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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
host mucosal immunity and health.

© 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/).
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
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
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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).
Fig. 1. Protein catabolism pathway of colonic microorganisms. Amino acids produced by m
protein, and can also enter the catabolic pathway, which is the primary metabolic mode o
sponding ketoacids or saturated fatty acids through transamination or deamination such
metabolized into biogenic amines by decarboxylation. Many complex amino acids, such as
metabolized by a series of reactions such as fission, deamination, decarboxylation, oxidatio
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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
(N€olling 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
icrobial metabolism can be directly used by microorganisms to synthesize bacterial
f amino acids in the colon. In microbial metabolism, most amino acids produce corre-
as short-chain fatty acids, organic acids, ethanol, H2, and CO2. Some amino acids are
aromatic amino acids, do not occur only in the above general reactions. They can be
n, and reduction to produce various indoles and phenols.
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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 L-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
13
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 (K€onig 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
B€ackhed, 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
downstreammetabolites 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



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 b-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.
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inflammation (Hashimoto et al., 2012). As a traditional essential
amino acid inmature mammals, arginine is utilized in the synthesis
of proteins and many bioactive molecules. L-Arginine alleviates
inflammatory response and intestinal injury by blocking the acti-
vation of nuclear factor kappa-B and mitogen-activated protein
kinase inflammatory signaling pathways, significantly stimulating
the expression of b-defensin in epithelial cells by activating the
mTOR signaling pathway, and participates in the innate immune
response (Lan et al., 2020). Butyrate can promote the production of
AMP, such as regenerative islet derived protein III g and defensin, in
the IEC of mice through the SCFA receptor (G protein-coupled re-
ceptor 43) (Chen et al., 2020). Butyrate also significantly increases
the expression of porcine b-defensin-2 and b-defensin-3 (Zeng
et al., 2013).

5. Protein/amino acid metabolites in the progression of
gastrointestinal diseases

The host's innate response to the microbiota plays an essential
role in the homeostasis of the intestinal immunity and inflamma-
tory bowel disease (IBD) pathogenesis. However, in most model
systems, defects in the intrinsic pathway do not cause homeostasis
destruction and the development of IBD (Elson and Cong, 2012).
The interaction between the host and its rich intestinal microflora
is complex; some symbionts, such as myxomycetes and Heli-
cobacter spp., are usually called pathological organisms as they can
14
cause diseases under certain conditions. The composition of the
intestinal microbiota has awide range of inter- and intra-individual
variability (Huttenhower et al., 2012), which is considered a key
determinant of the host's susceptibility to various diseases,
including IBD (Caruso et al., 2020).

Excessive protein fermentation produces metabolites such as
amines, hydrogen sulfide, p-cresol, and ammonia, which can
damage the colon epithelium (Arumugam et al., 2011). Some of
these products may induce DNA damage, intestinal leakage, colon
cancer, IBD, and other diseases (Marchesi et al., 2016). Recent ad-
vances in high-throughput sequencing have linked the imbalance
of the microbial community caused by HPD with many gastroin-
testinal diseases. Liu et al. (2014) found that although HPD changed
the composition of intestinal microflora and increased the utiliza-
tion rate of substrates, the increase in protein volume content in the
large intestine did not affect butyrate concentration, thus main-
taining the metabolic homeostasis of the colon epithelium. How-
ever, HPD showed a reduction in fecal butyrate concentration in a
repetitive manner. The intake of high-fat and high-protein diets can
lead to a dysfunction in the intestinal microbiota; its metabolite
biosynthesis may lead to an imbalance, which subsequently causes
intestinal inflammation that may further lead to IBD (Shi et al.,
2020). Caspase recruitment domain-containing protein 9 is one
among many IBD-susceptible genes, promoting the recovery of
colitis by activating the interleukin-22 pathway (Lamas et al., 2016).
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 themicrobiota 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 brainegut
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
brainegut 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�c 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-D-aspartate and a7 nicotinic acetyl-
choline receptors, which can cross the bloodebrain 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 Tþ tf/J (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 gutmicrobiota and
host through the elucidation of protein/amino acid metabolism, is
essential for the development of new therapeutic interventions.
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