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The obesity epidemic has become a global public health crisis in recent years and is continuing to worsen at an
alarming rate. However, the pathophysiological mechanisms involved in the development of obesity and obesity-
related diseases are still being unraveled. In the past ten years, the gut microbiota has been identified as a crucial
player affecting the onset and progression of obesity and obesity-related diseases, especially with respect to
changes in its composition and metabolites during obesity progression. Herein, we summarize the roles and

mechanisms of gut microbiota’s composition and metabolite changes in the gut play in obesity and obesity
related diseases. Furthermore, we discuss potential therapeutic treatments that can be used to modulate the gut
microbiome composition and target the relevant metabolic pathways of obesity and obesity-related metabolic

diseases.

1. The obesity related diseases

Obesity has become a global epidemic and public health crisis,
especially in last decades, and the incidence of obesity is continuing to
rise at an alarming rate. Nearly two billion adults throughout the world
are considered overweight, more than half of whom are classified as
obese [1,2]. Furthermore, the exacerbation of the global obesity
epidemic has been linked to increasing incidence of serious health risk
factors and conditions, including insulin resistance, type 2 diabetes
(T2D) [3], nonalcoholic fatty liver disease (NAFLD) [4], atherosclerosis
[5], and certain cancers [6]. Consequently, obesity is the leading cause
of morbidity, mortality, and healthcare expenditure. Obese patients also
have a significantly higher risk of death and severe complications from
COVID-19 compared to normal-weight ones [7]. For example, approxi-
mately 85% of hospitalized patients with obesity required mechanical
ventilation, 62% of whom died from complications related to COVID-19
[8]. Given the significant health complications that obesity can ensue,
disrupting the progression of the obesity epidemic is vital for controlling
the development of other related metabolic diseases.

To date, many strategies have been developed to treat obesity and
related diseases. Bariatric surgery has been a highly popular and

successful strategy in treating obesity and its comorbidities [9-11].
However, strategies for the diagnosis, screening, and successful man-
agement of obesity and obesity-related diseases are limited partly by
that we have not completely understanding its pathophysiology. In fact,
consuming a high-caloric diet and substitution of leisurely physical ac-
tivities with sedentary activities are the main risk factors for obesity and
obesity-related diseases, which ultimately results in excess energy stored
in the body [12]. Excess lipid consumption from high-caloric diets re-
sults in the accumulation of lipids in subcutaneous and visceral adipose
tissue, which can cause adipose tissue unable to store excess energy as
triglycerides, leading the excess lipids to enter systemic circulation.
Excess systemic circulation and absorption of lipids into non-adipose
tissues, which cannot readily undergo fatty acid oxidation (FAO) to in-
crease the availability of fatty acid, causing the ectopic fat storage [13].
Furthermore, the accumulation of excess triglycerides in adipocytes
contributes to the production and release of pro-inflammatory cytokines
and adipokines, which can promote insulin resistance, NAFLD incidence
and progression, and the development of obesity-related cancers
[14-19].

The human gut microbiota has been suggested to play a critical role
in obesity and its comorbidities via affecting the adiposity and glucose
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metabolism [20-23]. In addition, during the past few decades, re-
searches about the role of the gut microbiome in modulating obesity and
related metabolic diseases has rapidly increased. Many studies have
aimed to uncover the role of gut microbiota imbalance in these meta-
bolic changes [24]. Diet is the main factor influencing the imbalance of
the gut microbiota [22,24]. Therefore, this review article serves to
summarize the recent advances in the understanding of the relationships
between the gut microbiome and obesity and obesity-related diseases
that have propelled the obesity therapy field forward from association to
causative results. Herein, we discuss the roles of both the gut microbiota
composition and metabolites changes in the pathophysiological mech-
anisms of obesity and obesity-related metabolic disorders. These me-
tabolites include those which are produced by dietary components
bacteria, such as short-chain fatty acids (butyrate and propionate),
indole derivatives, and polyamines (primarily putrescine, spermidine,
spermine) as well as the metabolites which are biochemically modified
by gut bacteria and produced by the host (i.e. secondary bile acids and
ATP). Furthermore, we highlight some potential therapeutic treatments
that can serve to regulate the gut microbiome composition and target the
relevant metabolic pathways that promote the development of obesity
and obesity-related metabolic diseases.

2. Gut microbiota

The human gut microbiota is a complex ecosystem that resides
within the gut and is estimated to be composed of approximately 1014
bacterial cells from 400 to 500 different bacterial species per gramme of
colonic content. Healthy individuals harbor ~195 bacterial strains, 101
species of which represent their fecal microbiota [25]. Each section of
the gastrointestinal (GI) tract contains varying compositions and
amounts of bacteria per gram content. For example, the stomach and
duodenum contain an estimated 10-10'% cells, the small intestine
10%-107 cells, and the large intestine 10'1-10'2 cells. The gut microbiota
also forms a synergistic relationship with the host [26,27], harvesting
additional nutrients and energy from diet and protecting the host from
infiltration by pathogens [28]. Therefore, the composition of the
microbiota is heavily influenced by diet (Table 1). In heath, the gut
microbiota is characterized by its diversity and stability, a reduction of
which can cause the disease and aging process [29]. In obesity, Bac-
teroidales genera, for example, Lactobacillus spp., Bifidobacterium spp.,
Bacteroides spp., and Enterococcus spp., as well as the ratio of Firmicutes
to Bacteriodetes and the Enterobacteriaceae species are upregulated,
while Clostridia, including Clostridium leptum, and Enterobacter spp. are
downregulated [30-33].

The gut microbiota composition can affect the human body’s ability
to acquire nutrients and regulate energy usage; as such, it plays an
important role in the occurrence and development of obesity and related
diseases [38,39]. Importantly, the composition is different between

Table 1
Dietary structure affects the composition of the gut microbiota.
Type of diet Upregulated Downregulated Ref.
Calorie- _ Firmicutes to [34]
restricted Bacteroidetes ratio
Vegetarian Bacteroides Acteroides spp. [35-371

Diet Bifidobacterium spp.
Escherichia coli
Enterobacteriaceae spp.
Firmicutes

High-Fat Diet

Firmicutes to
Bacteriodetes ratio
Lactobacillus spp.
Enterobacteriaceae
Bacteroidales
Bacteroides spp.

Bifidobacterium spp.

Enterococcus spp.

Clostridia
Clostridium leptum
Enterobacter spp.

[30-33]
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infants and adults as well as between obese and lean individuals. For
example, calorie-restricted diets can reduce the ratio of Firmicutes to
Bacteroidetes bacteria in the gut [34], and vegetarian diets have been
shown to upregulate Bacteroides spp. and downregulate Acteroides spp.,
Bifidobacterium spp., and Escherichia coli, as well as Enterobacteriaceae
and Firmicutes bacteria [35-37]. Given this, targeting the gut micro-
biome may provide a potential therapeutic approach in the treatment of
obesity [40].

2.1. Composition of infants” microbiota and factors affecting homeostasis

The composition of the gut microbiome and the factors affecting its
homeostasis are different between infants and adults. In infants, the gut
microbiota establishment is a dynamic process. The earliest intestinal
microbiota colonization is thought to occur during birth [41]. However,
bacteria have been found on the human placentae, indicating that
mother-to-infant commensal bacterial transmission may occur during
gestation. In newborns, the gut microbiome comprises Enterococcus,
Escherichia/Shigella, Streptococcus, and Rothia bacteria. The gut micro-
biome of infants aged 1 and 6 months has been characterized by Bifi-
dobacterium and Collinsella colonization [42,43]. Metagenomic
sequencing on fecal samples of Swedish infants, however, demonstrated
a more abundant gut microbiota colonization [44]. Infants 4 months of
age harbor bacteria of the Bifidobacterium, Lactobacillus, Collinsella,
Granulicatella, and Veillonella genera, while the speciation of the gut
microbiota of 12-month-old infants is more similar to adults. Even so,
the microbiome is not fully established until at least 2 years old, and it
does not reach the complexity of the adult microbiome until the age of 3
[45,46].

The factors that promote gut microbiome maturation during early-
life constitute the mother’s intestinal microbiota, delivery mode,
feeding, antibiotic administration, and dietary changes [44,47]. The
mother’s gut microbiota has a direct connection with subsequent
microbiota colonization of the infant. Bifidobacteria is the predominant
bacteria in the infant microbiome and is transmitted from the mother to
the infant through breast milk and the infants’ fecal matter [42].
Interestingly, the delivery mode can affect the differences in the
composition of the gut microbiota in infants, and these differences will
last at least 6 months after birth. For example, after delivering vaginally,
data have shown that the gut microbiota of infants between 3 months
and 6 months were enriched with Bacteroides. However, other species,
such as Hungatella, were found to be abundant in infants delivered by
Cesarean sections [48]. Feeding is another crucial factor that can
determine the diversity of intestinal microbial colonization. Unlike
breastfeeding, formula feeding will facilitate a greater development of
infants’ microbiomes [49,50]. In addition, administration of antibiotics
can rapidly alter the diversity of the gut microbiota composition,
decreasing the levels of healthy bacteria in a short period of time [51,
52]. Dietary changes, such as the introduction of complementary diets,
also can potentially affect the diversity of the intestinal microbial
composition [53].

2.2. Composition of the adult microbiota and factors affecting
homeostasis

Compared to infants’ gut microbiomes, healthy adults have rela-
tively stable gut microbial communities, except for the elderly popula-
tion, who have relatively unstable and less abundant intestinal
microbiomes [54]. Metagenomic sequencing of healthy adult feces
found that the dominant flora in the gut microbiota are Firmicutes and
Bacteroidetes [55]. Other species of bacteria, such as Actinobacteria,
Proteobacteria, Verrucomicrobia, as well as methanogenic archaea and
multiple phages, also colonize the gut of healthy adults [56]. In addition
to the variations in diversity between age groups, gut microbial diversity
also varies from person to person. However, gut bacteria perform rela-
tively consistent physiological functions in healthy adult bodies,
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including metabolism, fermentation, methanogenesis, lipopolysaccha-
ride biosynthesis, and oxidative phosphorylation [57,58]. Therefore,
maintaining intestinal flora homeostasis is particularly important for
maintaining proper human health.

Although healthy adults have relatively balanced intestinal micro-
biome compositions, many factors including host genetics, diet, drugs,
infections, and diurnal rhythm will disturb this homeostasis [59]. For
instance, studies have indicated that humans with diet-derived obesity
have variable gut microbiota deviations from those of normal-weight
humans [60]. Administration of antibiotics and other xenobiotics can
also immediately impact the metabolic homeostasis, diversity, and gene
expression profile of the gut microbiome [61,62]. Moreover, exposure to
antibiotics for a long time period will induce the activation of antibiotic
resistance genes as well as changes in microbial composition [63,64]. In
healthy adults, a stable intestinal microbial community is essential for
maintaining immune system homeostasis by enabling resistance to
pathogenic infection [65]. However, pathogenic infection dramatically
disrupts the structure of the gut microbiota [66]. Lastly, diurnal rhythm
is another factor that influences the day-night rhythm homeostasis of the
gut microbiota [67], as disturbing the feeding rhythm will lead to in-
testinal flora disturbance, which is often accompanied by metabolic
disorders, including obesity [68].

2.3. Dysbiosis

The gut microbiota can be described as a fascinating ‘new organ’ that
affects nutrient acquisition and energy regulation and plays a funda-
mental role in obesity and related diseases. The gut microbiota consti-
tutes approximately 1 kg of the total body weight. Most researches in
animals and humans have demonstrated that the gut microbiota
composition differs depending on body mass. In mice, a high-fat diet was
shown to increase endotoxemia [69], reducing both gram-negative (e.g.
Bacteroides-related bacteria) and gram-positive bacteria (e.g., Eubacte-
rium rectale, Clostridium coccoides, and Bifidobacterium), which was
consistent with a human dietary intervention study that demonstrated
weight loss in obese individuals was accompanied by Bacteroidetes
abundance increase [70]. In humans, high-throughput sequencing of
microbial ribosomal RNA and DNA showed that Bacteroidetes (Gram--
negative) and Firmicutes (Gram-positive) are the two most dominant
bacterial phyla in most individuals [71], whereas Methanobrevibacter
smithii, is the most dominant of the Archaea domain. Other phyla include
Proteobacteria, Actinobacteria (Gram-positive), Fusobacteria, and Ver-
rucomicrobia [72]. In addition, the number of human microbiome genes
are at least 100 times as many genes as the human genome [73], and
each individual has 500,000-600,000 bacterial genes and most in-
dividuals shared half of them [74].

During the last 10 years, the elucidation of the microbiome role in
the development and progression of obesity and related diseases has
gained significant attention [75,76]. Changes to the composition of the
gut microbiota have been related to obesity, such that the intestinal
microbiome in obese patients tends to be more available in harvesting
energy from the diet compared to normal weight patients. The gut
microbiota composition is even different depending on the level of
obesity (Table 2). Specifically, notable decreases in the composition of
the Akkermansia, Faecalibacterium, Oscillibacter, and Alistipes genera of
bacteria have been observed in obese people compared to
normal-weight people[77]. Higher levels of Lactobacillus reuteri are
associated with obesity, leading to a significant weight gain, while
Bifidobacterium animalis, Methanobrevibacter smithii and other species of
Lactobacillus are higher in abundance in normal-weight individuals,
while the levels of M. smithii are decreased in the obese group compared
to normal-weight individuals [78]. These differences in the composition
of gut microbiota could be an early diagnostic markers in treating T2DM
in high-risk patients [79]. Many studies have also found that the gut
microbiota could affect glucose metabolism in the body [80], while
some other microbial species, such as Bacteroides faecalis, could promote
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Table 2
Compositional changes of the gut microbiota in obesity and related diseases.

Upregulated Downregulated Ref.

Obese women:
Bacteroides, Staphylococcus
aureus, Enterobacteriaceae,
Escherichia coli,
Staphylococcus
Excessive weight gain:
Escherichia coli, C. leptum,
Staphylococcus
Mild weight gain:
Clostridium Bifidobacterium
Overweight and Staphylococcus aureus,
obese Firmicutes-to-
Bacteroidetes ratio;
Lactobacillus spp.
(Lactobacillus reuteri,
Lactobacillus), E. coli,
Prevotellaceae, Archaea,
Firmicutes

Overweight
pregnant
women

Excessive weight [87,
gain: Akkermansia 88]
muciniphila,

Bifidobacterium

Bacteroides vulgatus, [70,
M. smithii 89-92]

Bacteroides- [93]
Prevotella

Infants whose mothers are
overweight:

Akkermansia muciniphila,
Staphylococcus aureus,
Clostridium histolyticum,
Infants of mothers with
excessive weight gains:
Clostridium histolyticum,
Staphylococcus aureus

E. rec-to-Bacto ratio, —_— [94]
E rectale-C coccoides,

Gram-negative,

Firmicutes/acteroidetes

ratio

Pre-pregnancy
and infant

Overweight/
obese women
in metabolic
disorder group

the progression of diabetes [81].

Metabolites such as butyrate produced from intestinal microbes may
be beneficial for enhancing the metabolism of humans by increasing
mitochondrial activity, preventing metabolic endotoxemia, and acti-
vating the gluconeogenesis in intestinal via regulation of the expression
of gene and/or hormone production [82]. One study on every-other-day
fasting (EODF) was shown to selectively activate beige fat. Li et al. found
that shaping the composition of gut microbiota by EODF, causing in-
creases in the formation of the beiging stimuli acetate and lactate, could
enable the activation of adipose tissue browning, leading to treatment of
metabolic diseases [83]. Therefore, the activation of beige adipocyte
thermogenesis might serve as a promoting strategy for the treatment of
obesity and related diseases [84]. However, in human, there are
currently no known pharmacological method of inducing such ther-
mogenesis. Bacteroides 2 (Bact2) enterotype is also an predominate type
in the obese individuals, which is linked to systemic inflammation and
disease. However, obese patients after taking statins have a lower
prevalence of this dysbiosis than those not, suggesting that statins might
improve the gut microbiota profile of obese individuals [85]. In general,
the abundance of intestinal microbiota and the number of biogenic
genes are essential for the body health [20,86].

3. Metabolites produced by the gut microbiota

A significant amount of data from studies in animal models and
humans suggests that obesity and related diseases are associated with
profound gut dysbiosis [95-97], which results in changes to the pro-
duction of metabolites derived from the microbiota. In addition, the gut
microbiota creates a homeostatic imbalance within the host toward
adiposity, inflammatory response, oxidative stress, and metabolic
dysfunction [98,99]. These organisms produce a diversity of metabolites
from both exogenous dietary substrates and endogenous host com-
pounds [100], including short-chain fatty acids (SCFAs), indole de-
rivatives, and polyamines (e.g., putrescine, spermidine, spermine), as
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well as other metabolites, such as secondary bile acids, ATP, and other
metabolites, which are biochemically modified by gut bacteria and
produced by the host (Fig. 1).

SCFAs produced by the gut microbiota activate receptors on the
surface of neutrophils, macrophages, and dendritic cells, which pro-
motes IL-18 (from GPR43/GPR109a-dependent activation of inflam-
masome), IL-22 (from GPR43-dependent ILC3 activation), anti-
inflammatory IgA (from GPR43-dependent B cells activation), and
GLP1 (from the of GPR41 and GPR43 receptor activation) production. In
addition, expression of genes involved in intestinal gluconeogenesis
(IGN) is activated by a gut-brain neural circuit involving FFAR3 or a
cAMP-dependent mechanism. SCFAs inhibit histone deacetylase
(HDAC) by activating G protein-coupled receptors (GPCRs). Exogenous
tryptophan obtained from diet is mainly metabolized through the
kynurenine pathway, and its rate-limiting enzymes include IDO in the
mucosa and immune cells and TDO in the liver. In the 5-hydroxytrypta-
mine (5-HT) pathway, tryptophan is converted to 5-hydroxytryptophan
by tryptophan hydroxylase and then metabolized to 5-HT by IDO, which
stimulates gastrointestinal motility. Indole is metabolized into indole
sulfate by CYP2E1 and sulfotransferases in the liver, resulting in IS
accumulation, which can cause renal dysfunction. Indole can also induce
intestinal endocrine L cells to release GLP-1, inhibit insulin secretion and
appetite, and slow down gastric emptying. In addition, several trypto-
phan metabolites activate aryl hydrocarbon receptor (AhR) and produce
IL-22 to maintain mucosal reactivity. CYP, Cytochrome P450 family;
I3A, Indole-3-aldehyde; ILA, Indole-3-lactic acid; IAA, Indole-3-acetic
acid; IPA, indole-3-propionic acid; IS, Indoxyl sulfate; QA, quinolinic
acid; TDO, tryptophan 2,3-dioxygenase; IDO, Indoleamine 2,3-
dioxygenase;.

3.1. Metabolites produced by dietary components bacteria
3.1.1. Short-Chain Fatty Acids (SCFAs)

The gut microbiota generates a significant amount of energy and
nutrients for the body through anaerobic microbes fermenting non-
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digestible carbohydrates in the cecum [101]. SCFAs (fatty acids with 6
carbons or less) including acetic acid, isobutyric acid, formic acid, iso-
valeric acid, propionic acid, butyric acid, and valeric acid, are some
metabolites produced by these fermentation reactions, as are amino
acids and vitamins [26,102]. Acetate, propionate, and butyrate are the
most abundant SCFAs in the intestinal tract [103]. Commonly, Bacter-
oides thetaiotaomicron are the main producers of acetate, while Faecali-
bacterium prausnitzii is one of the main producers of butyrate.

The increase in the concentration of SCFAs in plasma [104] and the
concomitant decrease in feces [105] can be linked to obesity and
metabolic disorders. In addition, SCFAs can activate the carbohydrate
responsive element-binding protein (CHREBP) and the sterol regulatory
element-binding transcription factor-1 (SREBP1) to induce lipogenesis
and increase triglyceride stores through molecular pathway. They also
can suppress fasting-induced adipocyte factor (FIAF) expression to
inhibit the lipoprotein lipase activity, thereby leading triglycerides to
accumulate in adipocytes [106]. Once produced by the bacteria, SCFAs
are absorbed into the bloodstream and bind to GPCRs, which participate
in cellular signaling mechanisms, including those involved in lipid,
glucose, and cholesterol metabolism [101]; gut inflammation; and
neurogenesis [107]. Early mechanistic studies indicated that SCFAs
produced by the gut microbiota can trigger cell-specific signal cascade
by binding to Gpr41 (FFAR3) and GPR43 (FFAR2) receptors to stimulate
the production of glucagon-like peptide-1 (GLP-1) in L cells [108,109],
further suggesting that not only can SCFA-GPCR interactions modulate
host adiposity and glucose tolerance, but also GPR43 is capable of dual
signaling through Gq and Gi pathways, whereas GPR41 signals exclu-
sively through the Gi pathway [110].

IL-18 secreted by intestinal epithelial cells, which is stimulated by
the binding of butyric acid to GPR109A, can activate immunosuppres-
sion and help to maintain intestinal homeostasis. Butyric acid can also
function as an inhibitor of histone deacetylases (HDACs) and has anti-
inflammatory functions [111]. In addition, De Vadder et al. discov-
ered that the products of the fermentation of soluble fiber by the gut
microbiota propionate and butyrate can activate the expression of genes

Acetate ) ILA % IPA
2 Propionate § Indole . Tryptophan
2 Butyrate 2 1AA o Tryptamine
2 ScFAs I3A
Kyna. QA
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‘Ul,”\h:.ﬂ,, TMARAAAR
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Fig. 1. The Effects of SCFAs and Indole derivatives on hosts.
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involved in intestinal gluconeogenesis (IGN) in a cAMP-dependent
manner or a gut-brain neural circuit, in which the fatty acid receptor
FFAR3 was involved [112]. Moreover, microbiota-derived acetate
serves as a precursor for lipogenic acetyl-CoA and fatty acids for de novo
lipogenesis (DNL) in liver; therefore, the excess production of acetate
has contributed to an increasing rate of obesity and non-alcoholic fatty
liver diseases [113-116]. Zou et al. found that binding of
microbiota-generated, fiber-derived SCFAs to free fatty acid receptors
markedly suppressed high fat diet-induced metabolic syndrome through
restoring IL-22-mediated enterocyte function by microbiota [117].
Interestingly, the crosstalk between the gut microbiota and immune
system also enabled the regulation of metabolic homeostasis in healthy
animals. Chagwedera et. al reported that Lactobacillus johnsonii Q1-7
selective deficiency contributed to decreased food intake and body mass
in Tsc1¥f CD11¢% mice via activating mTORC1 signaling in CD11c cells
to regulate L. johnsonii Q1-7-specific IgA production [118]. In clinical
studies, the abundance of the phylum Bacteroidetes increased while the
SCFA-producing and 7a-dehydroxylating Firmicutes decreased in pa-
tients with NAFLD [119,120].

3.1.2. Indole derivatives

Indole and its derivatives, which are secreted by certain commensal
bacteria, such as Escherichia coli, Lactobacillus, Bacteroides, can mediate
intra- and interspecies communication among bacteria, as well as syn-
ergistic communication between the host and the bacteria [121]. The
indole and its metabolites production require the bacterial enzyme
tryptophanase (TnaA) to catabolize dietary tryptophan into indole and
its derivatives. Tryptophan, which is an essential aromatic amino acid,
can be acquired from our common diet, such as oats, poultry, fish, milk
and cheese [122]. Commonly, indole metabolites in the digestive tract
can be reaching millimolar concentrations and up to 200 uM in tissues,
urine, and blood after excreting into the feces or absorbed by the host.
Indole in liver is metabolized by CYP2E1 to 3-indoxyl sulfate (3-IS) and
ultimately excreted through urine; low urinary 3-IS concentrations is a
indicator of dysbiosis [123]. In addition, indole and its derivatives, such
as indole-3-lactic acid (ILA), indole-3-aldehyde (I3A), indole-3-acetic
acid (IAA), and indole-3-propionic acid (IPA), can act as ligands that
bind to aryl hydrocarbon receptors (AhRs) [124], which are transcrip-
tion factors that play a vital protective and anti-inflammatory roles,
mainly via regulation of IL-22 and natural lymphoid in the intestines
[125,126].

Preclinical and clinical studies have indicated that the capacity of the
microbiota to metabolize tryptophan into AhR agonizts decreased can be
an vital characterization of metabolic syndrome [127]. Deactivation of
the AhR pathway caused the decrease of GLP-1 and IL-22 production,
which result in insulin resistance and liver steatosis by increasing in-
testinal permeability and lipopolysaccharide (LPS) translocation [128].
Using the AhR agonizts or Lactobacillus reuteri, which naturally produces
AhR ligands to treatment human, have been shown to improve intestinal
barrier function and secrete the incretin hormone GLP-1, which can
reverse metabolic disorders, such as intestinal barrier dysfunction and
low-grade inflammation [127]. Oral administration of indole was shown
to prevent LPS-induced cholesterol metabolism abnormal and alleviate
liver inflammation in mice [129]. Natividad et al. [127] and Mallmann
et al. [130] found that both genetic and pharmacological approaches to
inhibit indoleamine 2,3-dioxygenase (IDO) and the rate-limiting enzyme
activity in the kynurenine (Kyn) pathway, can improve HFD-induced
obesity and metabolic alteration [131]. Further studies determined
that this inhibitory mechanism was a result of the inactivation of IDO
caused by binding of AhR agonizts [132]. Furthermore, IDO over-
activation was linked to an increase in the concentration of various
metabolites, including xanthurenic acid, kynurenic acid, 3-hydroxynur-
enine, 3-hydroxyanthranilic acid, and quinolinic acid, as well as de-
creases in the concentration of tryptophan in plasma [133]. Serotonin
(5-HT), another tryptophan metabolite, is also involved in obesity
treatment, as it affects appetite and satiety. It also inhibits the
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thermogenesis of brown adipose tissue, causing fat accumulation [134].
These results were confirmed by the human data, as the concentrations
of the end-product of serotonin metabolism, 5-hydroxyindole-3-acetic
acid, are higher in patients with metabolic disorders relative to those
who do not suffer from metabolic disorders [135,136].

3.2. Metabolites produced by the host and biochemically modified by gut
bacteria

3.2.1. Secondary bile acids

Bile acids, which are the end product of cholesterol metabolism, are
played vital role in dietary fat digestion and absorption [137,138]. In
addition, as signaling molecules they play important roles in modulating
host lipid metabolism, glucose/insulin metabolism, and inflammation,
as they orchestrate blood glucose, lipid, and energy metabolism [139,
140]. The composition of bile acid pool, which is a function of bile acids
metabolism by the microbiota in the intestine, as unique enzymes that
modify bile acids in the gut expressed by the gut microbiota [141].
Shaping the bile acid pool and regulating the bile acid-activated re-
ceptors (BARs) activity can trigger various metabolic signals. Therefore,
the composition of the gut microbiota in turn be regulated by bile acids
[142]. Mechanistically, bile acids are preferential ligands of farnesoid X
receptors (FXR), pregnane X receptors, and GPCRs, all of which can
result in metabolic alteration if their activities are dysregulated [137,
141]. For example, obeticholic acid, one of the semi-synthetic FXR
agonist was shown to improve the NASH patient after 72 weeks of
treatment in a randomized, controlled clinical trial (RCT) [143].
Another example indicated that short-term treatment NASH patients
with the FGF19 analog NGM282 resulted in a reduction of steatosis
[144]. However, there are no clinical study performed to treat patients
with NAFLD or NASH via modifying FXR signaling by the gut micro-
biota. The most abundant metabolites in the gut microbiome, including
the secondary bile acids deoxycholic acid (DCA) and lithocholic acid
(LCA), have been shown to modulate host energy homeostasis and
metabolism by activating TGR5 [142,145]. In clinic, studies have also
found that the bile acid composition of the gut microbiota was affected
by treatment with the anti-diabetic medication acarbose in T2D patients
[143]. In addition, compared to a normal diet, the levels of bile acid in
the intestinal lumen and serum was obviously increased and the bile acid
profiles including disproportionate increases in the levels of primary bile
acids and secondary bile acids were also altered by an HFD [146]. Wu
et al. showed that deficiency of the gut microbiome alleviated
HFD-induced metabolic syndrome by modulating CYP7A1 expression in
the alternative bile acid synthesis pathway in hamsters, indicating that
CYP7A1 might serve as a potential target to modulate diet-induced
obesity [147].

Treatment the ob/ob mice with the bile acid sequestrant colesevelam
increased the secretion of GLP-1 and also improved glycemia in an FXR-
dependent manner, revealing that the FXR-GLP-1 could be a potential
pharmacological target for T2D [148]. Treatment with antibiotic upre-
gulated the expression of CYP7B1, increased the release of taur-
o-B-muricholic acid (TBMCA), and suppressed the intestinal FXR
signaling in hamsters, thereby improving HFD-induced glucose intoler-
ance and hepatic steatosis [147]. A high-protein diet in pig increased the
abundance of Eubacterium species in the gut, which are capable of
metabolizing bile acids via 7a-dehydroxylation, causing higher levels of
the secondary bile acids DCA and LCA [149]. Methionine restriction
attenuated insulin resistance triggered by HFD as well as stabilized the
periodic fluctuations in the expression of both genes associated with
lipidolysis and bile acid synthetic interrupted by HFD, thereby allevi-
ating the blood lipid profile [150]. A recent study revealed that mixes of
extruded legumes and cereals modulated lipid profiles and increased
bile acids fecal excretion [151]. This research drives us to understand
the nutritional and physiological function of extruded legumes and ce-
reals dietary mixtures. Moreover, common buckwheat (Fagopyrum
esculentum Moench) improved HFD-induced NAFLD associated with
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dyslipidemia in mice [152]. Common buckwheat supplementation
significantly regulated the biosynthesis of primary bile acid and altered
the gut microbiome structure, ameliorating lipid metabolism [153].
These studies suggested that common buckwheat could be a potential
functional food in the NAFLD and hyperlipidemia prevention.

3.2.2. Taurine, ATP, polysaccharide A (PSA)

In addition to the bile acids, several other metabolites are produced
by the host are all involved in immune regulation of the host. ATP,
which is secreted by a subset of intestinal bacteria, activates the P2X and
P2Y receptors, while PSA activates LR2 on DCs and Tregs. In addition,
ATP can promote inflammation by rapidly binding to activated ATP
receptors in an autocrine or paracrine manner, including ionic P2X re-
ceptors and metabolic P2Y receptor subtypes, which amplify T cell re-
ceptor signals in lymphocytes and promote the activation of
inflammatory bodies in macrophages and DC. At present, seven specific
ionic receptors of ATP have been identified in mammals: purinergic 2X
receptors 1-7 (P2X1R-P2X7R) [154]. There are also eight metabolic

Cholesterol
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GPCRs with ATP as the preferred agonist: P2Y1 receptor (P2Y1R),
P2Y2R, P2Y4R, P2Y6R, P2Y11R, P2Y12R, P2Y13R, and P2Y14R [155].
Extracellular ATP is the only agonist of P2X. The combination between
ATP and P2X leads to an influx of Na™ and Ca®* and an efflux of K.
Taurine, as an essential amino acid for the human body, accounts for
more than 50% of free amino acids in immune cells. It also plays an
critical role in intestinal microorganisms metabolism [156]. Taurine was
found to improve T cell proliferation, promote the single-chain fatty
acids production, and reduce the LPS concentration, thereby regulating
intestinal microecology [157]. PSA activated the expression of TLR2 on
the surface of DC and promote the production of IL-10 by T cells [158].
PSA directly binding to TLR2 expressed on FoxP3 +Tregs further
increased the production of IL-10 [159]. In addition, PSA also exhibited
protective effects against mouse colitis by inducing IL-10 production,
which inhibited the mucosal effector T cells activity, especially TH17
cells [160](Fig. 2).
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Fig. 2. Metabolites produced by the host and biochemically modified by gut bacteria.

The biosynthetic pathways of primary bile acids in hepatocytes (top left) and secondary bile acids in the intestine (bottom left). Primary bile acids (CDCA, CA and
o/BMCA) are synthesized in the liver, transported to the bile duct through the bile salt export pump (BSEP) transporter, and transformed into secondary bile acids
(UDCA, LCA, DCA, etc.) by intestinal microorganisms. Bile acid is transported back to liver by enterohepatic circulation through several transporters on hepatocytes
(NTCP and OATP) and ileal enterocytes (ASBT, OST). In ileal enterocytes (bottom middle), FXR is activated by CDCA and CA, resulting in the transcription of FGF15/
19 to the liver and then binding to the FGFR4/p-klotho receptor complex on the surface of hepatocytes (top middle), activating the JNK/ERK signaling cascade and
inhibiting the CYP7A1 expression. In hepatocytes, the bile acid binding to the FXR-RXR heterodimer complex result in the nuclear receptor SHP transcription and the
SHP binding to LRH-1, thereby inhibiting the CYP7A1 expression. In colonic L cells (bottom right), the activation of FXR inhibited the synthesis of GLP-1, while the
activation of the plasma membrane receptor TGR5 by LCA and DCA engendered an increase in the intracellular levels of cAMP and the expression and release of GLP-
1. PSA can activate the expression of TLR2 on the surface of DC or directly combine with TLR2 expressed by FoxP3 + Treg to promote the production of IL-10. ATP
activates P2X and P2Y receptors and promotes inflammation (top right). SHP, small heterodimer partner; LRH-1, liver receptor homolog-1; ERK, extracellular signal-
regulated kinase; JNK, c-Jun N-terminal kinase; FGF15/19, fibroblast growth factor 15/19; FXR, farnesoid X receptor; RXR, retinoid X receptor; NTCP, sodium
taurocholate co-transporting polypeptide; OATP, organic anion-transporting polypeptide; OST, organic solute transporter; TGR5, G protein-coupled membrane re-
ceptor 5.
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4. Therapeutic potential of the gut microbiota

The gut microbiota has become a target for live bacterial cell-based
biotherapies, such as probiotic biotherapies, for various chronic dis-
eases, including metabolic syndrome and diabetes. These biotherapies
create a healthy gut environment by balancing bacterial populations and
promoting their favorable metabolic action. Currently, dietary inter-
vention and drugs are the predominant intervention strategies for
balancing the composition of the gut microbiota and are discussed
further below [86].

4.1. Dietary intervention

Diet and dietary components have profound effects on the compo-
sition of the gut microbiota and are among the most important con-
tributors to alterations in bacteria flora [161]. Research has indicated
that carbohydrate-restricted or fat-restricted, low caloric, diet-induced
weight loss was related with increased the gene richness of gut bacte-
rial and reduced the chronic systemic inflammation [162]. Specific diets
were linked to certain gut bacterial communities; for example, Pre-
votella, a fiber-rich diet, while Bacteroides was associate with
protein-rich diet [162]. Different types of foods, for example, caffeine,
omega-3 polyunsaturated fatty acids, and green tea may increase the
richness of gut bacterial and restore the Firmicutes to Bacteroidetes ratio
[163]. In addition, the intestinal bacterial composition many also be
promoted by the fruits, vegetables, extra virgin olive oil and so on [164].
Another therapeutic strategy is to use probiotics, such as species of
Bifidobacterium and Lactobacillus, and prebiotics, such as lactulose,
inulin, fructooligosaccharides and galactooligosaccharides, to alter the
gut microbiota composition [165,166].

Many other diets rich in prebiotics, such as the Mediterranean diet,
can positively influence the stability of the gut microbiota [161]. In
clinic, Zimmer et.al found that compared to an omnivore diet-fed sub-
jects, the fecal microbiota of the vegetarian and vegan diet-fed ones
showed significantly lower microbial counts of Bacteroides, Bifidobacte-
rium, Escherichia coli, and Enterobacteriaceae bacteria. As the undiges-
tible polysaccharides can be fermented into SCFAs by the gut microbiota
in a vegetarian/vegan diet, which is typically associated with a higher
carbohydrate and fiber content [37]. A depleted gut microbial biodi-
versity in people consuming a Western diet has been associated with an
increased obesity and related diseases incidence, such as coronary
vascular disease, metabolic syndrome, and NAFLD [167]. In addition to
diet, physical exercise also can modulate the composition of the gut
microbiota by enabling an increase in the abundance of
health-promoting bacteria, such as Staphylococcus hominis and Akker-
mansia muciniphila [168]. Researchers have also developed
microbiota-directed interventions to treat obesity related diseases in
recent years. For example, fecal microbiota transplantation (FMT) from
lean male donors to metabolic syndrome males could significant
improve the insulin sensitivity and increase the diversity of intestinal
microbia [169].

4.2. Drugs

4.2.1. Probiotics

Altering the microflora of people with obesity to increase the pop-
ulation of beneficial microorganisms or probiotics has been demon-
strated to be a promoting measure to combat obesity and related
diseases. Probiotics exhibit anti-obesity effects through the regulation of
intestinal microflora, reduction of insulin resistance, and improving
satiety [170,171]. More specifically, because of their low pathogenicity
and high barrier to antibiotic resistance, Lactobacillus and Bifidobacte-
rium species have been applied in animal models of obesity [172] and
have led to reductions in weight and fat accumulation to varying degrees
[173]. Bifidobacterium reduced inflammation, insulin sensitivity, fat
accumulation, and serum levels of cholesterol and triglycerides
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predominantly by reducing intestinal permeability. In addition,
administering probiotics containing Lactobacillus strains to obese ani-
mals effectively reduced body fat mass and improved both lipid distri-
bution and blood glucose homeostasis by stimulating fatty acid
oxidation or inhibiting lipoprotein lipase activity [174].

In humans, some strains of Lactobacillus have been tested. For
instance, compared to the children who were exposed to a placebo, the
probiotic L. rhamnosus facilitated the modulation of the child’s weight
gain during the first few years of life and during the initial phase of
excessive weight gain, but this was not the case later in life [173]. Other
probiotics such as Lactobacillus gasseri SBT2055 and BNR17 species were
administered to those obese individuals for 12 weeks. Lactobacillus.
gasseri SBT2055 lowered abdominal adiposity and body weight, while
L. gasseri BNR17 group not [175,176]. In addition, among obese children
with insulin resistance, weight loss was significant after taking Asper-
gillus flavus CECT7765 [177]. In adults, Lactobacillus and Bifidobacterium
promoted significant reductions in body weight, BMI, waistline size, and
fat [178]. Oral supplementation with probiotics appeared to improve
atherogenic indices by reducing the concentration of low-density lipo-
proteins (LDL) and total cholesterol [179]; and improve body compo-
sition, body weight, and abdominal visceral adipose tissue [175].
Probiotics have also been recognized for having antibacterial properties
and promoting barrier and immunomodulatory functions [178]; there-
fore, probiotics can function to regulate the composition of intestinal
microflora for improving obesity and obesity-related diseases.

4.2.2. Antibiotics

In obese mice, vancomycin treatment was shown to improve meta-
bolic abnormalities associated with obesity. Plasma TNF-a levels in diet-
induced obese mice treated with vancomycin were lower than those in
the diet-induced obese control group [180]. Vancomycin has also been
shown to alter the composition of intestinal microflora of human males
with metabolic syndrome, thereby reducing peripheral insulin sensi-
tivity in the patients [181]. Therefore, there is great potential for anti-
biotics use to prevent and treat obesity.

4.2.3. Prebiotics

Prebiotics are an indigestible food ingredient that can have a bene-
ficial effect on the host by selectively stimulating the growth or activity
of certain bacteria in the colon, which can help to improve the health of
the host [174]. Tons of studies in animal models have shown that
various supplementation of diets with fructooligosaccharides and gal-
actooligosaccharides could change the intestinal microorganisms
composition [108] and promote the growth of beneficial Bifidobacterium
and Lactobacillus [182]. This microflora regulation can improve intes-
tinal barrier function and significantly reduce body weight and total fat.
In one study, injection of fructooligosaccharides into DIO rats led to
reductions in fat and weight gain and significantly increased Bifidobac-
teria and lactic acid bacteria [183]. These effects were achieved by
reducing food intake, appetite and fatty acid storage. In addition,
improved intestinal barrier integrity led to improved glucose tolerance
and insulin resistance in mice [174,184]. In humans, prebiotics have
also been shown to be involved in weight loss and metabolic parameters
improvement, including insulin resistance [185].

4.3. Fecal microbiota transplant (FMT)

Fecal microbiota transplantation (FMT) is an approach used to treat
certain diseases by reconstructing the intestinal flora and involves
transplanting the fecal fluid of treated healthy people into the intestines
of diseased patients. Although FMT has been extensively studied in
humans, several studies on FMT in mice have been conducted. For
example, despite aseptic mice being resistant to diet-induced obesity,
FMT from obese mice to aseptic mice endowed the aseptic mice with a
metabolic phenotype [186]. Since a metabolic phenotype can be trans-
ferred to germ-free (GF) mice through intestinal microflora, it was
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speculated that FMT might effectively improve the homeostasis of lipids
and glucose [183]. In a pilot study with humans, intestinal microflora
was transferred from emaciated human donors to those recipients who
are under metabolic syndrome by delaying enteral feeding tubes.
Compared to the peripheral insulin sensitivity before FMT, insulin
sensitivity increased in the patients with metabolic syndrome six weeks
after beginning treatment [187]. Therefore, FMT might serve as a new
method for treating obesity and related metabolic disorders in the
future.

5. Conclusion

Although our knowledge about how the gut microbiota affects
obesity is still rudimentary, the rate at which new discoveries are
emerging is impressive. As outlined, there is overwhelming evidence
that the composition of the gut microbiota and metabolites impact the
progression of obesity and obesity-related diseases. The composition and
characteristics of the gut microbiota, as well as the factors affecting their
homeostasis, are different not only between adults and infants but also
between stages of infancy. Importantly, gut microbiota metabolites,
including the metabolites that not only are biochemically modified by
gut bacteria and produced by the host and but also that are produced by
bacteria from dietary components, play a vital important role in the
development of obesity and related diseases. These metabolites are
heavily involved in the onset and progression of obesity. Thus, targeting
the composition of both the gut microbiota and the metabolites pro-
duced by these organisms and the host using dietary intervention and
drugs are intervention strategies for treating and preventing metabolic
diseases, including obesity. Probiotics intervention is the most direct
and effective method to intervene obesity and obesity related diseases in
clinic because they can selectively increase the number of microorgan-
isms and improve the intestinal microecological environment of intes-
tinal bacteria under an obese state. Probiotics can regulate the balance
of the gut microbiota and improve obesity and metabolic-related in-
dicators, such as body mass and blood glucose and lipid levels. Thus, it is
feasible to improve the symptoms of obesity and metabolic diseases by
using probiotics to change the structure of the gut microbiota and
improve the chronic inflammatory response in the intestines of obese
people. Overall, our review highlights the importance that the gut
microbiota plays in the development of disease, including obesity, as it
represents a critical modifiable factor to think about when discovering
precision medicine strategies for the prevention and/or treatment
obesity and related diseases.
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