as amino acid residues in proteins
and enter the catabolic pathway. Proteins are hydrolyzed into
amino acids and peptides by extracellular proteases and peptidases
secreted by intestinal microorganisms. When specific transporters
are present, amino acids and peptides can enter microbial cells
(Gottschalk, 1979). However, these biomolecules can meet different
fates according to the physiological conditions of the body that they
encounter (Fig. 1; Davila et al., 2013). The first step in amino acid
catabolism is transamination or deamination; amino acids undergo
oxidation, reduction, or both (redox). Metabolic ammonia can be
used either as a nitrogen source by microorganisms or excreted
(Blachier et al., 2007). Deaminases and decarboxylases are enzymes
involved in amino acid metabolism. Amino acids are metabolized
into biogenic amines by a decarboxylation reaction. Davila et al.
(2013) describe many complex amino acids, such as aromatic
amino acids that are resistant to the enzymes stated above, which
can be metabolized through a series of reactions such as fission,
deamination, decarboxylation, oxidation, and reduction to produce
a variety of structurally related indoles and phenols.

Mafra et al. (2013) reported that Bacteroides and Propioni-
bacterium were the main proteolytic bacteria in fecal samples;
Clostridium, Streptococcus, Staphylococcus, and Bacillus are also
common proteolytic bacteria. Colonic microorganisms decompose
proteins and peptides to produce a variety of end products,
including short-chain fatty acids (SCFA), ammonia, amines, phe-
nols, indoles, mercaptans, carbon dioxide, hydrogen, and
hydrogen sulfide; many of which are toxic (Mafra et al., 2013). The
production of these metabolites is generally considered a marker
for evaluating the level of protein fermentation in the colon. In
addition, colonic flora has been reported to accelerate the meta-
bolism of undigested proteins and the content of bacterial me-
tabolites, including amino acids, phenols, indoles, hydrogen
sulfide, and branched-chain fatty acids (isobutyrate, isovalerate,
and 2-methylbutyrate), which are increased in the colon epithe-
lium (Thom and Lean, 2017).
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The amino acids produced or metabolized by bacteria can be
used by the host, and these may compensate for the lack of
essential amino acid in a low-quality protein diet. A genome-wide
analysis has shown that Clostridium perfringens lacks a number of
genes for the biosynthesis of amino acids like glutamic acid, argi-
nine, histidine, lysine, methionine, serine, and threonine as well as
aromatic and branched-chain amino acids (Portune et al., 2016),
whereas other Clostridium species such as Clostridium acetobutyli-
cum have a complete set of genes for amino acid biosynthesis
(Nolling et al., 2001). Therefore, it is necessary to understand the
pathways for the biosynthesis of amino acids in microorganisms in
order to elucidate the functions of different amino acids according
to bacterial species. The metabolic cost of amino acid synthesis is as
high as the carbon skeleton of all amino acids that come from
common metabolic intermediates, which are involved in the
tricarboxylic acid cycle, pentose phosphate pathway, and glycolysis
(Mu et al,, 2015). However, it has also been reported that the re-
sidual dietary proteins that reach the large intestine can provide
nitrogen and amino acids for the growth and fermentation of
glycolytic bacteria (Mafra et al., 2013). Gamma aminobutyric acid is
a neuroactive substance produced by several Lactobacillus and
Bifidobacterium strains (Barrett et al., 2012). Lactobacillus reuteri can
produce histamine (Hemarajata et al., 2014), and both bacteria and
fungi produce acetylcholine. In addition, tryptophan decarboxylase
was also detected in the human intestinal flora, indicating that
tryptophan may be produced by the intestinal flora (Marcel et al.,
2017).

3. Effects of dietary protein/amino acid metabolism on
intestinal microorganisms

Many factors regulate the composition and physiological func-
tions of microbiota; one of the main factors that leads to an
imbalance in the composition of the intestinal microbiota is diet
(Moszak et al., 2020). Some suggest that variations in dietary pro-
tein cause changes in the composition and function of intestinal
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Fig. 1. Protein catabolism pathway of colonic microorganisms. Amino acids produced by microbial metabolism can be directly used by microorganisms to synthesize bacterial
protein, and can also enter the catabolic pathway, which is the primary metabolic mode of amino acids in the colon. In microbial metabolism, most amino acids produce corre-
sponding ketoacids or saturated fatty acids through transamination or deamination such as short-chain fatty acids, organic acids, ethanol, H,, and CO,. Some amino acids are
metabolized into biogenic amines by decarboxylation. Many complex amino acids, such as aromatic amino acids, do not occur only in the above general reactions. They can be
metabolized by a series of reactions such as fission, deamination, decarboxylation, oxidation, and reduction to produce various indoles and phenols.

12



L. Wu, Z. Tang, H. Chen et al.

flora (Wang et al., 2020). A high-protein diet (HPD) has an impor-
tant effect on the composition of intestinal microflora. Butyric acid-
producing bacteria, which are estimated to account for 2% to 15% of
the total bacteria, are found in Lactobacillaceae (Clostridium XIVa).
In one study, the abundance of these bacteria decreased signifi-
cantly in human volunteers who were given an HPD, and their
abundance was significantly correlated with fecal butyric acid
levels (Duncan et al., 2007). An increased intake of dietary protein
has been reported to decrease fecal microbial diversity in most
mice but to increase the microbial diversity of milk microbial and
pup cecum, and also increase the number of potentially health-
promoting bacteria, such as Lactobacillus spp. (Warren et al.,
2019). A high-protein diet changed the composition of intestinal
microbiota as the abundance of beneficial bacteria (such as Bifido-
bacterium or Rothia) decreased (Salonen et al., 2014). In a study by
Mu et al. (2017), adult rats were fed a regular protein diet or HPD for
six weeks, and their feces were collected at weekly intervals and
analyzed for microbiological composition. Compared with the fecal
samples of the rats which were fed a regular protein diet, the fecal
samples of those fed an HPD had an increased number of Escher-
ichia coli but decreased number of Akermania mucilaginosa, Bifido-
bacterium, Prevotella, and Brucella. Moreover, those fed an HPD had
reduced concentrations of acetate, propionate, and butyrate in their
feces. In previous studies, an HPD was reported to increase the
number of Clostridium species in the colon of piglets and the
number of E. coli, Shigella, and Streptococcus, and reduce the
number of Rumen cocci, Ackermann'’s bacteria, and Faecalbacterium
prausnitzii in the colon of rats, but reduce the number of Rose sac/
Eubacterium in human feces (Pi et al., 2020; Wang et al., 2020).

In addition, protein or amino acid restriction and amino acid
supplementation also changed the composition of intestinal
microbiota. Wang et al. (2019) reported that low-protein diets with
casein hydrolysate reduced the concentrations of putrescine,
phenol, and indole compounds in the colonic digesta of pigs and
the relative abundance of L. reuteri in the colon of pigs at the species
level, when compared with diets added with free amino acids.
Lysine restriction enhanced the relative abundances of Actino-
bacteria, Saccharibacteria, and Synergistetes abundances in the
ileum of piglets at the phylum level and Moraxellaceae, Hal-
omonadaceae, Shewanellaceae, Corynebacteriaceae, Bacillaceae,
Comamonadaceae Microbacteriaceae, Caulobacteraceae, and Syn-
ergistaceae in the ileum at the family (Yin et al., 2017). Yin et al.
(2018) found that dietary lysine restriction enhanced the relative
abundances of Escherichia-Shigella, Aquabacterium, and Candidatus
Methylomirabilis in the ileum of piglets at the genus level, while
reducing the abundance of Streptococcus, Bacteroides, Bacillus,
Pasteurella, Clostridium sensu stricto, Faecalibacterium, Paucisaliba-
cillus, and Lachnoclostridium. A low-protein diet decreased the
relative richness of Firmicutes in the colon contents of weaned
piglets at the phylum level, yet increased the relative richness of
Proteobacteria (Wan et al., 2020). In a study by Raza et al. (2020),
when antibiotic-treated flies were exposed to 10 °C conditions, the
mitochondria in their intestinal cells were severely damaged; the
administration of L-arginine and r-proline through microinjection
significantly prolonged the survival time of antibiotic-treated flies.
These results indicate that intestinal microflora plays a vital role in
promoting resistance in the host against stress induced by low
temperatures via the stimulation of the arginine and proline
metabolic pathways.

4. Immunoregulation of protein/amino acid metabolites on
the intestinal mucosa

The function of the gut is complicated in that it can selectively
allow nutrients to pass through and enter into the circulatory
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system and internal environment of the body; on the other hand, it
can prevent the invasion of toxins, pathogens, and inflammatory
factors (Song et al., 2010). The latter function is also known as the
intestinal mucosal barrier function (Konig et al., 2016). The intes-
tinal mucosal barrier is the body's first barrier against the external
environment. A healthy intestinal mucosal barrier is important to
ensure adequate nutrition and prevent related intestinal diseases
(Yang et al., 2017).

Previous studies have also revealed that bacterial metabolites
such as SCFA and aryl hydrocarbon receptor (AHR) ligands benefit
the intestinal immune system (Fig. 2). Butyric acid regulates im-
munity and tissue inflammation by controlling intestinal epithelial
cells (IEC), promoting the development of regulatory T cells,
enhancing the secretion of mucus by goblet cells, and promoting
the flow of IL-18 in T cells (Goldsmith and Sartor, 2014; Koh and
Backhed, 2020). Free fatty acid receptor-2 (FFA2) and FFA3, which
are G protein-coupled receptors, partly mediate the extracellular
effects of SCFA. Free fatty acid receptor-2 and FFA3 are essential
regulators of intestinal inflammation and the epithelial barrier
function. Free fatty acid receptor-2 regulates the development of
regulatory T cells; moreover, the impact of FFA2 on dendritic cells
can promote the production of intestinal IgA, which provides
additional protection for IEC against pathogenic microorganisms
(Holota et al., 2019). Different from FFA2, FFA3 (which is expressed
in intestinal non-immune cells) enhances the expression of trans-
forming growth factor-a, IL-6, and other cytokines and chemokines
mainly through the mitogen-activated protein kinase/extracellular
signal-regulated kinase pathway (Kim et al., 2013). Indole de-
rivatives such as indole-3-aldehyde, indole-3-acid-acetic acid,
indole-3-propanoic acid, indole-3-acetaldehyde, and indole acrylic
acid play an essential role in intestinal homeostasis by participating
in IEC renewal, barrier integrity, and many different types of im-
mune cell differentiation (Agus et al., 2018).

L-Tryptophan, which is used in the nutritional fortification of
foods, plays a vital role in maintaining the balance between intes-
tinal immune tolerance and intestinal microbiota maintenance.
Recent findings have highlighted the changes in the microbiome
that regulate the host's immune system through the regulation of
the tryptophan metabolism. Additionally, tryptophan, endogenous
tryptophan metabolites, and bacterial tryptophan metabolites have
been reported to exhibit profound effects on the host's immune
system-intestinal microbiota interaction (Gao et al., 2018). One
study showed that L-tryptophan enhanced tight junction protein
expression in pig IEC in vitro (Wang et al., 2015). Moreover, the
indole derived from L-tryptophan has been reported to increase the
resistance of epithelial cells to tight junctions. Indole propionate,
which is another bacterial metabolite of tryptophan, can effectively
reduce intestinal permeability in rodents (Dodd et al., 2017). Recent
studies have found that tryptophan may enhance the intestinal
barrier function by promoting the expression of zonula occludens 1
(Dodd et al., 2017). The derivatives of tryptophan such as indole-
acetic acid and indole-3-propionic acid are produced by Strepto-
coccus and Clostridium sporogenes, respectively, and regulate the
intestinal barrier function via the exogenous pregnane X receptor
(Elias et al., 2014). Studies have shown that tryptophan and its
downstream metabolites can bind to AHR; the resulting complex is
transported into the nucleus, where AHR is activated, and this
regulates intestinal inflammation, cell proliferation and differenti-
ation, and the transcription and expression of inflammation-related
factors (Lanis et al., 2017).

Antimicrobial peptides (AMP) produced by IEC play a crucial
role in regulating intestinal homeostasis by controlling microbial
populations. Dietary amino acid supplementation could improve
intestinal AMP expression, maintain the homeostasis of intestinal
microorganisms, and reduce susceptibility to intestinal
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Fig. 2. Immunomodulatory effect of protein/amino acid metabolites on the colon. Tryptophan promotes the expression of the tight junction protein to achieve the intestinal barrier
function. Aryl hydrocarbon receptor (AHR), which is a crucial ligand-dependent transcription regulator in the cytoplasm, can bind to tryptophan and its downstream metabolites.
The resulting complex is transported to the nucleus, where the AHR is activated. This regulates the proliferation and differentiation of intestinal inflammatory cells and the
transcription and expression of inflammatory-related factors (such as interleukin-22, IL-22). Short-chained fatty acids regulate protective immunity and tissue inflammation by
controlling intestinal epithelial cells (IEC), promoting the development of regulatory T cells (Treg), enhancing the secretion of mucus by goblet cells, and promoting IL-18 in T cells.
Short-chain fatty acid receptor 2 and 3 (FFA2 and FFA3) are essential regulators of intestinal inflammation and epithelial barrier function. Short-chain fatty acid receptor 2 regulates
the Treg development. Short-chain fatty acid receptor 2 on dendritic cells can also promote the production of intestinal IgA. Different from FFA2, FFA3 (which is expressed in the
intestinal nonimmune cell population) enhances the expression of transforming growth factor-a, IL-6, and other cytokines and chemokines mainly through mitogen-activated
protein (MAPK)/extracellular signal-regulated kinases pathway; short-chained fatty acids can promote IEC to produce antimicrobial peptides (AMP) through FFA2. Some amino
acids significantly stimulate the expression of -defensin in epithelial cells by blocking nuclear factor kappa-B (NF-kB) and MAPK inflammatory signaling pathways and activating
the mammalian target of rapamycin signaling pathway.

inflammation (Hashimoto et al., 2012). As a traditional essential cause diseases under certain conditions. The composition of the
amino acid in mature mammals, arginine is utilized in the synthesis intestinal microbiota has a wide range of inter- and intra-individual
of proteins and many bioactive molecules. 1-Arginine alleviates variability (Huttenhower et al., 2012), which is considered a key
inflammatory response and intestinal injury by blocking the acti- determinant of the host's susceptibility to various diseases,
vation of nuclear factor kappa-B and mitogen-activated protein including IBD (Caruso et al., 2020).

kinase inflammatory signaling pathways, significantly stimulating Excessive protein fermentation produces metabolites such as
the expression of f-defensin in epithelial cells by activating the amines, hydrogen sulfide, p-cresol, and ammonia, which can
mTOR signaling pathway, and participates in the innate immune damage the colon epithelium (Arumugam et al., 2011). Some of
response (Lan et al., 2020). Butyrate can promote the production of these products may induce DNA damage, intestinal leakage, colon
AMP, such as regenerative islet derived protein Ill Y and defensin, in cancer, IBD, and other diseases (Marchesi et al., 2016). Recent ad-
the IEC of mice through the SCFA receptor (G protein-coupled re- vances in high-throughput sequencing have linked the imbalance

ceptor 43) (Chen et al., 2020). Butyrate also significantly increases of the microbial community caused by HPD with many gastroin-
the expression of porcine B-defensin-2 and B-defensin-3 (Zeng testinal diseases. Liu et al. (2014) found that although HPD changed

et al., 2013). the composition of intestinal microflora and increased the utiliza-
tion rate of substrates, the increase in protein volume content in the

5. Protein/amino acid metabolites in the progression of large intestine did not affect butyrate concentration, thus main-
gastrointestinal diseases taining the metabolic homeostasis of the colon epithelium. How-
ever, HPD showed a reduction in fecal butyrate concentration in a

The host's innate response to the microbiota plays an essential repetitive manner. The intake of high-fat and high-protein diets can
role in the homeostasis of the intestinal immunity and inflamma- lead to a dysfunction in the intestinal microbiota; its metabolite

tory bowel disease (IBD) pathogenesis. However, in most model biosynthesis may lead to an imbalance, which subsequently causes
systems, defects in the intrinsic pathway do not cause homeostasis intestinal inflammation that may further lead to IBD (Shi et al,,

destruction and the development of IBD (Elson and Cong, 2012). 2020). Caspase recruitment domain-containing protein 9 is one
The interaction between the host and its rich intestinal microflora among many IBD-susceptible genes, promoting the recovery of
is complex; some symbionts, such as myxomycetes and Heli- colitis by activating the interleukin-22 pathway (Lamas et al., 2016).

cobacter spp., are usually called pathological organisms as they can Recently, it was found that deficiencies of the microbiota of caspase
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recruitment domain-containing protein 9 in mice caused reduced
levels of bacteria with tryptophan catabolism, which regulated the
production of local interleukin-22 and affected the balance be-
tween the microbiota and host cells (Behnsen et al., 2014; Zenewicz
et al,, 2013).

The gastrointestinal brain axis is a 2-way communication
network between the GIT and the central nervous system. Studies
over the past 30 years have described the role of brain—gut
interaction in functional gastrointestinal diseases such as irrita-
ble bowel syndrome (IBS) (Mayer et al., 2006). In recent years,
intestinal microflora has been considered a critical mediator of the
brain—gut axis signaling (Cryan and Dinan, 2012), which plays an
important role in many aspects of brain function and behavior
(Sampson and Mazmanian, 2015). Tryptophan and other amino
acids are neurotransmitters in the central nervous system. Tryp-
tophan can also be metabolized into kynurenine and indole,
resulting in the regulation of neuroendocrine and intestinal im-
mune responses (Gao et al., 2020). After tryptophan is metabolized
to kynurenine, it is further metabolized via two different path-
ways: kynurenic acid and quinolinic acid pathways. The metabo-
lites produced via the kynurenic acid pathway are called
“kynurenine” (Luki¢ et al., 2019), which may have anti-
inflammatory properties in the GIT and participate in immune
regulation (Kennedy et al., 2017). It is also a neuroactive metabo-
lite that inhibits N-methyl-p-aspartate and a7 nicotinic acetyl-
choline receptors, which can cross the blood—brain barrier and
reach the central nervous system. The dysregulation of 5-
hydroxytryptamine has been observed in gastrointestinal dis-
eases such as IBD (Gracie et al., 2019) and IBS, which are functional
gastrointestinal diseases accompanied by severe psychiatric
complications and autism spectrum disorder. A recent study of
BTBR T tf/] (BTBR) mice, using an atrial septal defect-like behavior
model, showed microbiota-related damage caused by the pro-
duction of intestinal 5-hydroxytryptamine (Golubeva et al., 2017).
Atrial septal defect is usually associated with gastrointestinal
symptoms and thus may be related to disorders of tryptophan
metabolism in the gut (Gheorghe et al., 2019). Therefore, they are
considered neuromodulators in various physiological and patho-
logical processes of the brain and gastrointestinal dysfunction
(Gao et al., 2020).

6. Conclusions

Intestinal microbes can achieve a mutual relationship with the
host by facilitating the course of protein/amino acid digestion and
absorption. The amino acids, either from the diet or produced by
the host, can provide nutrition for the intestinal flora and support
protein synthesis. This mutual interaction results in the mainte-
nance of the composition and physiological functions of microbial
communities and the homeostasis of the host's gut immune
response. An imbalance in the composition of the intestinal
microflora is one of the causes of various gastrointestinal diseases.
An imbalance in protein/amino acid intake leads to an imbalance in
the composition of the intestinal flora, which may lead to IBD, IBS,
or other gastrointestinal diseases. In conclusion, a more compre-
hensive understanding of the crosstalk between gut microbiota and
host through the elucidation of protein/amino acid metabolism, is
essential for the development of new therapeutic interventions.

Author contributions

Liuting Wu and Zhihong Sun drafted the manuscript. Huiyuan
Chen, Zhongxiang Ren, Qi Ding, and Kaiyang Liang reviewed the
manuscript. Zhiru Tang conceptualized the study and proofread the
manuscript.

15

Animal Nutrition 7 (2021) 11-16
Conflict of interest

The authors declare that there is no conflict of interest.

Acknowledgements

This study was funded by grants from the National Natural
Science Foundation, China (31872370); Fundamental Research
Funds for the Central Universities, China (XDJK2019B014); Natural
Science Foundation Project of CQ CSTC (cstc2018jcyjAX0025).

References

Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan metabolism in
health and disease. Cell Host Microbe 2018;23:716—24.

Armstrong LE, Casa DJ, Belval LN. Metabolism, bioenergetics and thermal physi-
ology: influences of the human intestinal microbiota. Nutr Res Rev 2019;32:
205-17.

Arumugam M, Raes |, Pelletier E, Paslier DL, Yamada T, Mende DR, et al. Enterotypes
of the human gut microbiome. Nature 2011;473:174—80.

Barrett E, Ross RP, O'Toole PW, Fitzgerald GF, Stanton C. y-Aminobutyric acid pro-
duction by culturable bacteria from the human intestine. ] Appl Microbiol
2012;113:411-7.

Behnsen ], Jellbauer S, Wong CP, Edwards RA, George MD, Ouyang W, et al. The
cytokine IL-22 promotes pathogen colonization by suppressing related
commensal bacteria. Immunity 2014;40:262—73.

Blachier F, Mariotti F, Huneau JF, Tomé D. Effects of amino acid-derived luminal
metabolites on the colonic epithelium and physiopathological consequences.
Amino Acids 2007;33:547—62.

Caruso R, Lo BC, Ntnez G. Host-microbiota interactions in inflammatory bowel
disease. Nat Rev Immunol 2020;20:411—26.

Chen |, Zhai Z, Long H, Yang G, Deng B, Deng J. Inducible expression of defensins and
cathelicidins by nutrients and associated regulatory mechanisms. Peptides
2020;123:170-7.

Collins SM, Surette M, Bercik P. The interplay between the intestinal microbiota and
the brain. Nat Rev Microbiol 2012;10:735—42.

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut microbiota
on brain and behaviour. Nat Rev Neurosci 2012;13:701—12.

Davila AM, Blachier F, Gotteland M, Andriamihaja M, Benetti PH, Sanz Y, et al. In-
testinal luminal nitrogen metabolism: role of the gut microbiota and conse-
quences for the host. Pharmacol Res 2013;68:95—107.

Dodd D, Spitzer MH, Van Treuren W, Merril BDI, Hryckowian AJ, Higginbottom SK,
et al. A gut bacterial pathway metabolizes aromatic amino acids into nine
circulating metabolites. Nature 2017;551:648—52.

Duncan SH, Belenguer A, Holtrop G, Johnstone AM, Flint HJ, Lobley GE. Reduced
dietary intake of carbohydrates by obese subjects results in decreased con-
centrations of butyrate and butyrate-producing bacteria in feces. Appl Environ
Microbiol 2007;73:1073-8.

Elias A, High AA, Mishra A, Ong SS, Wu ], Peng ], et al. Identification and charac-
terization of phosphorylation sites within the pregnane X receptor protein.
Biochem Pharmacol 2014;87:360—70.

Elson CO, Cong Y. Host-microbiota interactions in inflammatory bowel disease. Gut
Microb 2012;3:332—-44.

Gao ], Xu K, Liu H, Liu G, Bai M, Peng C, et al. Impact of the gut microbiota on in-
testinal immunity mediated by tryptophan metabolism. Front Cell Infect
Microbiol 2018;8:13.

Gao K, Mu CL, Farzi A, Zhu WY. Tryptophan metabolism: a link between the gut
microbiota and brain. Adv Nutr 2020;11:709—23.

Gheorghe CE, Martin JA, Manriquez FV, Dinan TG, Cryan JF, Clarke G. Focus on the
essentials: tryptophan metabolism and the microbiome-gut-brain axis. Curr
Opin Pharmacol 2019;48:137—45.

Goldsmith JR, Sartor RB. The role of diet on intestinal microbiota metabolism:
downstream impacts on host immune function and health, and therapeutic
implications. ] Gastroenterol 2014;49:785—98.

Golubeva AV, Joyce SA, Moloney G, Burokas A, Arboleya S, Sherwin E, et al.
Microbiota-related changes in bile acid & tryptophan metabolism are associ-
ated with gastrointestinal dysfunction in a mouse model of autism. EBioMe-
dicine 2017;24:166—78.

Gottschalk G. Bacterial metabolism. Springer series in microbiology; 1979.

Gracie DJ, Hamlin PJ, Ford AC. The influence of the brain-gut axis in inflammatory
bowel disease and possible implications for treatment. Lancet Gastroenterol
Hepatol 2019;4:632—42.

Hashimoto T, Perlot T, Rehman A, Trichereau ], Ishiguro H, Paolino M, et al. ACE2
links amino acid malnutrition to microbial ecology and intestinal inflammation.
Nature 2012;487:477—81.

Hemarajata P, Spinler JK, Balderas MA, Versalovic ]. Identification of a proton-
chloride antiporter (EriC) by Himar1 transposon mutagenesis in Lactobacillus
reuteri and its role in histamine production. Antonie Leeuwenhoek 2014;105:
579-92.

Holota Y, Dovbynchuk T, Kaji I, Vareniuk I, Dzyubenko N, Chervinska T, et al. The
long-term consequences of antibiotic therapy: role of colonic short-chain fatty


http://refhub.elsevier.com/S2405-6545(20)30131-1/sref1
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref1
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref1
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref2
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref2
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref2
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref2
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref3
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref3
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref3
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref4
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref4
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref4
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref4
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref5
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref5
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref5
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref5
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref6
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref6
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref6
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref6
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref6
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref7
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref7
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref7
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref7
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref8
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref8
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref8
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref8
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref10
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref10
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref10
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref11
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref11
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref11
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref12
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref12
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref12
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref12
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref13
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref13
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref13
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref13
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref14
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref14
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref14
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref14
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref14
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref15
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref15
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref15
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref15
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref16
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref16
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref16
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref17
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref17
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref17
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref18
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref18
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref18
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref19
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref19
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref19
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref19
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref20
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref20
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref20
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref20
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref21
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref22
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref23
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref23
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref23
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref23
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref24
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref24
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref24
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref24
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref25
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref25
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref25
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref25
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref25
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref26
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref26

L. Wu, Z. Tang, H. Chen et al.

acids (SCFA) system and intestinal barrier integrity. PloS One 2019;14:
e0220642.

Huttenhower C, Gevers D, Knight R], Badger, Creasy HH, Fitzgerald MG, et al. The
human microbiome project (HMP) consortium. Structure, function and di-
versity of the healthy human microbiome. Nature 2012;486:207—14.

Ibrahim M, Anishetty S. A meta-metabolome network of carbohydrate metabolism:
interactions between gut microbiota and host. Biochem Biophys Res Commun
2012;428:278—84.

Kennedy PJ, Cryan JF, Dinan TG, Clarke G. Kynurenine pathway metabolism and the
microbiota-gut-brain axis. Neuropharmacology 2017;112:399—412.

Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids activate
GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory re-
sponses in mice. Gastroenterology 2013;145:396—406.

Koh A, Backhed F. From association to causality: the role of the gut microbiota and
its functional products on host metabolism. Mol Cell 2020;78:584—96.

Konig J, Wells ], Cani PD, Garcia-Rédenas CL, MacDonal T, Mercenier A, et al. Human
intestinal barrier function in health and disease. Clin Transl Gastroenterol
2016;7:196—210.

Lamas B, Richard ML, Leducq V, Pham H, Michel M, Costa GD, et al. CARD9 impacts
colitis by altering gut microbiota metabolism of tryptophan into aryl hydro-
carbon receptor ligands. Nat Med 2016;22:598—605.

Lan ], Dou X, Li J, Yang Y, Xue C, Wang C, et al. l-arginine ameliorates
lipopolysaccharide-induced intestinal inflammation through inhibiting the
TLR4/NF-kB and MAPK pathways and stimulating B-defensin expression in vivo
and in vitro. ] Agric Food Chem 2020;68:2648—63.

Lanis JM, Alexeev EE, Curtis VF, Kitzenberg D, Kao D, Battista K, et al. Tryptophan
metabolite activation of the aryl hydrocarbon receptor regulates IL-10 receptor
expression on intestinal epithelia. Mucosal Immunol 2017;10:1133—44.

Lin R, Liu W, Piao M, Zhu H. A review of the relationship between the gut microbiota
and amino acid metabolism. Amino Acids 2017;49:2083—-90.

Liu X, Blouin JM, Santacruz A, Lan A, Andriamihaja M, Wilkanowicz S, et al. High-
protein diet modifies colonic microbiota and luminal environment but not
colonocyte metabolism in the rat model: the increased luminal bulk connec-
tion. Am ] Physiol Gastrointest Liver Physiol 2014;307:459—70.

Lukic 1, Getselter D, Koren O, Elliott E. Role of tryptophan in microbiota-induced
depressive-like behavior: evidence from tryptophan depletion study. Front
Behav Neurosci 2019;13:123.

Mafra D, Barros AF, Fouque D. Dietary protein metabolism by gut microbiota and its
consequences for chronic kidney disease patients. Future Microbiol 2013;8:
1317-23.

Marcel VDW, Schellekens H, Dinan TG, Cryan JF. Microbiota-gut-brain axis:
modulator of host metabolism and appetite. ] Nutr 2017;147:727—45.

Marchesi JR, Adams DH, Fava F, Hermes G, Hirschfield G, Hold G, et al. The gut
microbiota and host health: a new clinical frontier. Gut 2016;65:330—9.

Mayer EA, Tillisch K, Bradesi S. Review article: modulation of the brain-gut axis as a
therapeutic approach in gastrointestinal disease. Aliment Pharmacol Ther
2006;24:919-33.

Moszak M, Szulinska M, Bogdanski P. You are what you eat-the relationship be-
tween diet, microbiota, and metabolic disorders-a review. Nutrients 2020;12:
1096.

Mu C, Yang Y, Luo Z, Zhu W. Metabolomic analysis reveals distinct profiles in the
plasma and urine of rats fed a high-protein diet. Amino Acids 2015;47:1225—38.

Mu C, Yang Y, Luo Z, Zhu W. Temporal microbiota changes of high-protein diet
intake in a rat model. Anaerobe 2017;47:218—25.

Nolling ], Breton G, Omelchenko MV, Makarova KS, Zeng Q, Gibson R, et al. Genome
sequence and comparative analysis of the solvent-producing bacterium Clos-
tridium acetobutylicum. J Bacteriol 2001;183:4823—38.

Pi Y, Mu C, Gao K, Liu Z, Peng Y, Zhu W. Increasing the hindgut carbohydrate/protein
ratio by cecal infusion of corn starch or casein hydrolysate drives gut
microbiota-related bile acid metabolism to stimulate colonic barrier function.
mSystems 2020;5. 176-120.

16

Animal Nutrition 7 (2021) 11-16

Portune K], Beaumont MDAM, Tomé D, Blachier F, Sanz Y. Gut microbiota role in
dietary protein metabolism and health-related outcomes: the two sides of the
coin. Trends Food Sci Technol 2016;57:213—32.

Raza MF, Wang Y, Cai Z, Bai S, Yao Z, Awan UA, et al. Gut microbiota promotes host
resistance to low-temperature stress by stimulating its arginine and proline
metabolism pathway in adult Bactrocera dorsalis. PLoS Pathog 2020;16:
e1008441.

Rist VT, Weiss E, Eklund M, Mosenthin R. Impact of dietary protein on microbiota
composition and activity in the gastrointestinal tract of piglets in relation to gut
health: a review. Anim Int J Anim Biosci 2013;7:1067—78.

Salonen A, Lahti L, Salojarvi ], Grietje H, Katri K, Sylvia H, et al. Impact of diet and
individual variation on intestinal microbiota composition and fermentation
products in obese men. ISME ] 2014;8:2218—30.

Sampson TR, Mazmanian SK. Control of brain development, function, and behavior
by the microbiome. Cell Host Microbe 2015;17:565—76.

Shen Q, Chen YA, Tuohy KM. A comparative in vitro investigation into the effects of
cooked meats on the human faecal microbiota. Anaerobe 2010;16:572—7.

Shi ], Zhao D, Song S, Zhang M, Li C. High-meat-protein high-fat diet induced
dysbiosis of gut microbiota and tryptophan metabolism in wistar rats. ] Agric
Food Chem 2020;68:6333—46.

Song WB, Wang YY, Meng FS, Meng FS, Zhang QH, Zeng JY, et al. Curcumin protects
intestinal mucosal barrier function of rat enteritis via activation of MKP-1 and
attenuation of p38 and NF-kB activation. PloS One 2010;5:e12969.

Thom G, Lean M. Is there an optimal diet for weight management and metabolic
health? Gastroenterology 2017;152:1739—51.

Vital M, Howe AC, Tiedje JM. Revealing the bacterial butyrate synthesis pathways by
analyzing (meta) genomic data. mBio 2014;5. e00889-14.

Wan K, Li Y, Sun WZ, An R, Tang ZR, Wu LT, et al. Effects of dietary calcium pyruvate
on gastrointestinal tract development, intestinal health and growth perfor-
mance of newly weaned piglets fed low-protein diets. ] Appl Microbiol
2020;128:355—65.

Wang H, Ji Y, Wu G, Kaiji S, Sun Y, Wang B, et al. I-tryptophan activates mammalian
target of rapamycin and enhances expression of tight junction proteins in in-
testinal porcine epithelial cells. ] Nutr 2015;145:1156—62.

Wang H, Shen |, Pi Y, Gao K, Zhu W. Low-protein diets supplemented with casein
hydrolysate favor the microbiota and enhance the mucosal humoral immunity
in the colon of pigs. ] Anim Sci Biotechnol 2019;10:79.

Wang SZ, Yu Y], Adeli K. Role of gut microbiota in neuroendocrine regulation of
carbohydrate and lipid metabolism via the microbiota-gut-brain-liver axis.
Microorganisms 2020;8:527.

Warren MF, Hallowell HA, Higgins KV, Liles MR, Hood WR. Maternal dietary protein
intake influences milk and offspring gut microbial diversity in a rat (rattus
norvegicus) model. Nutrients 2019;11:2257.

Wikoff WR, Anfora AT, Liu ], Schultz PG, Lesley SA, Peters EC, et al. Metabolomics
analysis reveals large effects of gut microflora on mammalian blood metabo-
lites. Proc Natl Acad Sci USA 2009;106:3698—703.

Yang G, Bibi S, Du M, Suzuki T, Zhu M]J. Regulation of the intestinal tight junction by
natural polyphenols: a mechanistic perspective. Crit Rev Food Sci Nutr 2017;57:
3830-9.

Yin J, Han H, Li Y, Liu Z, Zhao Y, Fang R, et al. Lysine restriction affects feed intake
and amino acid metabolism via gut microbiome in piglets. Cell Physiol Biochem
2017;44:1749-61.

Yin J, Li YY, Han H, Liu ZJ, Zeng XF, Li T], et al. Long-term effects of lysine concen-
tration on growth performance, intestinal microbiome, and metabolic profiles
in a pig model. Food & Function 2018;9:4153—63.

Zenewicz LA, Yin X, Wang G, Elinav E, Hao L, Zhao L, et al. IL-22 deficiency alters
colonic microbiota to be transmissible and colitogenic. J Immunol 2013;190:
5306—12.

Zeng X, Sunkara LT, Jiang W, Bible M, Carter S, Ma X, et al. Induction of porcine host
defense peptide gene expression by short-chain fatty acids and their analogs.
PloS One 2013;8:e72922.


http://refhub.elsevier.com/S2405-6545(20)30131-1/sref26
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref26
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref27
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref27
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref27
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref27
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref28
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref28
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref28
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref28
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref29
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref29
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref29
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref30
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref30
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref30
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref30
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref31
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref31
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref31
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref31
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref33
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref34
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref34
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref34
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref34
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref35
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref35
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref35
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref35
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref35
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref36
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref36
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref36
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref36
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref37
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref37
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref37
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref38
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref38
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref38
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref38
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref38
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref39
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref39
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref39
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref39
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref40
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref40
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref40
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref40
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref41
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref41
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref41
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref42
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref42
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref42
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref43
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref43
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref43
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref43
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref44
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref44
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref44
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref44
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref44
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref45
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref45
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref45
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref46
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref46
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref46
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref47
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref47
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref47
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref47
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref47
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref48
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref48
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref48
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref48
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref49
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref49
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref49
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref49
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref49
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref50
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref50
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref50
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref50
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref51
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref51
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref51
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref51
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref53
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref53
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref53
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref53
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref53
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref54
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref54
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref54
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref55
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref55
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref55
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref56
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref56
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref56
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref56
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref57
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref57
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref57
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref58
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref58
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref58
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref60
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref60
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref61
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref61
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref61
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref61
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref61
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref62
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref62
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref62
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref62
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref63
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref63
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref63
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref64
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref64
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref64
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref65
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref65
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref65
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref66
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref66
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref66
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref66
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref67
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref67
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref67
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref67
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref68
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref68
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref68
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref68
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref69
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref69
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref69
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref69
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref69
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref70
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref70
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref70
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref70
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref71
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref71
http://refhub.elsevier.com/S2405-6545(20)30131-1/sref71

	Mutual interaction between gut microbiota and protein/amino acid metabolism for host mucosal immunity and health
	1. Introduction
	2. Regulation of intestinal microorganisms on protein/amino acid metabolism and synthesis
	3. Effects of dietary protein/amino acid metabolism on intestinal microorganisms
	4. Immunoregulation of protein/amino acid metabolites on the intestinal mucosa
	5. Protein/amino acid metabolites in the progression of gastrointestinal diseases
	6. Conclusions
	Author contributions
	Conflict of interest
	Acknowledgements
	References


