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A B S T R A C T   

Gut microbiota is a complex ecosystem of symbiotic bacteria that contribute to human metabolism and supply 
intestinal metabolites, whose production is mainly influenced by the diet. Dietary patterns characterized by a 
high intake of protein promotes the growth of proteolytic bacteria’s, which produce metabolites from undigested 
protein fermentation. Microbioal protein metabolites can regulate immune, metabolic and neuronal responses in 
different target organs. Metabolic pathways of these compounds and their mechanisms of action on different 
pathologies can lead to the discovery of new diagnostic techniques, drugs and the potential use as functional 
ingredients in food. This review discusses the potential mechanisms by which amino acid catabolism is involved 
in microbial protein metabolites. In addition, results from several studies on the association of products from the 
intestinal metabolism of indigestible proteins and the state of health or disease of the host are revised.   

Introduction 

The human gut microbiota has been considered as an active meta-
bolic organ due to its capacity to biotransform resistant components 
from food into microbial metabolites, which evidence has pointed out 
the beneficial or detrimental role they play in human health (Peredo- 
Lovillo, Romero-Luna, & Jiménez-Fernández, 2020). The large intestine 
contains about 500–1000 different species of bacteria (Canfora, Meex, 
Venema, & Blaak, 2019). In adults, Firmicutes, Actinobacteria, Proteo-
bacteria and Verrucombria and one Archea (Euryarchaeota) are the five 
bacterial phyla that dominate the gut microbiota (Catalkaya et al., 
2020). It has been estimated that the population of microorganisms from 
gut microbiota are 1.3 times higher than human cells (human colon 
harbors roughly 1012 microorganisms ́ cells) (Gilbert et al., 2018). There 
is a vast diversity in the human gut microbiota, and it has been reported 
that indigestible dietary elements are one of the main factors that shape 
the composition of this complex ecosystem (Canfora et al., 2019). 

The compounds that can resist the digestion and reach the colon are 
resistant carbohydrates, lipids, proteins and some bioactive compounds. 

Carbohydrates that are able to reach the colon during the digetion 
process are called Resistant Carbohydrates (RC) and are also known for 
being the preferred substrates for the gut microbiota (e.g., non-starch 
polysaccharides and resistant starch). These compounds have been 
extensively studied over the years due to the beneficial contribution of 
the metabolic products generated during fermentation and their positive 
effect in diseases related to large intestine (Yao, Muir, & Gibson, 2016). 

After RC are depleted, the gut microbiota chooses protein fermen-
tation (Canfora et al., 2019). Proteases are more active at neutral pH, 
and since luminal pH is more acid in the ascending colon, than in the 
distal (descending) colon, undigested protein fermentation mainly fer-
ments in the distal colon (Canfora et al., 2019; Davila et al., 2013). It is 
estimated that around 12–18 g proteins reach the large intestine every 
day (2–3 g of nitrogen per day with 10–15% of urea, ammonia, nitrate 
and amino acids, 48–51% proteins and 34–42% peptides) (Davila et al., 
2013). Currently, there is a trend in low-carbohydrate and high-protein 
diets which seek weight reduction by increasing the recommended 
protein intake. Thus, the amount of poorly absorbed or resistant protein 
may increase. 
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Nevertheless, there is still limited information available on the ef-
fects of increased ingestion of diet proteins in the microbial metabolites 
and gut microbiota composition, as well as, their effects in host health 
compared to malabsorbed carbohdyrates fermentation. Furthermore, 
protein fermentation leads to a more diverse range of metabolites 
compared to those produced from carbohydrates. It is has been reported 
that protein microbial metabolites could be available at significant 
physiological concentrations to impact in the gastrointestinal system. 
Even though protein microbial metabolites have been thought to in-
crease the risk of several diseases, due to inconsistent evidence 
throughout the literature regarding the effects of several of these me-
tabolites, it is still not possible to declare a direct relationship between 
these compounds and the overall effect in human health (Canfora et al., 
2019; Davila et al., 2013; Liu, Hou, Wang, Zheng, & Hao, 2020). 

Keeping this in view, the objective of this review is to summarize the 
evidence related to the protein-derived metabolites produced by gut 
microbiota, addressing their implications in human health and 
connection with cardiovascular, neurological and gastrointestinal dis-
eases, obesity, cancer and diabetes. 

Factors modulating protein fermentation during gastrointestinal 
digestion and colonic fermentation 

Proteins that reach the colon derives from two sources. First, 
endogenous proteins such as glycoproteins, mucinous proteins and those 
contained in some pancreatic pathology processes. An increase of 
endogenous protein delivery could be associated by the exudation found 
in inflammatory and ulcerative condition. Meanwhile, the exogenous 
protein digestion process begins when proteins reach the stomach, 
starting the gastric digestion. The conditions in this stage are a pH 
ranging from 1 to 5 and a transit time of 30 min to 3 h, with the gastric 
juices promoting protein digestion. This causes the unfolding of proteins 
and guarantees the easier access of gastric enzymes (Giromini, Cheli, 
Rebucci, & Baldi, 2019). In the small intestine, trypsin (which cleaves 
the internal bond of a protein at lysine or arginine residues) and other 
enzymes such as carboxypeptidase, amino-oligopeptidase, aminopepti-
dase A, dipeptidase I, dipeptidase II, dipeptidyl aminopeptidase IV, 
carboxypeptidase P and gamma glutamyl transpeptidase contribute to 
the intestinal hydrolysis of proteins. These peptidases hydrolyze pep-
tides ranging from 2 to 6 amino acids, and these peptides from protein 
hydrolysis can be absorbed into the bloodstream (Duerksen, 2020). The 
nutritional quality of protein is related to its digestibility according to 
amino acid uptake. Besides, the interactions among the components of 
the food matrix as lectins, phenolic compounds and phytic acid possibly 
contributed to limited digestibility of protein (Rovalino-Córdova, 
Fogliano, & Capuano, 2019; Yao et al., 2016). 

In addition, protein source and food processing may play a role in 
altering its digestibility. Ileostomy studies have attempted to provide 
comparisons of the digestibility of individual protein supplements via 
the proportion of ingested protein recovered in the effluent. These 
studies verified that in a low-protein basal diet, purified protein from 
plants increases the protein content of the ileal effluent compared to 
animal proteins such as meat or milk derivatives (Sandström, Ander-
sson, Kivistö, & Sandberg, 1986). 

The digestion of dietary protein is highly efficient. Proteolysis begins 
in a gastric stage, which triggers a significant stage of enzymatic (pro-
teolytic) activity in the duodenum and jejunum sections of the small 
intestine. Deficiency in some of these stages can be reflected in an in-
crease in protein substrates for bacteria in the large intestine. Clinical 
conditions such as cystinuria, celiac and Crohn’s disease affect the di-
gestibility and absorption of proteins. Patients with these conditions 
tend to have inefficient protein absorption due to their mucosa-related 
pathologies, which puts them at risk for protein malnutrition. Protein 
digestion can be affected by a reduction of several digestive or proteo-
lytic enzymes, like trypsin and pepsin, which are also associated with 
conical pancreatitis (Layer & Keller, 1999; Lewis & Cochrane, 2007; Yao 

et al., 2016). These unabsorbed polypeptides reach the large intestine 
where microbiota transforms them into several metabolites (Fan & 
Pedersen, 2021). Nevertheless, the dysbiosis of microbiota or the decline 
of several microbiota species relates to a rise in the prevalence of com-
mon diversity metabolic disorders as diabetes or obesity. Thus, the diet 
and lifestyle will permanently influence the final outcome of protein 
consumption and digestion in the human body. 

Effects of protein fermentation in gut microbiota 

The ability to metabolize amino acids from undigested protein is 
shared by a large number of endogenous bacteria in gut microbiota. 
However, biotransformation of these substrates modifies the profile of 
bacteria species, as the protein intake of the diet increases. It has been 
found that dietary patterns of high-protein intake changed the compo-
sition of gut microbiota as the abundance of beneficial bacteria (such as 
Bifidobacterium or Rothia) decreased (Salonen et al., 2014). Some studies 
have reported an increase in Clostridium perfrigens and a reduction in 
Bifidobacterium after 48 h of beef protein fermentation (Shen, Chen, & 
Tuohy, 2010). It also has been stated that the addition of casein in fecal 
inocula induces the growth of species of the genus Enterococcus, Shigella 
and Escherichia coli (Richardson, McKain, & Wallace, 2013). In addition 
to this, in vitro studies in animals have shown that the growth of Bac-
teroides is associated with the long-term intake of animal protein and 
some amino acids, leading to significant changes in the gut microbiota 
(Wu et al., 2011). 

Diet intervention studies in healthy volunteers compared a high 
protein diet against a normal diet for 6 weeks without changes in the 
abundance of genus Clostridium, Bacteroides and sulfate reducing bac-
teria, but did report a decrease in Bifidobacteria and counts of total 
bacteria (Brinkworth, Noakes, Clifton, & Bird, 2009). However, in these 
studies, the fermentable carbohydrate content of high protein diets was 
also altered, so there may be a stronger influence on microbiota changes 
from carbohydrates availability than protein fermentation. This is 
observed in the study by Russell et al. (2011), where they studied the 
intake of a low-carbohydrate and high-protein diet and observed a sig-
nificant decrease in the genus Roseburia and Eubacterium rectole, which 
are producers of butyrate. 

The relevance of the proliferation of species of Enterobacteria from 
fermentation of undigested protein is related to the possible pathoge-
nicity these microorganisms may have in the gastrointestinal system. 
This may have implications for the functional capacities of the colonic 
microbiota, leading to the development and progression of several 
diseases. 

Metabolic pathways of undigested protein fermentation and its 
end products 

Gut microbiota posseses specialized enzymes for the catabolism of 
amino acids (Davila et al., 2013). The metabolic pathways of undigested 
protein fermentation are shown in Fig. 1 based on data published by Liu 
et al. (2020) and Wu et al. (2020). Briefly, undigested proteins are hy-
drolyzed by extracellular proteases and peptidases into amino acids and 
peptides. Then, the amino acid catabolism starts with their trans-
mination or deamination that can be oxidative, reductive or coupled. 
For instance, the Stickland reaction involves a pair of amino acids which 
one of them could be oxidized and decarboxylated and the other one 
being reduced. In this context, histidine, leucine, valine, isoleucine and 
alanine are the preferred H-donors and proline, arginine, tryptophane, 
glycine and ornithine are the preferred H-acceptors. These reactions 
yield keto acids or saturated fatty acids. Pyruvate is an important 
starting point that leads to the excretion of terminal H-acceptors (short 
chain fatty acids, organic acids, ethanol and gazes). The gazes generated 
can be metabolized by hydrogenotrophic microorganisms into methane, 
acetate and hydrogen sulfide. Also, amino acids can be transformed into 
amines and polyamines via decarboxylation but complex amino acids 
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Fig. 1. Metabolic pathways of undigested protein fermentation based on data by Liu et al. (2020) and Wu et al. (2020).  

Fig. 2. Protein microbial metabolites.  
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can be metabolized by fission, deamination, decarboxylation, oxidation 
and reduction into a several end products. Tyrosine microbial meta-
bolism produces p-cresol, while tryptophan results into different indolic 
compounds including skatole. Sulfur-containing amino acids fermenta-
tion results in the release of sulfur, and then tranformed into hydrogen 
sulfide. On the other hand, deamination reactions and urea hydrolysis 
(by microbiota urease activities) leads to ammonia production (Davila 
et al., 2013). 

Undigested protein fermentation yields a wide range of metabolites 
as indolic and phenolic compounds, branched and short chain fatty 
acids, ammonia, amines, polyamines, and hydrogen sulfide. Fig. 2 shows 
the protein microbial metabolites and their precursors, classified into 
four amino acids groups: aromatic amino acids, branced-chain amino 
acids, sulfur containing amino acids and other amino acids. 

Aromatic amino acids end products: Indolic and phenolic compounds 

The most extensive variety of end products or microbial metabolites 
from undigested protein fermentation are produced from aromatic 
amino acids. For instance, at least 9 indolic compounds proceed from 
tryptophan metabolism (Fig. 2). Several indolic compounds may act as 
modulators of gastrointestinal function. The metabolic pathways fol-
lowed by protein microbial metabolites involved in different diseases 
have been previously reviewed elsewhere (Fan & Pedersen, 2021; Liu 
et al., 2020; Roager & Licht, 2018) and they are summarized in Figs. 3 
and 4. 

Fermentation of aromatic amino acids such as tyrosine, tryptophan 
and phenylamine are relevant as precursors for the synthesis of several 

important bioactive molecules. Tryptophan can be metabolized by 
endogenous bacteria (Clostridium, Bacteroides and Bifidobacterium) to 
produce indole and indole derivatives (indoleacetic acid, indole-3- 
acetaldehyde, indole-3-aldehyde and indoleacrylic acid) (Reigstad 
et al., 2015). Particularly, indole, indole propionic acid and indole- 
acrylic acid demonstrated to decrease intestinal permiabiality medi-
ated by the pregnane X receptor (PXR) which affects mucosal 
homeostasis. 

Indole also stimulates GLP1 receptor release, whose physiological 
function is to boost insulin production and decrease glucagon synthesis. 
This hormone suppress apetite and insulin secretion and it is also known 
for slowing gastric emptying. Moreover, indole metabolites can act as 
agonists for aryl hydrocarbon receptor (AHR), an important transcrip-
tion factor responsible for numerous developmental and tissue- 
dependent influences on T cell immunity and exerting mainly protec-
tive and anti-inflammatory effects in the gut (Chimerel et al., 2014; 
Lavelle & Sokol, 2020). Indole and skatole produced from tryptophan as 
well as phenol produced upon fermentation of tyrosine in the large in-
testine can be absorbed, transformed and excreted mainly as p-cresol 
(Andriamihaja et al., 2010). 

On the other hand, the tryptophan catabolite indole-3-aldehyde in-
duces higher production of interleukin-22 (IL-22) via AHR, altering 
innate and adaptative immune responses in a ligand-specific fashion (i. 
e., accelerates the proliferation of epithelial cells from intestinal stem 
cells to balance tissue homeostasis) (Roager & Licht, 2018). Also, indole 
propionic acid is a endogenous ligand for PXR, which functions to 
strengthen the gut barrier by Toll-like receptor 4 (TLR4) or by inducing 
epithelial IL-10 receptor 1 (Liu et al., 2020). 

Fig. 3. Mechanisms pathways of protein microbial metabolites involved on host physiology regarding gastrointestinal diseases and intestine-brain axis effects. 
Tryptophan and tyrosine are precursors of neurotransmissors. TAAR: Trace amine-associated receptor. Several indolic compounds act on AhR (aryl hydrocarbon 
receptor) found in intestinal immune cells. 
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Branched chain fatty acids 

Branched-chain fatty acids are formed mainly from branched chain 
amino acids in a microbial metabolism produced by microorganisms of 
the genus Clostridium. Valine, isoleucine and leucine are the precursors 
of the branched chain fatty acids, isobutyrate, 2-methylbutyrate and 
isovalerate, respectively (Davila et al., 2013). Similarly, aliphatic amino 
acids such as alanine and glycine can also produce these fatty acids 
(Zhao et al., 2020). 

Production of branched chain fatty acids can be rapidly increased by 
higher dietary protein level, as detected in an in vitro model of human 
colonic microbiota by Aguirre et al. (2016). As a result of the protein 
fermentation, branched-chain fatty acids increase (3.5 mmol for iso-
valerate and 1.5 mmol for isobutyrate) and short chain fatty acids 
decrease (82.3 mmol) compared to a high carbohydrate diet (137.3 
mmol), which is associated with the increase in luminal pH from 5.8 to 
6.3 at 72 h of fermentation (Aguirre et al., 2016). Such changes in the 
microbial environment and metabolites cause a leakage of pathogen- 
associated molecular patterns, including rise of lipopolysaccharides in 
the bloodstream as well as trigger systemic low-grade inflammation and 

insulin resistance (Cani et al., 2007). 

Short chain fatty acids branched chain fatty acids 

Undigested protein fermentation also yields short chain fatty acids. 
Nevertheless, it is important to note that, there is lack of evidence dose- 
related studies to establish the contribution of protein fermentation to 
the amount of short chain fatty acids produced in the distal colon and 
experiments using stable isotope-labelled proteins are required (Canfora 
et al., 2019). Acetate, propionate and butyrate are typìcal short chain 
fatty acids produced mainly by carbohydrate fermentation. However, 
these metabolites can also appear, althought at relative lower portion, as 
a result of amino acid fermentation by different species of Lactobacillus 
and Bifidobacterium. Butyrate can be produced by the gut microbiota 
from glutamate and lysine; acetate results mainly from fermentation of 
alanine, aspartate, glutamate, while serine and propionate from the 
fermentation of aspartate, alanine and methionine (Zhang et al., 2020). 

Fig. 4. Tentative mechanisms pathways of protein microbial metabolites involved on type 2 diabetes. GLP-1, glucagon-like peptide-1; IPA, indole-3-propionic acid; 
indoleacrylic acid; AHR, aryl hydrocarbon receptor; DKD, Diabetic Kidney Disease; ⇑, increase; ⇓, 
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Ammonia and polyamines 

Ammonia is another metabolite of acidic amino acid fermentation; 
this compound diffuses through the intestinal barrier in large quantities 
and in the distal colon, as Pieper, Boudry, Bindelle, Vahjen, and Zentek 
(2014) described in the in vivo model study in pigs fed with a high 
protein diet. 

A high ammonia concentration was found to have harmful effects on 
the colonic epithelium and promotion of inflammatory signals. Luminal 
ammonia in large intestine has been found from 3 mM to 44 mM and it 
could be absorbed (Davila et al., 2013). Notably, ammonia has been 
clasificated as an aberrant microbial metabolite due it can inhibit in a 
dose-dependent mechanism the mitochondrial oxygen consumption 
(Andriamihaja et al., 2010). 

Some aromatic amino acids such as phenylalanine, tyrosine and 
tryptophan could be metabolized to polyamines via descarboxylases into 
phenylethylamine, tyramine and tryptamine, respectively. The respon-
sible bacterias ́ species for phenylethylamine, tyramine and tryptamine 
production are Morganella morganii, Ruminococcus gnavus and Staphylo-
coccus pseudintermedius, respectively (Liu et al., 2020). Mechanisms of 
action of polyamines on host physiology are via enterochromaffin cells, 
where tryptamine induces the release of 5-Hydroxytryptamine (5-HT, 
serotonin) and stimulates gastrointestinal motility by acting on enteric 
nervous system neurons (Roager & Licht, 2018). 

Hydrogen sulfide 

Metabolism of the sulfur-containing amino acids by sulfate reducing 
bacteria results in the production of hydrogen sulfide (H2S) and meth-
anethiol. Two substrates are essential for this bacterias to produce H2S, a 
sulfate and an electron donor for the sulfate reduction (Rey et al., 2013). 
Several anaerobic bacterial strains (E. coli, Salmonella enterica, Clostridia 
and Enterobacter aerogenes) convert cysteine to H2S, pyruvate and 
ammonia by cysteine desulfhtdrase (Awano et al., 2005). In addition, 
gut bacteria may produce H2S by sulfite reduction; sulfite reductase is 
present in many species such as E. coli, Salmonella, Enterobacter, Klebsi-
ella, Bacillus, Staphylococcus, Corynebacterium, and Rhodococcus (Blach-
ier et al., 2010). H2S has effects on both pro and antiinflammatory 
responses, smoothes muscle relaxation and pro and antinociception in 
the gastrointestinal system (Linden, 2014). 

Microbial metabolites from undigested protein colonic 
fermentation: Their implication in different diseases 

A growing body of evidence has concluded that is necessary to 
explore beyond the profile of microbial metabolites towards the evalu-
ation of the activity of these metabolites in order to understand the 
impact of the gut microbiota on health (Roager & Dragsted, 2019). As 
previously, mentioned, gut microbiota is able to ferment indigestible/ 
resistant compounds like proteins. Canfora et al. (2019) reported in 
human fecal samples mean concentrations of ammonia, p-cresol, total 
phenols (phenol and 4-ethylphenol), total polyamines, total indole- 
derived compounds, and branched chain fatty acids in healthy in-
dividuals as 160.98, 2.12, 2.39, 22.32, 1.56 and 18.87 mmol/kg dry 
matter, respectively. 

As mentioned before, products from microbial protein fermentation 
have been often considered detrimental for health and linked to various 
disorders such as cancer, obesity or diabetes. However, discrepancy 
among the findings about health implications of microbial protein me-
tabolites is persistent (Canfora et al., 2019). For instance, indole-derived 
compounds have been associated with detrimental effects (Zhao et al., 
2018) whereas in contrast, other studies suggested that indole-derived 
compounds contributed to liver function, gut integrity and glucose ho-
meostasis (Beaumont et al., 2018). Furthermore, it is important to note 
that despite p-cresol, hydrogen sulfide and branched-chain amino acids 
metabolites have been related to the development of insulin resistance, 

no human intervention studies have yet measured the contribution of 
different protein sources and protein microbial metabolites on host in-
sulin resistance (Canfora et al., 2019). The recent studies around the 
evaluation of the effects of protein microbial metabolites are summa-
rized in Table 1 and 2. Some of the diseases related to protein meta-
bolism are described in the following sections. 

Obesity 

As a consequence of the increased consumption of highly processed 
foods and adoption of sedentary lifestyles, obesity is a global concern 
disease and one of the major socio-economic problems in the 21st 

Table 1 
Protein microbial metabolites and their effects in obesity, cancer and intestine- 
brain axis system.  

Metabolite Study design Effects Reference 

Obesity 
Spermidine Animal model. Induced 

obesity mice (C57BL/ 
6J) were treated with 
high-fat-diet and 
spermidine. 

Spermidine decreased 
body weight, reversed 
the apparent 
hepatosteatosis and 
reduced serum 
triglyceride and total 
cholesterol. It 
decreased lipogenic 
genes expression 
through an AMPK- 
mediated mechanism. 

Gao et al. 
(2018)  

Cancer 
p-cresol In vitro: Batch culture 

protein fermentation 
using human fecal 
inocolum from 60 
years volunteers. 

p-cresol was found as a 
predictor of 
genotoxicity against 
colonocytes in protein 
fermentation 
supernatants. p-cresol 
induced DNA damage 
in dose-dependent 
manner against HT29 
and Caco-2 cells 

Al Hinai et al. 
(2019) 

Indole 
propionic 
acid (IPA) 

Animal model and in 
vitro. Experimental 
assay with eight 
C57BL/6 mice groups 
partially or totally 
irradiated and HIEC-6, 
MODE-K, HCT-8, and 
ME-180 cells. Intarget 
metabolomic LC-MS/ 
MS analyses were 
performed. 

IPA replenishment via 
oral route attenuated 
hematopoietic system 
and gastrointestinal 
tract (GI) injuries 
intertwined with 
radiation exposure 
without precipitating 
tumor growth. IPA 
treated mice 
represented a lower 
system inflammatory 
level, recuperative 
hematogenic organs, 
catabatic 
myelosuppression, 
improved GI function, 
and epithelial integrity 
following irradiation. 

Xiao et al. 
(2020)  

Intestine-brain axis 
Indole Animal model: cecuḿs 

rats injected with 
indole. 

Rats overproducing 
indole displayed 
anxiety-like behavior. 

Jaglin et al. 
(2018) 

Indole-3- 
propionic 
acid and 
indole-3- 
aldehyde. 

Animal model. mRNA 
expression in 
astrocytes from 
induced 
encephalomyelitis 
mice was analyzed. 

Type I intereferons 
produced in the 
central nervous system 
function in 
combination with 
indolic compounds 
activated AHR 
signaling in astrocytes 
and supress central 
nervous system 
inflammation. 

Rothhammer 
et al. (2016)  
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century. These obesity disturbances are related with the development of 
diabetes or liver diseases (Canfora et al., 2019). A large number of 
studies have been done around short chain fatty acids effects. Generally, 
they have been linked on the prevention of metabolic syndrome 
(Decreased triglycerides, blood pressure, insulin resistance, glucose, 
body mass index, and abdominal obesity) (Peredo-Lovillo et al., 2020). 
It has been reported that propionic and butyric acid prevented obesity 
and insulin resistance via induction of intestinal gluconeogenesis 
(Canfora et al., 2019). Of note, treatment of induced obese mice with 10 
mg/kg spermidine (A polyamine that can be produced by the biotrans-
formation of arginine by commensal intestinal bacteria such as the genus 
Bacteroides and Fusobacterium) decreased body weight, hepatic intra-
cellular, visceral fat content and total cholesterol once a day for 4 weeks. 
The mechanism indicated that spermidine increased the phosphoryla-
tion of hepatic AMP-activated protein kinase (AMPK) decreasing lipo-
genic genes expression (Gao et al., 2018). 

Irritable bowel syndrome (IBS) and colorectal cancer (CRC) 

Cancer is a generalized term that involves several diseases that affect 
different systems and organs in the human body. This illness occurs 
when mutations that affect certain cell mechanisms, such as Pro-
grammed Cell Death (PCD) or apoptosis, damage the genetic informa-
tion of the cells. The origins for every cancer are multifactorial, whether 
it may have a genetic background, environmental risk factors, or a 
combination of both. It is also known that these genetic and environ-
mental factors have interactions that cause the conditioning of prolif-
eration, prognosis, survival and differentiation of the disease in the 
organism. According to the World Health Organization (WHO), cancer is 
one of the main death causes around the globe. Just in 2020, 10 million 
people are estimated to have died from this disease (IARC, 2021). 
Among the several types of cancer, colorectal cancer (CRC) is the third 
most common cancer in the world, with an estimate of 1.93 million of 
cases in 2020. 

It has been previously stated that gut microbiota profiles from CRC 
patients significantly differs from that of healthy individuals (Abu- 
Ghazaleh, Chua, & Gopalan, 2021) leading to the so-called “dysbiosis”. 
Some of these proteolytic bacteria (Fusobacterium nucleatum, Bacteroides 
fragilis, E. coli, Clostridium, Streptococcus and Staphylococcus) are capable 
of metabolizing the dietary protein elements into potentially genotoxic 
compounds, which are related to the inflammation state of the IBS, and 
subsequently, the generation of the development environment for CRC 
(Barrett, Hand, Shanahan, Murphy, & O’Toole, 2020; Grazioso, Brandt, 
& Djouder, 2019; Meng, Bai, Brown, Hood, & Tian, 2018). 

Particularly, it has been recorded that certain compounds such as 

Table 2 
Protein microbial metabolites and their effects in type 2 diabetes (T2D) and 
cardiovascular diseases.  

Metabolite Study design Effects Reference 

Diabetes 
Indole Animal models. Male 

Sprague–Dawley rats 
(8–12 weeks). A novel 
colonic-nerve 
electrophysiological 
technique was used to 
examine gut-to brain 
vagal signaling by 
bacterial products 

GLP-1, secreted by 
indole, stimulated 
colonic vagal afferent 
activity. At a local level 
indole modified the 
sensitivity of 
submucosal neurons to 
GLP-1. 

Buckley 
et al. 
(2020) 

Indoxyl 
sulphate 
Indole-3- 
propionic 
acid (IPA) 
Indole-3- 
lactic acid 
(ILA) 

In vivo. Untargeted 
metabolomics analysis 
of plasma samples using 
LC-MS. A cross-sectional 
case–control study with 
30 healthy controls, 30 
patients with diabetes 
mellitus and normal 
renal function (DM-N), 
and 30 early diabetic 
nephropathy patients. 

Suggest uremic solutes 
and oxidative stress 
markers as the 
compounds indicating 
early renal function 
decline in diabetes 
mellitus patients, 
including glutamine, 
(microbiome- 
associated) indoxyl 
sulfate, hippurate, and 
3-methylhistidine. 
Elevated levels of IPA 
and ILA in the subjects 
with diabetes are likely 
the microbiome- 
mediated response to 
the treatments for 
improved glycemic 
control 

Tan et al. 
(2021) 

Phenyl sulfate Animal models. 
Diabetes was induced 
SLCO4C1-Tg rats and 
renal failure model 
C57BL/6N Jcl mice was 
used. Histological 
examination, uptake 
experiment, untargeted 
metabolomics in 
plasma, cell toxicity 
assay, mitocondrial 
function measurement, 
microbiome analysis 
was evaluated. 
In vivo. The Urinary 
biomarker for 
continuous and rapid 
progression of diabetic 
nephropathy (UCARE) 
study (n = 362 patients) 

In a diabetic patient 
cohort, phenyl sulfate 
levels significantly 
correlate with basal 
and predicted 2-year 
progression of 
albuminuria in 
patients with 
microalbuminuria. 
Inhibition of tyrosine 
phenol-lyase, reduces 
albuminuria in 
diabetic mice. 

Kikuchi 
et al. 
(2019) 

IPA In vivo. Non-targeted 
metabolomics 
examining those who 
either early developed 
T2D (n = 96) or did not 
convert to T2D within 
the 15-year follow-up (n 
= 104) 

IPA is a potential 
biomarker for the 
development of T2D 
that may mediate its 
protective effect by 
preservation of β-cell 
function 

de Mello 
et al. 
(2017)  

Cardiovascular diseases 
Indolic 

compounds 
and 
branched- 
chain fatty 
acids. 

In vivo. 7000 
participants. Evaluation 
of metabolites in serum 
by H NMR spectroscopy. 

Atherosclerosis was 
associated with 
disturbances of 
metabolism of 
branched-chain and 
aromatic amino acids. 

Tzoulaki 
et al. 
(2019) 

Indolic 
compounds 

In vivo. 100 patients 
with advanced 
atherosclerosis. 

Indolic compounds 
were associated with 
advanced human 
atherosclerosis and 
postoperative cardiac 
complications. 

Cason 
et al. 
(2018) 

Microbial 
metabolites 

Animal model. Plasma 
from rats treated for 

Microbial metabolites 
from aromatic amino 

Lam et al. 
(2016)  

Table 2 (continued ) 

Metabolite Study design Effects Reference 

from 
aromatic 
amino acids 

seven days with the non- 
absorbed antibiotic 
vancomycin or a 
mixture of 
streptomycin, 
neomycin, polymyxin B 
and bacitracin was 
analyzed by mass 
spectrometry-based 
metabolite profiling 
platforms. 

acids were linked to 
severity of myocardial 
infarction. 

Indole-lactic 
acid 

Animal model. 
Composition of the gut 
microbiome was 
analyzed in faecal 
pellets of mices treated 
with high salt diet and 
normal salt diet. 

Decrease ot L. murinus 
was related with 
decreased indole-lactic 
acid production which 
was linked with an 
increased TH17 cells 
response, which 
promotes 
hypertension. 

Wilck 
et al. 
(2017)  

J.J. Rodríguez-Romero et al.                                                                                                                                                                                                                 



Food Chemistry: X 13 (2022) 100195

8

phenylalanine (and other amino acids), hydrogen sulfide and secondary 
bile acids (SBAs) are elevated in patients with IBS and CRC. Yachida 
et al. (2019) recently reported that phenylalanine metabolism can be 
used as a potential marker for detecting CRC. Also, aromatic amino acid 
derived metabolites are linked with CRC occurrence. Specifically, p- 
cresol was found as a predictor of genotoxicity against colonocytes in 
protein fermentation supernatants. Exogenous p-cresol increased DNA 
damage and independently p-cresol induced DNA damage in dose- 
dependent manner against HT29 and Caco-2 cells (Al Hinai et al., 2019). 

Nitrosamines and heterocyclic amines (HCAs) are formed from the 
presence of amino acids and direct-heat when cooking meat products, 
causing an increased risk factor for CRC evidenced mainly by observa-
tional studies (Góngora et al., 2019; Ruiz-Saavedra et al., 2021). How-
ever, it varies according to dietary patterns and cooking preferences. 
The highest concentration of HCA is found in fried seafood (88.30 ng/g), 
baked seafood (88.08 ng/g), dried pork (66.82 ng/g), deep fried seafood 
(64.18 ng/g), broiled poultry (55.61 ng/g) and barbecued poultry 
(53.79 ng/g) (Pouzou, Costard, & Zagmutt, 2018). The harmful dose of 
HCA has been reported mainly for in vitro and animal models, this due to 
the ethical restrictions of human studies and depend on the specific 
HCA. Recently, concentrations of 8 to 800 ng/mL of 2-Amino-3-methyl-
imidazole [4,5-f] quinoline (one of the most common HCA) have been 
associated with damage to hepatocytes and induction of Parkinson’s 
disease gen protein using zebrafish (Danio rerio) (Li, Li et al., 2021; Li, 
Cao et al., 2021). 

The population-based prospective cohort study conducted by Wada 
et al. (2017) in 13,957 men and 16,374 women from Japan, revealed 
significant positive associations of total and red meat consumption with 
CRC risk in men (114 g median intake of total meat and 64 g median 
intake of red meat). In addition, HCAs have been shown to form HCA- 
DNA adducts in human colorectal tissue providing a plausible mecha-
nism of action by which these compounds may increase the risk of CRC 
development (Crowe, Elliott, & Green, 2019). 

Bile Acids are normal components of the luminal contents of the 
gastrointestinal tract that act as a physiologic detergent (enable ab-
sorption of lipids, cholesterol, and fat-soluble vitamins) and regulator of 
intestinal epithelial homeostasis (Ajouz, Mukherji, & Shamseddine, 
2014). Even when most of the bile acids are absorbed in the small in-
testine, those who arrive the colon are metabolized by gut microbiota as 
secondary bile salts (SBA) particularly to lithocholic and deoxycholic 
acids, which are potentially mutagens and also may induce DNA dam-
age, as well as apoptosis resistance. Shabanzadeh, Sørensen, and 
Jørgensen (2017) reported in a cohort study with a population of 5,928 
patients, that there is a CRC predilection of the right-side colon, sug-
gested through a greater proximal colonic absorption of SBA, which 
have been considered carcinogenic for a long time. In addition, bile 
acids and gut bacteria interact with the nuclear farnesoid X receptor and 
the G protein–coupled membrane receptor 5 to regulate numerous 
metabolic pathways that support a potential role of bile acids in cancer 
development through microbiota-dependent metabolic mechanisms 
(Fiorucci, Biagioli, Zampella, & Distrutti, 2018). 

Sulfur is another compound that is enriched in red and processed 
meat, which can be external, like sulfites used as food additives (e.g. 
sulfur dioxide E220, sodium sulfite E221, potassium sulfite E225, cal-
cium sulfite E226), or contained in certain amino acids (e.g., cysteine 
and methionine), and its transformation to hydrogen sulfide by sulfi-
dogenic bacteria can potentially influence colorectal carcinogenesis. It is 
hypothesized that it diffuses into intestinal epithelial cells and interferes 
with mitochondrial function, ultimately leading to hyperproliferation 
via the Ras/MAPK pathway. The Ras/MAPK pathway is a known 
mechanism of carcinogenesis in many malignancies, including CRC 
(Dahmus, Kotler, Kastenberg, & Kistler, 2018). Yazici et al. (2017) found 
a correlation between the presence of sulfidogenic bacteria and CRC, 
establishing that fat intake and daily servings of meat were significantly 
higher in African American compared with non-Hispanic whites (38.9 ±
6.9 and 39 ± 7 g respectively), and multiple dietary components 

correlated with a higher abundance of sulfidogenic bacteria, resulting in 
a higher incidence of CRC. However, according to Song, Garrett, and 
Chan (2015) sulfur-containing foods may have divergent effects on CRC 
development depending on the specific sulfur-associated compounds, 
since allyl sulfur components from garlic and sulfur-containing glyco-
sides found in cruciferous vegetables may have a CRC reduction effect. 
However, there is lack of human evidence to recommend modification of 
sulfur intake for the prevention of CRC. 

Intestine-Brain axis 

It has been reported that microbial metabolites play an important 
role in the bidirectional gut-brain communication. Phenylalanine is a 
precursor to tyrosine (via phenylalanine hydroxylase in the liver). 
Tyrosine is further metabolized to dopamine, norepinephrine, adrena-
line and melanin, which are excitatory neurotransmitters (Liu et al., 
2020). In this context, tryptophan is a precursor to kynurenine or could 
be used for serotonin synthesis in the gut and brain (Cervenka, Agudelo, 
& Ruas, 2017). In addition, some polyamines as tyramine and trypt-
amine are high-affinity endogenous agonists at TAAR1 which is located 
in neuroendocrine cells of the intestine and B cells of the pancreas. It has 
been suggested that TAAR1 can mediates host-nutrition microbiota 
crosstalk in immune and behavioral control which must be validated 
with more studies (Liu et al., 2020). 

Jaglin et al. (2018) reported that rats overproducing indole showed 
anxiety-like behavior through vagus nerve activation in the gut-brain 
axis. According to the in vivo assay, supplementation with indole-3- 
propionic acid and indole-3-aldehyde suppress central nervous system 
inflammation in induce encephalomyelitis mice via AhR and type I in-
terferons in astrocytes, which modulate central nervous system and 
neuronal transmission (Rothhammer et al., 2016). 

Cardiovascular diseases 

Indole, indole-3-aldehyde and indole propionic acid are associated 
with advanced atherosclerosis (Cason, Dolan, Sharma, Tao, & Kulkarni, 
2018; Tzoulaki et al., 2019). Recently, phenylacetic acid, phenyllactic 
acid, p-cresol and 4-Hydroxyphenylpropionic acid were associated to 
myocardial infarction (Lam et al., 2016). On the other hand, high salt 
consumption is also related to cardiovascular diseases. It has been 
observed that high salt consumption levels decrease Lactobacillus mur-
inus proliferation. This species is capable to produce indole-lactic acid, 
indole-3-acetic acid and indole-3-aldehyde. The decrease in indole-lactic 
acid production was related with increased T helper (TH)17 cells 
response which promotes hypertension. Also, indole-lactic acid showed 
inhibition of the polarization of TH17 cells in vitro (Wilck et al., 2017). 

Type 2 diabetes mellitus 

Type 2 diabetes mellitus (T2DM) is an insulin-resistance condition 
(defective insulin signaling within glucose receptor tissues) or beta-cell 
dysfunction (inadequate glucose sensing to stimulate insulin secretion) 
and approximately 90% of patients with diabetes mellitus have T2DM, 
which can be a result of genetic predisposition, environmental factors, 
or a combination of these two. Worldwide, an estimated 462 million 
people are affected by type 2 diabetes corresponding to 6.28% of the 
world’s population (4.4% of those aged 15–49 years, 15% of those aged 
50–69, and 22% of those aged 70 + ) and more than 1 million deaths 
were attributed to this condition in 2017 alone, ranking it as the ninth 
cause of mortality (Khan et al., 2020). 

A strong positive association with diabetic nephropathy is observed 
between higher adherence to a dietary pattern rich in Western-style 
dietary protein sources such as high-fat dairy products, egg, as well as 
red and processed meats in women with T2D (Aziz et al., 2021). Plasma 
metabolites (e.g. butyrylcarnitine, N-oleoylserine, 1-palmitoyl-GPA, 
alpha-ketoglutarate, 5-oxoproline) affect a range of metabolic 
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functions in humans, including insulin sensitivity. However, these me-
tabolites were not directly linked to the gut microbiota composition, 
underscoring the intricate relation between plasma metabolites, the gut 
microbiota, and insulin sensitivity (Koopen et al., 2020). The findings 
demonstrate that the neuromodulatory molecule, glucagon-like peptide- 
1 (GLP-1), secreted by colonic enteroendocrine L-cells in response to 
indole, stimulated colonic vagal afferent activity. At a local level indole 
modified the sensitivity of submucosal neurons to GLP-1. These findings 
elucidate a cellular mechanism by which sensory L-cells act as cross- 
barrier signal transducers between microbial products in the gut 
lumen and the host peripheral nervous system (Buckley et al., 2020). 

Diabetic kidney diseases affect about 40 % of patients with T2D. 
Recently, indoxyl sulfate, a liver metabolite of indole a gut bacteria- 
derived product of tryptophan has been associated with an early 
decline in kidney function in patients with T2D (Tan et al., 2021). 
Because of this, therapies have recently been developed that can miti-
gate the effects of indoxyl sulfate. Oral spherical carbon adsorbent 
reduced serum IS levels in moderate to severe chronic kidney disease 
patients (Kim et al., 2020). Meanwhile, Zhao et al. (2020) reported that 
the inhibitory effect of Tangshen Formula (is a traditional Chinese 
herbal medicine) on renal inflammation was associated with the inhi-
bition of aryl hydrocarbon, a receptor of indoxyl sulfate, and TLR4, 
thereby inhibiting JNK and NF-κB signaling in the kidney. In addition, 
gut p-cresol is absorbed into the bloodstream and sulfated by tyrosine 
phenol-lyase, a bacterial enzyme responsible for the synthesis of phenol 
from dietary tyrosine before it is metabolized into phenyl sulfate in the 
liver. Phenyl sulfate increase with the progression of diabetes in rats 
overexpressing human uremic toxin transporter SLCO4C1 in the kidney, 
and are decreased in rats with limited proteinuria and Inhibition of 
tyrosine phenol-lyase reduces albuminuria in diabetic mice (Kikuchi 
et al., 2019). 

For its part, H2S inhibits insulin secretion by opening of adenosine 
triphosphate (ATP)-dependent K + channels (KATP) channels via S- 
sulfhydration. Opening of KATP channels causes membrane hyperpo-
larization and therefore closing of voltage-dependent calcium channels 
(VDCC). H2S also inhibits VDCC directly via S-sulfhydration. H2S in-
hibits glucose-induced mitochondrial membrane hyperpolarization and 
ATP production (Gheibi, Samsonov, Gheibi, Vazquez, & Kashfi, 2020). 

Nonetheless, indole propionic acid (IPA) is another deamination 
product of the amino acid tryptophan. de Mello et al. (2017) suggest that 
indolepropionic acid, a gut microbiota-produced metabolite, is a po-
tential biomarker for the development of T2D that may mediate its 
protective effect by preservation of β-cell function. Higher IPA at 1-year 
study was inversely associated with the incidence of T2D and tended to 
be directly associated with insulin secretion during the mean 7-year 
follow-up. Moreover, IPA correlated positively with dietary fiber 
intake and negatively with hsCRP concentrations at both sampling and 
study follow-up. Therefore, it has been suggested that the putative effect 
of IPA on reducing the risk of T2D could be mediated by the interaction 
between dietary fiber intake and inflammation or by the direct effect of 
IPA on β and cell function (Tuomainen et al., 2018). It is clear that a 
potential effect of protein gut metabolites is observed, however, most 
investigations have been observational, animal models, and in vitro 
systems. It is necessary to test the effects in clinical trials with meth-
odological rigor and that evaluate the effects over time 

Conclusions 

An extensive body of evidence has studied relationship between the 
gut microbiota and the host through microbial metabolites and how they 
influence human health. Nevertheless, detailed metabolic pathways and 
responsible bacteria origin of certain protein microbial metabolites 
remain incompletely understood and are becoming central questions for 
further studies. Protein microbial metabolites are potential biomarkers 
to be used for several diseases’ diagnosis, prognosis and prevention. 
Nevertheless, considering the discrepancy between the growing body of 

evidence around protein microbial metabolites, in vivo studies as well as 
meta-analyses that involve dietary patterns and other several factors 
regarding lifestyle of a robust population of patients are of great 
importance to help clarify the public health debate about the animal 
protein intake. 
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