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Abstract

Objectives: The intestine of a healthy human harbors over 100 trillion cells that have a symbiotic relationship with the
host, and they play a part in important metabolic, systemic, and immunologic functions. The human gut microbiota
begins to take shape in the fetal life, and it achieves adult-like properties by the age of 2-3 years after being influenced
by the type of delivery, feeding with either breast milk or formula, antibiotic use, as well as many environmental factors
leading to dysbiosis. The important role that the gut microbiota plays in human metabolism and health, as well as
identification of specific microorganisms that play role in various metabolic processes have encouraged researchers to
investigate metabolism of dietary components and some metabolites produced by the host in particular. Important
metabolic functions of the gut microbiota include fermentation of complex carbohydrates that escape digestion; var-
ious polyphenols consumed in the diet; fats, amino acids, and proteins; deconjugation of bile acids; and synthesis of
vitamin K and several components of vitamin B. This review aims to discuss the relationship between gut microbiota
and metabolism of biochemically important macromolecules, flavonoids, and gases. In addition, a summary of the up-
to-date information on this subject is presented with the aim of emphasizing the importance of microbiota.
Keywords: Energy metabolism, gut microbiota, microbiome

he entire microorganisms (bacteria, viruses, fungi, archaea,

and micro-eukaryotes) that are localized to a certain body
region and live in a commensal relationship with humans are
called microbiota, and the total genomes of all the microorgan-
isms in a microbiota is called microbiome. The human micro-
biota genome is 150 times greater than the human genome,
and the number of cells in the microbiota is 10 times greater
than the number of human cells (10™) [1, 2]. The surface area
of bacteria living in human body is 400 m2, and their mass is
about 1.5-2 kg [3]. The Human Microbiome Project (HMP) fo-
cuses on using the approaches of metagenomics to examine
the bacterial components of microbiota living in human body,
as well as the distribution of microorganisms constituting the
microbiota, and factors influencing their evolution [4]. The
HMP studies have so far documented microbiome-related tar-
gets for human nutrition requirements, production, consump-
tion, and distribution of nutrients, and they also revealed that
the characteristics of microbial population localized to five
appropriate regions of human body (gut, mouth, airways, uro-

genital area, and skin) are quite distinct. These variations are
influenced by many endogenous and exogenous factors that
change within the lifetime, including host genetics [5], deliv-
ery type, nutritional state [6], lifestyle, antibiotic use, diseases
[7], geographical area of residence, and bacteria types [8, 9].
For instance, while Proteobacteria (e.g. Escherichia or Shigella)
colonize newborns at birth, members of the phylum Acti-
nobacteria (e.g. Bifidobacteriaceae) increase after several days
from birth [10]. At 2 months of age, there are abundant levels
of Enterobacteriaceae, Bifidobacteriaceae, and Clostridiaceae,
whereas these show a consistent decrease by the age of 18
months [11]. From infancy to elderly period, Firmicutes bac-
teria increases, while Bacteriodetes decreases. Moreover, an-
tibiotic use causes transient or permanent microbial dysbiosis
depending on the type and the age at which they are used [9].
Metagenomic studies have revealed the existence of a com-
mon functional core microbiome despite inter-individual vari-
ations in a population [12, 13]. A great portion of the human
microbiota colonize all exposed surfaces of the body (skin,
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genitourinary system, respiratory system) and even placenta
and amniotic fluid during pregnancy. Contrary to the belief
that the fetus exists in a sterile/aseptic environment. and colo-
nization starts just after birth, demonstration of the presence
of bacteria in placenta [14], umbilical cord blood [15], amni-
otic fluid, and meconium [16] of healthy newborns suggests
that microbial colonization starts in fetal life, plays important
role in healthy development of immunological and metabolic
development, and is a progress that continues throughout
the whole life of an individual. It is continuously shaped by
various factors including the type of delivery (vaginal/Caesar-
ian section), breastfeeding versus formula-feeding, antibiotic/
probiotic use, and environmental factors. By 2 years of age,
the child’s microbiota diversity and composition becomes
similar with the microbiota found in an adult gastrointesti-
nal system [17]. During birth, the newborn microbiota comes
into contact with the microorganisms in the vaginal canal,
and the first food that influences the microbiota is the breast
milk. Breast milk contains prebiotics (oligosaccharides, lyso-
somes, lactoferrin, antibodies, and cytokines) and probiotics
(Bifidobacterium, Lactobacillus) at the same time. Breastfed
infants were shown to have increased number of Bifidobac-
terium (90%) in their gut and lower levels of Lactococcus com-
pared to formula-fed infants. That means, the bacterial growth
favors Actinobacteria and Firmicutes in breastfed infants, but
favors Actinobacteria and Bacteroides in formula-fed infants
[18, 19]. During the transition to supplementary nutrients, it is
believed that selection of proper food increases bacterial di-
versity and shapes microbiota in a favorable way [20]. Delivery
type is another very important factor influencing the micro-
biota that the baby will have. For example, Caesarian section
results in lesser number of Bifidobacterium and Bacteroides
species in comparison to normal vaginal delivery [21].

Intestinal microbiota is like a fingerprint; it has unique compo-
sition, diversity, and functional qualities. In healthy humans,
Firmicutes (Gram-positive microorganisms producing bu-
tyrate, such as Ruminococcus, Clostridium, Eubacterium, Bu-
tyrivibrio, Anaerostipes, Roseburia, Faecalibacterium, etc.) and
Bacteroidetes (Gram-negative microorganisms responsible for
degradation of many complex glycans, such as Bacteroides,
Porphyromonas, Prevotella, etc.) dominate the gut microbiota
(90%), whereas Proteobacteria (Gram-negative species like
Escherichia and Enterobacteriaceae), Actinobacteria (Gram-
positive, the genus Bifidobacterium that is commonly used
as probiotic), Fusobacteria and Verrucomicrobia (includes
microbes responsible of mucosal damage, such as Akkerman-
sia) species are the minor components of gut microbiota [22,
23]. This complex community of microorganisms interact with
each other as well as the host, and comprises bacteria that are
beneficial or harmful to some extent. They act as a ‘metabolic
organ’ by interacting with the energy metabolism, metabo-
lism of dietary components, intestinal epithelial cells, and by
modulating host’s nutrition, physiological, metabolic, and im-
mune systems as well as host’s behavior, motor system, and
endocrine functions. Indeed, in qualitative and quantitative

terms, the metabolic activity of the gut microbiota resembles
that of an organ [24]. Furthermore, various molecular, cellular,
and metabolic components of the gut microbiota are con-
tinuously in interaction with our organs, and this influences
our health. Therefore, it is not surprising that the intestinal
microbiota is referred to as the forgotten organ [25]. Due to
the highly complicated and complex relationship, there is a
dynamic balance between the gut microbiota and the host,
which plays a key role in maintaining intestinal homeostasis.
In the gut microbiota, many different bacterial populations
live together in certain proportions in a steady state, and the
diversity of this population is an indicator of healthy state [26].
When certain species start to dominate and suppress others,
a pathological condition ensues (decreasing diversity). Any
change caused by environmental factors, lifestyle, disease
state, or infections results in alteration of the composition of
bacterial populations, and thus, it disturbs the balance in mi-
crobiota. This is known as dysbiosis [27]. Microbial dysbiosis
results in a disturbance in the ratio of beneficial/harmful bac-
teria, and it has been associated with various diseases includ-
ing inflammatory bowel disease (IBD), metabolic syndrome,
and colorectal cancer. Transferring gut microbiota of diseased
animals to germfree or susceptible mice has resulted in similar
pathologies in the recipient donors [28-30]. This suggests that
any possible manipulations to the intestinal microbiota might
be used as therapeutic modalities to prevent and/or treat some
diseases. Gut microbiota is also important in the systemic im-
mune response due to the great number of microorganisms.
The gut microbiota mediates this immune response primar-
ily by producing metabolic products (interleukin (IL)-1, IL-18,
interferons, tumor necrosis factor (TNF), IL-10, serum amyloid
A) and microbial associated molecular patterns (MAMPs) [31].
Increasing intestinal barrier resistance and protecting mu-
cosal tissues from antigens and pathogens are among the
mechanisms that have been defined for microbiota-mediated
modulation of epithelial immunity. For example, short chain
fatty acids (SCFA) that are produced by microbiota through
fermentation have direct effects on regulatory T cells (Treg) by
regulating their growth and functions, and trigger production
of IL-18, which has protective effect for enterocytes [32]. Also,
IL-22 that is produced in the lymphoid tissue through media-
tion of signal transducer and transcription activators 3 (STAT3)
boosts intestinal barrier resistance and protects from bacterial
and proinflammatory factors [33]. Additionally, myeloid differ-
entiation factor 88 (MyD88) that is expressed in the intestines
increases epithelial cell immunoglobulin A (IgA) secretion.
In addition, bacterial flagellin activates toll-like receptor 4 in
the dendritic cells, and it promotes differentiation of B-lym-
phocytes toward IgA-producing cells. IgA binds to microbial
antigens, neutralizes pathogenic activity, and prevents in-
fections. On the other hand, commensal bacteria stimulate
pro-IL-1B production from host macrophages and modulate
innate immunity of the host, and they induce expression of
endothelial adhesion molecules that contribute in breakdown
of intestinal pathogens and neutrophil recruitment. The NKT
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cells, which are a subset of T cells expressing both T-cell re-
ceptor and natural killer cell receptor, promote inflammation
by releasing the cytokines IL-2, IL-4, IL-13, IL-17A, IL-21, TNF,
and interferon-y (IFN-y). Protection of these cells"homeostasis
prevents exaggerated inflammatory reaction [34]. The direct
encounter between microbiota and the hematopoietic cells
because of dysbiosis or disruption of the intestinal barrier ini-
tiates the inflammatory response. Although microbiota is the
densest at bowels, its effect on host’'s immunity extends be-
yond the gastrointestinal system. These interactions with the
immune system result in different outcomes with actions of
various microbial structures and metabolites. A better under-
standing of the dynamic relationship between microbiota and
the host at genetic and epigenetic levels as well as advances
in ~omics’ technologies (metagenomics, immunogenomics)
helps us to comprehend the relationship between microbiota
and the immune response, which has been described as a
love-hate relationship [35].

The signaling that occurs between microbiota components
and the immune system as well as development of new strate-
gies for re-establishing or resetting the disturbed communica-
tion networks are the result of the association of development
of various immune pathologies with the disturbed relation be-
tween microbiota and the host. In addition to energy cultiva-
tion and storage, microbiota plays an effective role in various
metabolic functions including fermentation and absorption
of undigested carbohydrates, maturation and functioning of
immune cells through interaction with the immune system,
and brain growth and behavioral regulation [36].

Gut microbiota and carbohydrate metabolism

Gut microbiota derives its nutrients from dietary components
and shedding epithelial cells of the host. It is a standalone or-
gan with its capacity for comprehensive metabolic functions
and important functional plasticity. The part of the diet that
reaches the large intestines is mostly made of complex
polysaccharides that contain bonds resistant to digestive en-
zymes. In addition to the indigestible polysaccharides, a wide
diversity of complex glycans, monosaccharides, and disaccha-
rides that are not completely absorbed in the upper GIS due to
excess consumption or incomplete digestion, and some en-
dogenous substrates are available for the colonic microbiota
metabolism [37]. In some individuals, complex polysaccha-
rides except weakly fermented cellulose and undigested
lignin are diffusely degraded in the large intestine, and they
are fermented by the gut microbiota. Fermentation of carbo-
hydrates that escaped proximal digestion and of undigested
oligosaccharides by colonic organisms like Bacteroides (resis-
tant starch, xylan), Roseburia (resistant starch, xylan, and
oligosaccharides), Ruminococcus (resistant starch, cellulose),
Bifidobacterium (oligosaccharides), Fecalibacterium, and En-
terobacteria result in synthesis of SCFAs that are rich energy
source for the host (acetate, propionate, butyrate; in molar ra-
tios varying between 3: 1: 1 and 10: 2: 1), and of various me-
tabolites. SCFAs like acetate, propionate, and butyrate regu-

late intestinal immune homeostasis, and they serve as an
energy source for the colonic epithelium. SCFAs increase the
activity of phosphorylated AMP-activated protein kinase
(AMPK) in liver and muscle. AMPK is a key enzyme regulating
the cellular energy and reduced fat and glycogen stores by in-
creasing energy expenditure and beta-oxidation of fatty acids.
Moreover, SCFAs play role in glucose and energy homeostasis
by modulating levels of several intestinal hormones including
the glucagon-like peptide (GLP)-1 and ghrelin [38, 39]. Addi-
tionally, the gut microbiota alters peripheral fat storage by
regulating the epithelial expression of the fasting-induced
adipocyte factor (FIAF, angiopoietin-like 4 protein, ANGPTL4
or peroxisome proliferator active receptor-y (PPAR-y) an-
giopoietin-related PGAR), which functions as a lipoprotein li-
pase (LPL) inhibitor in circulation. FIAF produced by brown
and white adipose tissues, liver, and intestines inhibit LPL that
regulates fatty acid oxidation in both muscle and fat tissue.
LPL promotes fatty acid release from circulating chylomicrons
and VLDL, and this leads to triglyceride storage in the adipose
tissue. Inhibition of LPL by FIAF leads to reduced fat deposi-
tion [40]. SCFAs absorbed from the intestines are important
signaling molecules of satiety that have potent effects on en-
ergy expenditure and insulin sensitivity in the peripheral
metabolic tissues by interacting with the intestinal fatty acid
receptors GPR41 and GPR43 (G protein-linked receptor), also
known as FFAR2 and FFAR3, which are capable of activating
the intestinal gluconeogenesis (IGN) [41, 42]. Among SCFAs,
acetate primarily binds with GPR43, propionate with GPR41
and GPR43, and butyrate with GPR41. The receptors GPR41
and GPR43 are expressed in the intestinal epithelium [43].
SCFAs increase expression of PPARs that are important media-
tors of adipogenesis. Through binding to GPR41, SCFAs stimu-
late leptin expression by adipocytes. Binding with GPR43 is
thought to stimulate adipogenesis. Thus, the resulting fatty
acid profile might be associated with development of obesity
(34). Nonetheless, more studies are needed to confirm these
findings in humans. Butyrate, which is undeniably the most
important SCFA for human health, is a principle energy source
for human colonocytes, and it has potential anti-cancer activ-
ity with its ability to regulate gene expression through induc-
tion of apoptosis in colon cancer cells and inhibition of his-
tone deacetylases [44]. The benefits of butyrate on glucose
and energy homeostasis involve its ability to activate IGN
through a cAMP-dependent mechanism [41]. Butyrate is
formed by condensation of two molecules of acetyl-CoA fol-
lowed by reduction to butyril-CoA. Butyril-CoA can be con-
verted to butyrate via actions of phosphotransbutyrilase and
butyrate kinase [45]. Butyrl-CoA can also be converted to bu-
tyrates via butyrl-CoA: acetate CoA-transferase pathway [46].
Some gut microorganisms can use both lactate and acetate to
synthesize butyrate that prevents lactate accumulation and
stabilizes the intestinal environment. Propionate is an energy
source for epithelial cells, and it plays role in gluconeogenesis
after being transferred to the liver [47]. Conversion of propi-
onate to glucose in intestinal gluconeogenesis directly pro-



118

Int J Med Biochem

motes energy homeostasis by reducing hepatic glucose pro-
duction, and as a result, reduces adiposity [41]. Propionate is
produced in the succinate pathway where succinate is con-
verted to methylmalonyl-CoA. Propionate is synthesized from
acrylate via propandiol pathway, in which lactate, a precursor
of acrylate pathway [48], and deoxyhexose sugars (like fruc-
tose and ramnose) act as substrates [49]. Acetate is the most
abundant SCFA, and it is a cofactor/metabolite necessary for
growth of other bacteria. Acetate is produced by many intesti-
nal bacteria from pyruvate via acetyl-CoA or Wood-Ljungdabhl
pathway. Acetate is carried to peripheral tissues of human
body, and it is used in cholesterol metabolism and lipogene-
sis. Recent evidence has shown that acetate plays important
role in central appetite control [50, 51]. While acetate is pro-
duced by many bacteria from metabolites, propionate and
butyrate are only produced by some certain species (Bac-
teroidetes and Firmicutes) through fermentation of peptides
and amino acids [50, 52]. In vitro studies have shown that as-
partate, alanine, threonine, and methionine are the main
sources of propionate, whereas butyrate is primarily produced
via fermentation of glutamate, lysine, histidine, cysteine, ser-
ine, and methionine. Bacteria also produce intermediate fer-
mentation products such as fumarate, succinate, and lactate;
however, these are found in low levels in feces samples from
healthy individuals as they are utilized extensively. On the
other hand, significantly higher levels of lactate found in pa-
tients with ulcerative colitis might probably be an indicator for
the disease [53]. SCFAs that form because of fermentation of
carbohydrates by intestinal microbiota initiate various meta-
bolic activities (like lipid and glucose synthesis), and they pro-
vide additional calories that is as much as nearly 10% of the
daily production. SCFAs are believed to contribute to this en-
ergy balance by activating two kinds of G-protein-linked re-
ceptors (GPR41 and GPR43). The resulting SCFAs also influence
intestinal environment; for example, intestinal pH is decreases
due to the great amount of acids formed. Low pH can affect
local growth of enteropathogens, but it can also modify me-
tabolite absorption by colonocytes. Butyrate is metabolized
locally by colonocytes, whereas acetate and propionate enter
circulation and are transferred to liver for gluconeogenesis,
and to heart or brain for oxidation, respectively. Acetate can
pass the blood-brain barrier, and it might reduce appetite via
a central homeostatic mechanism [51]. Despite their low pe-
ripheral concentrations, propionate and butyrate have indi-
rect effects on peripheral organs via hormonal or nervous sys-
tem activation [54, 55]. Along with other molecules that
influence intestinal motility, SCFAs regulate food transit by
fibers and contribute in epithelial cell proliferation [56]. This
interaction triggers secretion of peptide tyrosine tyrosine/
pancreatic peptide YY3-36 (PYY), which is a hormone that
suppresses intestinal movements and delays intestinal transit.
Acetate induces epithelial expression of anti-microbial pep-
tide LL37 [57], and it senses GPR41 and GPR43 in intestinal im-
mune cells and regulates inflammation [58]. Activation of
GPR41 leads to increased leptin levels and reduced neuropep-

tideY levels, increased glucagon-like peptide (GLP)-1, whereas
activation of GPR43 leads to increased adipogenesis through
propionate and acetate [59]. In humans, acute administration
of insulin-propionate, which can be metabolized by the mi-
crobiota to produce propionate in colon, reduced the calorie
intake from a meal while causing significant increases in post-
prandial GLP-1 and PYY. Additionally, long-term administra-
tion resulted in a marked decrease in weight gain [60]. Human
studies have demonstrated increased plasma PYY and GLP-1
concentrations with rectal and intravenous acetate perfusion
[61], and propionate administration in healthy women for a
7-week period was shown to reduce fasting glucose levels and
increase insulin release during oral glucose tolerance test [62].
This suggests presence of an association between SCFAs and
enteroendocrine hormones and glucose homeostasis. Oral ac-
etate gavage in obese and diabetic rats was shown to increase
weight gain and glucose tolerance [63], and improved glucose
homeostasis was found in rodents receiving propionate or bu-
tyrate supplementation [41, 64]. Mice fed with high-fat diet
enriched with butyrate were shown to have increased ther-
mogenesis and energy expenditure, and they developed re-
sistance against obesity [65]. Butyrate prevents accumulation
of toxic metabolites such as D-lactate, and it modulates im-
mune cell function and migration [66]. Disturbance in the abil-
ity of colonocytes to utilize SCFAs as an energy source may
contribute in development of IBDs such as ulcerative colitis.
Butyrate infusion in such patients results in improvement in
distal colitis symptoms [67]. This effect of butyrate has been
documented in experimental animal models showing effec-
tiveness of resistant starch and prebiotics (fructans and galac-
to-oligosaccharides) as reduced severity of the induced colitis
[68, 69]. One study suggested that GOSs can modulate im-
mune response in humans, and reported that GOS supple-
mentation showed effects on composition of intestinal micro-
biota by increasing Bifidobacterium populations, resulted in
significant increase in fecal secretory IgA, decrease in fecal
calprotectin and plasma C-reactive protein, decrease in the
levels of markers of metabolic syndrome including blood in-
sulin, total cholesterol, and total cholesterol/high-density
lipoprotein ratio [70]. Since most of the saccharolytic activity
takes place in the ascending colon, the SCFA concentrations
are higher in this part of the colon. Increased luminal SCFA
concentrations can be achieved by introducing non-dietary
starch polysaccharides and resistant starch into the diet. SCFA
is associated with cell proliferation and a decrease in apopto-
sis of colon carcinoma cell lines [71]. Reduced SCFA concentra-
tion throughout the length of the colon is correlated with in-
creasing prevalence of benign and malignant tumors of the
distal colon. Beneficial effects in fermentation and colon phys-
iology were observed with increasing consumption of resis-
tant starch (prebiotic) and non-starch polysaccharides (NSP,
main components of dietary fiber) in the diet, and this finding
supported the opinion about their protective effect against
colorectal cancer [72]. Oxalate synthesized in intestines be-
cause of carbohydrate fermentation and bacterial metabolism
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Figure 1. Regulation of host metabolism and immunity by gut microbiota. Gut microbiota metabolize indigestible dietary polysaccharides
into SCFAs (acetate, propionate, and butyrate), affecting host metabolism and immunity. Microbial metabolites from this process improve
host metabolism. In particular, the secretion of peptide hormones, such as PYY and GLP-1, is promoted by microbial metabolites: PYY
decreases appetite, increases gut mobility, and GLP-1 lowers blood glucose level via promotion of insulin secretion. Among SCFAs, acetate and
propionate activate lipogenesis and gluconeogenesis, and improve insulin sensitivity and glucose tolerance. Acetate also promotes secretion
of ghrelin, a hunger hormone, and increases food intake. Butyrate is an essential energy source for colonocytes, and it has anti-inflammatory
function like acetate. Butyrate enhances gut barrier function of intestinal epithelial cells and increases regulatory T (Treg) cells. In addition,
gut microbiota suppress expression of fasting-induced adipose factor (Fiaf), an inhibitor of LPL, promoting fat storage in adipocytes. Bile acids
can influence energy expenditure and glucose homeostasis by activating bile acid receptors and triggering downstream signaling pathways,
for example, via their effects on gluconeogenesis, glycogenolysis, insulin secretion, and insulin sensitivity. These receptors include the ligand-
activated nuclear receptors such as the farnesoid-X-receptor (FXR) as well as the cell surface located G-protein-coupled bile acid receptor
TGR5. The increase in secondary bile acids could lead to increased TGR5 activation, thereby affecting glucose homeostasis via GLP-1, PYY
and/or modulation of energy expenditure in peripheral tissues. Diet, drug administration, and disease states affect the intestinal microbiome,
leading to transient or persistent dysbiosis, depending on the nature of the insult and its duration. Dysbiosis of the gut microbiome has also
been shown to damage the permeability of the intestinal barrier, thus allowing bacterial components such as LPS to permeate the gut lining,
activate TLR signaling and stimulate endotoxemia-induced metabolic inflammation. SCFAs, short-chain fatty acids; PYY, peptide YY; GLP-1,
glucagon-like peptide-1; LPL, lipoprotein lipase; SREBP1, sterol response element binging protein 1

is inhibited by microorganisms like Oxalobacter formigenes,
Lactobacillus spp., and Bifidobacterium spp., and thus the risk
of oxalate stone formation in the kidneys is reduced. Fructose
is a short-chain carbohydrate that can be transported into the
small intestines, but it has the lowest absorption rate. Non-ab-
sorbable sugar alcohols that are widely used in food products
(e.g. sorbitol, mannitol, glycerol) can be fermented by lactic
acid bacteria, as well as y-Proteobacteria species that includes
Escherichia coli and Salmonella [73]. An in vitro fermentation
study showed that a high-energy fructose-enriched medium
was strongly butyrogenic [74]. Furthermore, fructans are
known to promote butyrate production in the human intes-
tine by bacterial cross-feeding or by stimulating the growth of
butyrate-producing bacteria [75, 76]. Lactate, which is pro-
duced by lactic acid bacteria by utilizing fructose and sugar
alcohols, is fermented by the butyrate-producing bacteria to

metabolize butyrate and consequently to contribute in the in-
testinal energy metabolism [77]. In addition, the resulting in-
crease in dietary energy extraction and metabolism can pro-
mote metabolic disturbances [73]. Various other bacterial
metabolites produced by human intestinal microbiota have
effect on intestinal health. SCFAs produced in the intestine be-
cause of the saccharolytic activity enter portal circulation after
being absorbed in the intestines [78].

Gut microbiota and the lipid metabolism

Unabsorbed and non-metabolized fatty acids are utilized by
colonocytes as energy source or by liver for gluconeogenesis.
Obese mice have been shown to produce much more SCFA
due to microbiota’s influence on the lipid metabolism. It has
been proposed that microbiota influences lipid metabolism
in both serum and liver through various ways. An increase in
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fat tissue LPL leads to increased cellular intake of fatty acids.
Gut microbiota suppresses expression of lipoprotein lipase
inhibitor in adipose tissue cells, and thus it has favorable ef-
fects on fatty acid reabsorption and lipid metabolism. Another
pathway through which the microbiota allegedly influences
lipid absorption is increased expression of several genes in-
cluding carbohydrate response element binding protein,
sterol response element binding protein 1 (SREBP1), acetyl
CoA carboxylase (ACC1), and fatty acid synthase. The latter two
of these are the rate-limiting enzymes of lipogenesis, which
means that the resulting effect is increased fatty acid levels in
the colonized germ free mice [79, 80]. In addition, Bacteroides
thetaiotaomicron has been shown to increase lipid hydrolysis
by regulating the expression of colipase, which is necessary
for pancreatic lipase in digestion of lipids [81]. High-fat diet
leads to disruption of mucosal integrity and an increase in the
plasma levels of lipopolysaccharide (LPS), the main compo-
nent of the cell wall of Gram-negative bacteria. The increased
LPS goes through translocation through intestinal capillaries
via a mechanism involving TLR-4. The disturbance in the in-
testinal permeability stimulates systemic inflammation with
high fat accumulation in liver, and increases in the blood lev-
els of IL-1, IL-6, plasminogen activator inhibitor-1 (PAI-1), and
TNF-a. AMPK that is activated by SCFAs synthesized by mi-
crobiota suppresses FIAF expression, and this in turn results
in increased LPS activity and suppression of peroxismal pro-
liferator-activated receptor co-activator (PGC)-1a that func-
tion in beta-oxidation. Accelerated development of metabolic
diseases such as obesity and diabetes occurs because of sup-
pression of PGC-1a, which regulates transcription factors play-
ing role in glucose, lipid, and cholesterol metabolism, such as
PPAR-a, PPAR-y, PPAR-§, and farnesoid-X-receptor (FXR) [38].
(Fig. 1, 2).

Gut microbiota and bile acid metabolism

Diet rich in saturated fatty acids has been shown to contribute
to development of steatosis and obesity, and increase Firmi-
cutes/Bacteroidete ratio in intestinal microbiota. Conjugated
linoleic acid (CLA) is produced by Bacteroides species via bio-
hydrogenation of unsaturated fatty acid. CLA has anti-carcino-
genic, anti-diabetic, anti-atherogenic, anti-obesogenic, hy-
polipidemic, and immunomodulatory properties. CLA tends
to increase serum insulin and glucose levels in non-diabetic
animals and humans, whereas it causes a decrease in serum
insulin, glucose, and fatty acid levels in rats with diabetes [82].
Primary bile acids are synthesized in the liver via oxidation of
cholesterol, whereas the gut microbiota deconjugates and
dehydrates these bile acids in the human colon to form the
secondary bile acids (deoxycholic and lithicholic acids). Ma-
jor elimination route for the body cholesterol is through bile
acids. Recent evidence has shown that bile acids not only are
responsible for digestion of fat, emulsification of dietary fat,
and absorption of lipids and lipophilic vitamins from the in-
testines [83] but also act as important signaling molecules
with multiple physiological functions, contributing to cellu-
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Figure 2. Metabolic interactions between gut microbes and the host
in the metabolic diseases. The gut microbiota participates in the
physiology and motility of the digestive tract and in the digestion
of complex carbohydrates, influencing host energy harvest. The
gut microbiota inhibits fasting-induced adipose factor (FIAF) in the
intestine, and monophosphate activated protein kinase (AMPK)
in several organs such as the brain and muscle, which leads to an
increase in fat accumulation. The short-chain fatty acids (SCFAs;
acetate, propionate, and butyrate) are created by microbial
fermentation of starches and fibers in the colon and moderately
metabolized by gut epithelial cells, and then go into circulation
to exert their systemic effects (energy metabolism, regulation of
immune responses, gut motility, and blood pressure) through the
G-protein-coupled receptors (GPR41 and GPR43). Luminal acetate
or propionate sensed by GPR41 and GPR43 releases PYY and GLP-
1, affecting satiety and intestinal transit. The gut microbiota also
contributes to fat deposition through the regulation of the farnesoid
X receptor (FXR), the bile acid receptor responsible for the regulation
of bile acid synthesis and hepatic triglyceride accumulation. LPS is
continuously produced by Gram-negative bacteria in the gut, and
it is translocated through the intestinal capillaries by a mechanism
involving toll-Like receptor 4 (TLR-4). Higher levels of circulating LPS
initiate weight gain and contribute to a state of chronic low-grade
inflammation

lar and metabolic activities by interacting with the bile acid
receptors of the host [84, 85], and to development of insulin
resistance and diabetes with their hormone-like effects. Sev-
eral important signaling pathways including the nuclear bile
acid receptors, FXR, pregnane X receptor, androstan receptor,
vitamin D receptor, and cell surface activated G-protein-linked
bile acid receptor-1 (GPBAR-1, also known as TGR5) have been
found to be the targets for bile acids [85]. Bile acids show differ-
ent affinities for these receptors, and they regulate their own
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homeostasis via different signaling pathways. Secondary bile
acids metabolized by the microbiota bind to TGR5 receptor
group with higher affinity than primary bile acids. TGR5 is
expressed with high rates in liver, intestine, brown fat, and
immune cells. TGR5 plays role in regulation of multiple meta-
bolic functions including energy and glucose homeostasis
[86]. Activation of TGR5 receptor by bile acids and synthetic
agonists protects intestinal barrier function, reduces inflam-
mation, and it stimulates filling of gallbladder and GLP-1
release from enteroendocrine L-cells. GLP-1 secretion is
stimulated by the food inside the intestinal lumen, such as
carbohydrates, fats, and proteins, and the glucose-induced
GLP-1 secretion is increased with bile acids [87]. GLP-1 stim-
ulates insulin synthesis, increased postprandial insulin secre-
tion from pancreatic B cells, inhibits glucagon release, and
increases insulin resistance [88]. Activation of TGR5 increases
intracellular cAMP by stimulating cAMP-dependent protein
kinase A, which activates cCAMP responsive element binding
protein, thyroid hormone deiodinase 2 (Dio2), and white fat
tissue to brown fat tissue conversion factors, and this causes
regression in obesity and hepatic steatosis in diet-induced
obese mice by stimulating white fat tissue energy metabo-
lism [86, 88]. Recently, TGR5 has been shown to play impor-
tant role in bile acid synthesis and hunger-induced hepatic
steatosis in mice [89], to increase sensitivity to insulin and
glucose by stimulating TGR5 expression and GLP-1 release
through activation of FXR by agents that bind bile acids and
prevent them from entering enterohepatic circulation, and
to improve metabolic disorder symptoms [90]. FXR signaling
pathway protects bile acid homeostasis by regulating both
enterohepatic circulation and the bile acid biosynthesis, and
also improves hepatic steatosis by regulating lipogenesis
gene expression [91]. FXR activation reduces gluconeogene-
sis by downregulating the gene expressions of gluconeogen-
esis enzymes phosphoenolpyruvate kinase, glucose-6-phos-
phatase, and fructose-1,6 biphosphatase [92] (Fig. 2).

Gut microbiota and protein/amino acid metabolism

Proteins are initially digested by pancreatic enzymes and en-
terocytes released from intestines. Most of oligopeptides and
amino acids enter portal system through the transporters lo-
cated on the enterocytes in small intestines, and only 10% of
proteins reach colon. Unlike enterocytes in small intestines,
colonocytes do not absorb proteins, and the proteins that
reach the colon are fermented and converted to various me-
tabolites by the bacterial microbiota [93]. Amino acids are
among the major macronutrients in diet. They are not only
structural units for proteins and peptides but also necessary
for synthesis of various bioactive molecules that function in
regulation of signaling pathways and metabolism in the body
[94, 95]. Pieces of evidence from recent comprehensive stud-
ies have revealed that gut bacteria play important roles in
metabolism and recycling of amino acids and other nitrogen
compounds. Gut bacteria or microbiota either use nutrients
or amino acids (AA) from host as building blocks for protein

synthesis, or convert these nutrient to produce metabolites
like ammonia, hydrogen sulfide, nitric oxide, polyamines, phe-
nolic and indolic compounds in small and large intestines, or
metabolize these through fermentation [96]. In addition, gut
bacteria can synthesize part of the essential AA that can con-
tribute to the regulation of AA homeostasis in the body, and
this indicates the significance of amino acid metabolism by
intestinal microbiota over the host nutrition and physiology
[97]. Gut microbiota has significant proteolytic power together
with human proteinases, owing to the effectiveness of micro-
bial proteinases and peptidases, and proteins are hydrolyzed
to peptides and AA by the action of these enzymes [98]. The
liberated peptides and AA are available for use by bacteria and
the host. Different amino acid transporters located on the bac-
terial cell wall facilitate amino acid entry into the bacteria from
the intestinal lumen; here, several gene products convert AA
to small signaling molecules and anti-microbial peptides (bac-
teriocins). Examples are conversion of L-histidine to histamine
by the bacterial enzyme histamine decarboxylase that is en-
coded by bacterial hdcA genes, and conversion of glutamate
to y-amino butyric acid (GABA) by glutamate decarboxylases
that are encoded by bacterial gadB genes. However, some bac-
teria cannot utilize extracellular AA due to deficiency of cer-
tain transporters. Recent studies have shown that many bac-
teria including Prevotella ruminicola, Butyrivibrio fibrisolvens,
Megasphaera elsdenii, Mitsuokella multiacidas, Selenomonas
ruminantium, and Streptococcus bovis have abundant active
dipeptidyl peptidase and dipeptidase. Evidence suggests that
these bacteria might be important for protein digestion and
AA absorption in the mammalian digestive tract [93].

Theoretically, gut bacteria are capable of catabolizing almost
all sorts of AAs. However, glutamine/glutamate, asparagine/
aspartate, lysine, arginine, glycine, and leucine, valine and
isoleucine among the branched chain AAs are the AA sub-
strates preferred by the colonic bacteria [96]. Main routes for
microbial AA catabolism are deamination and decarboxyla-
tion. Bacterial fermentation products of AAs include ammo-
nia, SCFAs (acetate, propionate, and butyrate), branched chain
fatty acids (BCFAs, valerate, Isobutyrate, and isovalerate), gases
(H,,CO,, CH,, and H,S), aromatic compounds (phenol, p-cresol,
indole), polyamines (agmatine, putrescine, spermidine, ca-
daverine), organic acids (lactate, formate, succinate, and ox-
aloacetate), phenolic and indolic compounds (phenylalanine
and tryptophane metabolites), ethanol, and compounds with
potential neuroactive effects (GABA, serotonin, histamine, L-
DOPA, triamin, nitric oxide, tryptamine, phenethylamine) [93].
These bacterial metabolites influence epithelial physiology
by controlling signaling pathways in epithelial cells and mod-
ulating host’s immune system [99]. They also modulate bac-
terial gene expression that leads to production of enzymes
functioning in the AA metabolism [100]. Furthermore, many
of the formed metabolites have toxic properties. Anaerobic
degradation (the process which is also called as putrefaction)
of undigested or endogenous proteins that are not digested
by microbiota in the colon is generally regarded as harmful
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for host’s health. For that reason, these metabolites that result
from high-protein diet are claimed to be responsible for vari-
ous chronic and inflammatory diseases (colorectal cancer, IBD,
and atherosclerosis) [101, 102]. In vitro studies using isolated
colonocytes or cell lines have confirmed the toxicity potential
of protein fermentation metabolites such asNH3 and H,S[103].
The most convincing evidence about the potential harmful ef-
fects of protein fermentation came from animal studies. The
association between high-protein intake and colorectal can-
cer risk has been attributed to induction of genetic damage in
colonocytes in some studies; however, human epidemiolog-
ical studies do not support this association. Moreover, some
studies have even demonstrated the protective effect of pro-
tein from non-red meat sources [104, 102]. One mechanism by
which protein-rich diet accelerates atherosclerosis is elevation
of trimethylamine-N-oxide (TMAO) levels. In humans, TMAO
is a metabolite produced in liver from trimethylamine (TMA)
that is produced in intestines. Food precursors containing TMA
residue such as choline, phasphatidylcholine, L-carnitine, y-
butyrobetaine, and betaine are metabolized by microbiota to
TMA. These reactions are catalyzed by choline TMA-lyase that
is encoded by Clostridium XIVa strains and Eubacterium spp.,
and carnitine oxygenease that originates from y-Proteobacte-
ria found in human fecal samples. TMA that is produced in the
intestine is then absorbed to the portal circulation, and is con-
verted to TMAO by flavin monooxygenase 3 (FMO3) in liver.
High plasma TMAO levels have been associated with cardio-
vascular disease, atherosclerosis, inflammation, and increased
platelet activity [105-107]. The association between TMAO and
atherosclerosis has been documented by demonstrating in-
creased macrophage foam cell formation in arterial walls and
peritoneal space of ApoE -/- mice that were fed with a diet for-
tified with choline and TMAO [108]. Similarly, protein levels of
scavenger receptors (CD36 and SR-A1) that play role in choles-
terol accumulation on macrophages and formation of foam
cells were found to be elevated by diet rich in TMAO-, choline-,
or L-carnitine. These dietary exposures, along with differences
in bile acid pool size and composition, result in alteration in
sterol metabolic pathway in tissues including arterial wall,
liver, and intestines [108, 109]. On the other hand, TMAO has
been shown to activate inflammatory pathways. TMAO can in-
duce inflammatory proteins such as IL-6, CPX-2, E-selectin, and
ICAM-1 in particular. While increasing the macrophage adhe-
sion, TMAO can prevent wound healing responses via PKC and
NF-kB signals [110, 111]. In humans, the TMAO precursors such
as choline and L-carnitine have been found to be closely as-
sociated with downregulated levels of TMAO, which is consid-
ered as an indicator of altered gut microbiota [109, 112]. Zhu
et al. studied the association between diet and microbiota in
arterial thrombosis, and found that gut microbiota can directly
alter ADP- and thrombin-dependent platelet hypersensitivity,
platelet aggregation, adhesion of platelet to collagen, and
clot formation rate by producing TMAO [113]. Therefore, the
hypothesis stating that inhibition of metaorganismal TMAO
pathway could be beneficial in humans for prevention of ath-

erosclerosis and atherothrombosis should be tested in preclin-
ical studies to create grounds for future clinical studies.

Gut microbiota and vitamin metabolism

It has been known for nearly half a century now from the
findings of studies with germfree, conventional rats and vol-
unteering humans that intestinal microbiota can synthesize
certain vitamins including vitamin K, biotin, and B group of
vitamins like cobalamin, folate, nicotinic acid, and pantothenic
acid [114]. These vitamins are highly important for bacterial
metabolism. For example, germfree rats raised without vita-
min Kin their diet show low levels of prothrombin and develop
hemorrhages, while conventionally raised rats show normal
prothrombin levels and normal coagulation activity [115].
Although humans fed with low vitamin K diet for 3-4 weeks
develop no vitamin deficiency. Suppression of intestinal micro-
biota with wide spectrum antibiotics results in significant re-
duction in plasma prothrombin levels [116]. Recently, metage-
nomics sequencing has been utilized to gather information
about the vitamin synthesis pathways of intestinal microbiota.
One study that systematically examined the genomes of 256
common gut bacteria with regard to biosynthetic pathways of
eight B vitamins (biotin, cobalamin, folate, niacin, pantothen-
ate, pyridoxine, riboflavin, and thiamin) has reported the phy-
lum rates including potential producers of each vitamin [117].
Recent research has shown that human intestinal microbiota
contributes to degradation of various polyphenols (phenolic
compounds consumed in diet). Most polyphenols are weakly
absorbed from the small intestines, and they pass to the colon
[118]. Secondary polyphenolic compounds such as flavanols,
flavanones, flavan-3-ols, anthocyanidins, isoflavones, flavones,
tannins, stilbenes, lignans, and chlorogenic acids are found as
glycosides (conjugated with sugars like glucose, galactose,
ramnose, ribulose, arabinopyrinose, and arabinofuranose)
in various plants, fruits, and foods of plant origin (tea, cocoa,
wine). The inactive polyphenols in the diet are converted to
active compounds after elimination of the sugar residue by in-
testinal microbiota [119]. Structural specificity of polyphenols
as well as individual diversity of the microbiota determine the
level of biotransformation occurring in the intestine. Active
end products are absorbed from the portal vein, and upon
reaching tissues and organs, these products exhibit anti-mi-
crobial and other metabolic activities. One example to this
metabolic activity is the conversion of inactive isoflavones
to aglycones that have anti-androgenic and hypolipidemic
properties [120]. In addition to their inherent anti-microbial
activities, flavonoids can also increase the amount of certain
bacteria in the intestines. This stimulatory effect of flavonoids
on bacteria depends on both the structure and dosage of
specific flavonoids, and the microbial species and strains as
well [121]. Flavonoid-induced alteration of the composition
of microbiota may have several health effects related to var-
ious processes regulated by microbiota. Flavonoids modulate
microbial populations by producing endotoxins, converting
primary bile acids to secondary bile acids that play important
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roles in both health and disease states [122, 86], influencing
epigenetic changes [123], contributing to maintenance of im-
mune homeostasis [124], and contributing to absorption and
metabolism of nutrients and bioactive molecules including
formation of SCFAs [125]. The relationship between flavonoids
and microbiota is bidirectional. While flavonoids inhibit or
promote growth of certain microorganisms, microorganisms
metabolize flavonoids. Apart from the parent organism, these
metabolites might influence the host and/or other micro-
organisms as well. Except for flavonols, majority of flavonoids
are present as O- or C-glycosides, and they are generally sub-
jected to deglycosylation prior to absorption or additional
conversion. Since human enzymes cannot hydrolyze C-glyco-
sides, humans are dependent on bacteria to break down C-g-
lycosides [126]. Flavonoid glysosides, aglycones, and phenolic
acid metabolites differ in terms of their biological activities.
For instance, 3.4-dihydroxyphenylacetic acid and 4-hydrox-
yphenylacetic acid, which are metabolites of phenolic acid,
show greater anti-platelet aggregation activity (a measure re-
lated to anti-cardiovascular disease properties of flavonoids)
than flavonoid glycosides and derived aglycones show [127].
Metabolism of flavonoids may also alter their anti-proliferative
activities against cancer cells; for example, in vitro studies have
shown that they do not inhibit routine cancer cell proliferation
but are hydrolyzed by the microbial enzyme hesperidinase,
and show moderate anti-proliferative activity against selected
cell lines [128]. The ability of flavonoids to shape microbiome
presentations may be exploited as promising diet-based treat-
ment approach to various dysbiosis-related conditions. For ex-
ample, it has been shown that polyphenols from orange and
apple can alter microbiome in patients with systemic lupus
erythematous, flavanones can increase levels of Lactobacil-
lus and dihydroflavonols can increase Bifidobacterium. This
suggests that systemic lupus erythematous-associated dys-
biosis can be corrected through dietary changes focusing on
flavonoids [129].

Gut microbiota and gases

Gas production is the inevitable result of microbial fermenta-
tion in anaerobic systems including the digestive tract. How-
ever, it is not ubiquitous to all anaerobic bacteria, and some
species have been found to not produce gas. This is true for
common probiotics such as Lactobacilli and Bifidobacteria.
Theoretically, use of probiotics and prebiotics can reduce gas
formation in intestines, and can help to avoid malodor. Gas
formation because of anaerobic bacterial fermentation can
be eliminated in part via lungs and flatus. Studies on healthy
humans have shown that the amount of gas disposal via flatus
can reach several liters per day. Majority of the gas produced
by bacteria is made of hydrogen, carbon dioxide, and meth-
ane [130]. The hydrogen composition of flatus can reach up to
40%, and this is solely of microbial in origin.

Hydrogen (H,) is produced by various gut bacteria including
Bacteroides and Clostridium species in particular. These are
the main members of microbiota, and this indicated that they

are the principle source of microbial gas. Hydrogen can be re-
used by gut microbiota, and the amount of production is the-
oretically much more than the disposed amount. H, is one of
the principle regulators of organic material degradation, and
its elimination allows greater oxidation of organic substrates,
and therefore, greater energy efficiency through anaerobic fer-
mentation. Its accumulation can prevent further organic ma-
terial oxidation in a negative feedback loop, depending on the
partial pressure of H, in intestine. For that reason, H, is princi-
pally consumed by hydrogenotropic microbes and converted
to other metabolites such as methane (methanogens), acetate
(hydrogenotropic acetogens), or hydrogen sulfide (sulfate-re-
ducing bacteria). Therefore, H, metabolism of gut microbiota
is key to effective intestinal fermentation [130, 131].
4H,+50,7+H"=—-HS +4H,0

Carbon dioxide (CO,) is another quantitatively important gas
disposed with flatus. The total expelled amount (stomach, in-
testines, etc.) can be 5%-50% of the gas volume, and it is recy-
cled with hydrogen through methanogenesis, and to a lesser
extent, through acetogenesis.
4H_+CO,~CH,+2H,0~~~-4H_+CO,~CH,COOH+2H,0

Unlike hydrogen and methane, CO, is produced not only with
bacterial metabolism but also as a result of diffusion from
blood to colon lumen, acidification of bicarbonate in upper
gastrointestinal tract, and during bacterial metabolism as well
[130, 132]. Some Clostridia species (e.g. C.sporogenes, C.bu-
tyricum, and C.perfringens) produce both CO, and H, in their
metabolic pathways. Gas production by colonic microbiota
might have clinical consequences for the host. For example,
one common feature of inflammatory bowel syndrome is ex-
cessive gas production and belching associated with flatu-
lence and abdominal distention. Lack of bacterial hydrogen
recycling can lead to pneumatosis cystoides intestinalis that is
characterized by excess gas production and presence of gas-
filled cysts in the colon wall [133].

Conclusion

Gut microbiota is composed of trillions of bacteria that nor-
mally live in a balance. Gut microbiota is especially affected
by nutrition, genetic, and environmental factors, and it is re-
garded as another organ of the body. It acts as a potential
modulator of human physiology and biochemical pathways,
and the strong reciprocal interaction between gut microbiota
and nutrition sheds light on pathophysiology of various meta-
bolic diseases. Nutrition regulates gut microbiota composition
and function by influencing microbial diversity, intestinal bar-
rier permeability, immune functions, energy harvest, macro-
molecule metabolism, and enzyme activities. Evidence from
existing studies emphasize the importance of adequate and
balanced nutrition with regard to energy and macronutrient
components for gut microbiota. Further studies are necessary
to clearly understand the mechanism of interactions between
microbiota and macromolecules.
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