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Abstract
Metabolic syndrome (MetS) describes a set of risk factors that can eventually lead to the occurrence of cardiovascular and
cerebrovascular disease. A detailed understanding of the MetS mechanism will be helpful in developing effective prevention
strategies and appropriate intervention tools. In this article, we discuss the relationship between the clinical symptoms of MetS and
differences in the gut microbial community compared with healthy individuals, characterized by the proliferation of potentially
harmful bacteria and the inhibition of beneficial ones. Interactions between gut microbiota and host metabolism have been shown to
be mediated by a number of factors, including inflammation caused by gut barrier defects, short-chain fatty acids metabolism, and
bile acid metabolism. However, although we can clearly establish a causal relationship between gut microbial profiles and MetS in
animal experiments, the relationship between them is still controversial in humans. Therefore, we need more clinical studies to
augment our understanding of how we can manipulate the gut microbiota and address the role of the gut microbiota in the
prevention and treatment of MetS.
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Introduction

With the widespread Westernization of diet patterns and
lifestyles, the occurrence of metabolic syndrome (MetS)
has become a worldwide phenomenon at all ages. MetS
describes a group of risk factors including obesity,
hyperglycemia, dyslipidemia, hypertension, hyperurice-
mia, and others. If left uncontrolled, it will eventually lead
to non-alcoholic fatty liver (NAFLD), obstructive sleep
apnea hypopnea syndrome (OSAHS), and other diseases.
The pathogenesis of MetS is related to a variety of factors,
such as insulin resistance, chronic inflammation, auto-
nomic dysfunction, and oxidative stress.[1,2] In recent
years, it has been found that gut microbiota disorder is also
a risk factor for the development of MetS. In the human
body, the gut microbiota is the most diverse microbial
community. During long term co-evolution, it has formed
a symbiotic relationship with the host and is deeply
involved in regulating gene expression, gut barrier
function, nutrition, metabolism, and the overall immune
function of the host.[3] The gut microbiota plays a
significant role in maintaining the homeostasis of human
health, acting as a “second genome,” especially during the
development of metabolic diseases. Thus, gut microbiota
targeted therapies such as probiotics, prebiotics, fecal
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microbiota transplantation (FMT), metabolic surgery, and
drugs may represent effective forms of intervention for the
amelioration of MetS. The aim of this study was to review
the dysbiosis of gut microbiota in terms of the components
of MetS and to assess current potential gut microbiota
targeted therapies for the treatment of MetS.
Gut Microbiota in MetS

Up to 1000 species of bacteria inhabit the human colon,
together encoding around 3million genes, which may have
an impact on our health. In fact, small molecules produced
by gut microbiota play an important role in human blood.
Some microbiota-derived metabolites are known to have a
positive impact on the host. These include those with anti-
inflammatory activity, anti-oxidant activity, and pain relief
activity, as well as those acting as vitamins or energy
sources, and those that regulate gut barrier function. On
the other hand, certain microbiota-derived metabolites are
harmful to the host, which include cytotoxins, genotoxins,
and immunotoxins.[4,5] The gut microbiota, therefore,
plays a key role in maintaining the physiological function
of the host, and dysbiosis of the gut microbiota caused by
various factors leads to extensive physiological changes
and increases the risk of MetS.
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Gut microbiota and obesity

The prevalence of obesity in Western countries and,
increasingly, in non-Western countries is a driving force
behind the heightenedmedical interest in the recognition of
MetS. Recent studies have shown that the composition of
gut microbiota in healthy individuals was significantly
different from that in obese individuals, which indicated
that gut microbiota might play an important role in
obesity.

For example, Tomas et al[6] reported that in mice, a 30-day
high-fat diet caused a difference in the gut microbiome,
with significantly increased frequencies of the phylum
Firmicutes, Proteobacteria, and reduced frequencies of
Verrucomicrobia, and Bacteroidetes. Thingholm et al[7]

investigated the gut microbiota of obese individuals with/
without type 2 diabetes mellitus (T2DM) as well as lean
individuals without T2DM in the German population and
metabolic disease cohorts. They show that obesity may be
related to changes in the composition of the microbiome,
the occurrence of individual taxa, and their biochemical
functions/outcomes. Specifically, they describe significant
changes in Akkermansia, Fecalibacterium, Oscillibacter,
and Alistipes, as well as to the levels of serum metabolites
related to gut microbial patterns. Fei et al[8] isolated
Enterobacter cloacae B29 from the stool of obese
volunteers, and the strain was transplanted to germ-free
C57BL/6J mice. As a result, the mice after transplantation
developed obesity and insulin resistance on a high-fat diet,
but not on a normal diet. However, on a high-fat diet,
germfree control mice did not show obesity and insulin
resistance. Both serum endotoxin levels and inflammation
from the Enterobacter-induced obese mice were negatively
affected. Both serum endotoxin levels and inflammation
from the Enterobacter-induced obese mice showed a
negative side. These studies make it clear that the gut
microbiota is an important environmental factor involved
in the regulation of fat storage in the host, which ultimately
affects the incidence of obesity.
Gut microbiota and hyperglycemia

Hyperglycemia, one of the components of MetS, is highly
related to gut microbiota dysbiosis. Recently, Zhou et al[9]

conducted a microbiome analysis of four male Zucker
diabetic fatty rats. Their results suggested that the progress
of age and disease is correlated to changes in fecal
microbes. Specific phyla such as Firmicutes, Bacteroidetes,
Actinomicrobiota, and Proteobacteria comprised the main
components of fecal microbes in rats at all stages from 8 to
15 weeks. But Lactobacillus and Turicibacter were the
predominant genera in 8- to 10-week-old rats. Bifidobac-
terium, Lactobacillus, Ruminococcus, and Allobaculum
were the most abundant genera in 15-week-old rats. The
gut microbiota in animals with T2DM showsmoderate gut
microbiological ecology dysbiosis. Specifically, in T2DM
sufferers, the abundance of some metabolically beneficial
microbiota is reduced, such as butyrate-producing bacte-
ria, while pathogenic bacteria that are known causes of
various other conditions are increased.[10] Butyrate can
serve as an energy source for colonocytes and can increase
satiety. It can also effectively reduce inflammation, reduce
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carcinogenesis, reduce oxidative stress, and improve gut
barrier function.[11-13] Several studies have found a
significant association between hyperglycemia and dys-
biosis of the gut microbiota, but the results were
inconsistent, highlighting the need for further studies.[14-16]
Gut microbiota and dyslipidemia

Dyslipidemia refers to abnormal concentrations of lipids
or lipoproteins in the blood caused by congenital or
acquired factors. Both in vitro studies and animal
experiments have confirmed that dyslipidemia can lead
to gut microbiota imbalance, and dysbiosis of the gut
microbiota can further aggravate lipid metabolic disorders.

Clear evidence of this was seen in a study that used 16S
rRNA analysis to confirm that the gut microbiota of
C57BL/6J mice fed a high-glucose (HGD) or high-fructose
(HFrD) diet was significantly altered. They found that
where there was no change in body weight, both the HGD
and HFrD groups showed dyslipidemia. The gut micro-
biome fromHGD- andHFrD-fed mice lost diversity. In the
HGD and HFrD groups, the proportion of Bacteroidetes
was low, and the proportion of Proteobacteria was
significantly increased. Lipid accumulation was also
significantly increased.[17] Separately, Wang et al[18]

reported a systemic analysis of the host-genome, the gut
microbiome (16S rRNA), body mass index (BMI), and
blood lipids in 893 human participants from the LifeLines-
DEEP Dutch study cohort. They estimated that the gut
microbiome explains 4.5% of the variation in BMI, 6.0%
in triglycerides (TGs) and 4% in HDL. Furthermore, the
gut microbiome in subjects with unfavorable lipid profiles
(high TG and low high-density lipoprotein [HDL] levels)
were also characterized by low microbial diversity, a high
abundance of some taxa from the phylum Actinobacteria
and a lower abundance of many taxa from phyla
Proteobacteria and Bacteroidetes. These studies provide
evidence for an association between blood lipids and the
gut microbiome.
Gut microbiota and hypertension

Hypertension is one of the components of MetS and is the
primary risk factor for cardiovascular and cerebrovascular
diseases. Studies in animals and humans demonstrate that
high blood pressure is associated with gut microbiota
dysbiosis.

Yang et al[19] reported that microbial richness, diversity,
and uniformity of spontaneously hypertensive rats were
significantly reduced, while the thick-walled Firmicutes:
Bacteroidetes proportion increased. These changes are
accompanied by a reduction in the microbial population
that produces acetic acid and butyrate. In addition, a small
group of human hypertensive patients was also found to
follow a similar pattern of dysbiosis because their gut
microbiota lacked diversity compared to the control
group. Li et al[20] reported that compared to the healthy
controls, in pre-hypertensive and hypertensive popula-
tions, the abundance and diversity of microorganisms was
decreased significantly. There are fewer bacteria associated
with good health status, but an overgrowth of harmful
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bacteria such as Prevotella and Klebsiella, in both pre-
hypertensive and hypertensive populations. The micro-
biota characteristics of the pre-hypertension group were
similar to those of the hypertension group. Pre-hyperten-
sive or hypertensive host metabolic changes are also closely
related to a gut microbiota imbalance. In addition, by
transplanting feces from hypertensive human donors into
sterile mice, we observed that elevated blood pressure can
be transferred through the microbiota, confirming the
direct effect of the gut microbiota on host blood pressure.
Gut microbiota and hyperuricemia

Hyperuricemia is caused by purine metabolic disorders
and/or decreased uric acid excretion. It is the most
important biochemical basis for gout and the manifesta-
tion of MetS. In animal and human studies, it was found
that hyperuricemia was linked to gut dysbacteriosis.

Xu et al[21] reported that at the phylum level, there was a
significant reduction in the frequency of Firmicutes
between a hyperuricemia mouse model and wild-type
mice. Simultaneously, the frequency of Bacteroides was
increased. At the family level, the abundance of Prevo-
tellaceae, Rikenellaceae, Bacteroidaceae, and Bacteroi-
dales in hyperuricemic mice was increased. At the genus
level, some certain bacterial populations were more or less
frequent in the hyperuricemia group, including Lactoba-
cillus, Clostridium, Ruminococcaceae, Clostridium, and
others. Guo et al[22] reported that the gut microbiota of
gout patients is highly different from healthy people in
terms of organismal and functional structures. In the gut
microbiota of gout patients, they found that Bacteroides
caccae and Bacteroides xylanisolvens increased, while
Fecalibacterium prausnitzii and Bifidobacterium pseudo-
catenulatum decreased.
Gut microbiota and NAFLD

NAFLD has recently become the most common chronic
liver disease in the world. NAFLD which has been
considered as a hepatic manifestation of MetS, is a range
of hepatic related disorders independently associated with
a cluster of metabolic abnormalities including abdominal
obesity, insulin resistance, T2DM, and dyslipidemia. Gut
microbiota imbalance plays an important role in the
pathogenesis of NAFLD.

Yuan et al[23] reported that in the Chinese cohort, high
alcohol-producing Klebsiella pneumoniae (HiAlc Kpn) was
associated with three-fifths of NAFLD patients. The
clinically isolated HiAlc Kpn was transferred into NAFLD
mice by gavage. Similarly, fecal microbiota was trans-
planted into mice using a HiAlc-Kpn-strain-containing
microbiota isolated from non-alcoholic steatohepatitis
patients, and NAFLD was induced. The molecular mecha-
nism of NAFLD in HiAlc-Kpn-fed mice may be similar to
that mediated by ethanol. The NAFLD that occurred in
HiAlc-Kpn-fed mice might; therefore, be induced with a
similar molecular mechanism as that mediated by ethanol.
Disruption of the gut barrier can lead to translocation of
bacteria and their metabolites and abnormal activation of
the immune system, leading to liver inflammation and
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injury.[24] Therefore, as an important part of connecting the
gut tract to the liver, the enterohepatic axis plays akey role in
the pathogenesis of NAFLD.

Gut microbiota and OSAHS

OSAHS is a sleep disorder characterized by sudden apnea
during sleep, along with a disrupted sleep rhythm. Gut
microbiota disorders are involved in the development of
OSAHS.

Moreno-Indias et al[25] studied ten mice which were subject
to continuous chronic intermittent hypoxia for 6weeks, and
ten mice that were allowed to have normal oxygen. They
took samples from mouse feces, and also analyzed and
determined the composition of the microbiome by 16S
rRNApyrosequencing andbioinformatic analysis, the latter
using “Quantitative Insights into Microbial Ecology.”
Compared with the control group, the abundance of
Firmicutes was higher in mice exposed to intermittent
hypoxia, and the abundance of Bacteroidetes and Proteo-
bacteria was smaller. Along with intermittent hypoxia, the
composition and diversity of fecal microbiota in mice were
altered,whichmimicked the situation inOSAHS.Ko et al[26]

obtained fecal samples from 93 patients with OSAHS and
20 controls, and determined the composition of their
microbiome. Functional analysis showed changes in the
patient’s microbiome; in addition, the number of short-
chain fatty acids (SCFAs)-producing bacteria decreased, the
number of pathogens increased, and interleukin (IL)-6 levels
increased. By stratification analysis, they confirmed that
Ruminococcus was the highest risk factor for the develop-
ment ofOSAHS. These changes in the levels of SCFAs affect
the levels of pathogens that play a pathophysiological role
in OSAHS and related metabolic comorbidities.

At present, human and animal experiments have shown
that the disease indicators of MetS are the result of many
intertwined factors. The status of the intestinal flora (and
its imbalance) is one of the risk factors for MetS. Different
gut microbiome profiles were found in MetS compared to
healthy individuals, characterized by the proliferation of
potentially harmful bacteria and the inhibition of beneficial
ones. However, wemust acknowledge that certain bacterial
behaviors may be specific to the environment and are
determined by a combination of host-related andmicrobial-
related factors. These factors define their combined role as
pathogens or symbiotic organisms.[27] For ethical reasons,
most of the results on the composition of human gut
microbiota are derived from the analysis of human fecal
samples. There is a considerable difference between the
microbiota in the gut lumen and the mucous layer covering
the gut mucosa. Therefore, microbial data based on such
analysis cannot represent the specific situation in various gut
segments, which might be very different.
Mechanism of Action of the Gut Microbiota With Relation
to MetS

Gut barrier and inflammation

A large number of studies have shown that the main
pathophysiological basis of MetS is chronic low-grade
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inflammation dominated by insulin resistance. Bacteria or
their components, such as endotoxins, enter the circula-
tion, causing low levels of inflammation, as a result of an
imbalance in the gut microbiota and disruption of the gut
barrier.[28,29]

When the metabolism is healthy (eg, in individuals who eat
a high-fiber diet), gut microorganisms regulate the integrity
of the intestine through a variety of mechanisms of
action.[30,31] Dendritic cells extract microbial antigens
from the gut lumen and induce the activation of immune
cells such as retinoid-related orphan receptor-gt dependent
T helper 17 and type 3 natural lymphocytes to promote the
secretion of mucus, anti-microbial peptides, and immuno-
globulin A.[32-35] The gut epithelium promotes adenosine
monophosphate secretion by NOD-, leucine-rich repeat-
(LRR-), and domain-containing protein 3 inflammasome-
sensing microbiota metabolites.[36,37] The gut microbiota
can also be characterized in terms of its metabolites
(secondary bile acid and aryl hydrocarbon receptor
agonist) with indirect supervision to maintain gut barrier
function.[38] Host endogenous factors also determine the
integrity of the gut barrier. This includes insulinemia in the
blood, which regulates mucus secretion by fatty acid
synthase.[39]

The gut microbiota is regulated by environmental and host
factors. The imbalance of the gut microbiota caused by
diet, diarrhea, heredity, and other factors may increase
the expression of lipopolysaccharide (LPS), drive Toll-
like receptor signaling, degrade the mucous layer,
cause endotoxemia, produce pro-atherogenic trimethyl-
amine (TMA) or use other pathways that ultimately cause
the metabolic disorder.[40,41] These gut changes cause the
translocation of bacterial metabolites, such as phenylacetic
acid, TMA, imidazole propionate or mediators of
metabolic disorders, and pathogen-associated molecular
patterns, such as LPS, which induce chronic low-grade
inflammation through pro-inflammatory cytokines such as
IL-1b.[42,43] Host blood glycemia induces barrier dysfunc-
tion through glucose transporter 2.[44] Other intraluminal
mechanisms include increased bile acid concentration and
the appearance of exudative diarrhea that disrupts the gut
barrier, reducing the thickness of the mucus, putting
epithelial cells in direct contact with bacteria.[45]Metabolic
inflammation and dysfunction lead to metabolic disease
and are closely related. For example, insulin resistance is
promoted by metabolic inflammation, including increased
IL-6 and tumor necrosis factor. Overall, the gut and gut
microbiota promote metabolic inflammation and disor-
ders, which are an important marker of metabolic diseases
such as obesity, T2DM, NAFLD, and related atheroscle-
rosis.

In summary, the host-microbial community interface
transduces abnormal gut signals from the diet or
commensal microbiota to produce a local immune
response, leading to barrier disruption. Therefore, it
may be reframed as another fight against metabolic
inflammation. This disruption of the gut barrier may lead
to systemic chronic inflammation and end in organ
dysfunction, eventually leading to metabolic diseases in
the host.
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Energy metabolism

SCFAs

SCFAs are the metabolic end products of microbial
fermentation of dietary fibers. SCFAs play an important
role in regulating gut homeostasis, adipose tissue, and liver
metabolism.[46] SCFAs help to maintain an energy balance
by regulating gut hormones such as gut trypsin peptide,
glucagon-like peptide-1 (GLP-1), leptin and peptide
tyrosine-tyrosine (PYY), thereby preventing the develop-
ment of metabolic diseases such as obesity, abnormal
glucose, and lipid metabolism, hypertension and NAFLD
disease.[47]

In the case of a positive energy balance (that is, the energy
intake is greater than the energy consumed), adipose tissue
exceeds its buffering capacity and cannot store all the
excess energy in the form of TGs. As a result, excess fat
overflows into the bloodstream. Due to the increased lipid
supply of non-fat tissues such as the liver, skeletal muscle
and pancreas, ectopic storage of these tissues, and the
development of insulin resistance is the result. Our gut
microbiota ferments and breaks down food, but the
hydrolysis cannot be completed by them due to they lack
appropriate enzymes, which leads to the production of
SCFAs, including acetic acid, butyric acid, and propionic
acid.[48] Butyrate and propionate metabolism is usually
performed in the colon and liver, so it mainly affects local
gut and liver function. In addition, propionate and
butyrate improve glucose and energy homeostasis by
inducing gut gluconeogenesis and sympathetic nerve
activity. A small amount of propionate, butyrate and a
large amount of acetate enter the circulation, which can
also directly affect the metabolism and function of
surrounding adipose tissue, liver, and muscle substrates.
Moreover, acetate in the circulation may be absorbed by
the brain and regulate satiety through the central self-
regulation mechanism.

Propionate and butyrate might increase non-esterified fatty
acid (FFA) uptake, possibly by affecting the lipoprotein
lipase (LPL) inhibitor Angiopoietin-like proteins 4.[49]

Acetate and propionate can also reduce intracellular
lipolysis by reducing HSL phosphorylation via G pro-
tein-coupled receptor (GPR) 43. By increasing LPL-
mediated TG extraction, propionic acid can increase the
lipid buffering capacity of adipose tissue through mecha-
nisms regulated by GPR43, acetic acid, propionic acid, and
butyric acid, which then all increase peroxisome prolifer-
ators-activated receptors (PPAR) g-mediated fat forma-
tion.[50] Altogether, these effects may help increase TG in
adipose tissue and reduce systemic FFA release. Acetate,
propionate, and butyrate can prevent chronic low-grade
inflammation through various means. For example, they
can up-regulate anti-inflammatory Treg cell levels, reduce
metabolic endotoxemia, and reduce pro-inflammatory
adipocytokines and chemokines.[51] SCFAs can improve
the function of the epithelial barrier and gut permeability
by regulating the expression of tight junction proteins and
mucins.[52] Improving gut barrier function is very impor-
tant to prevent toxic compounds produced by pathogenic
bacteria from leaking into the blood circulation.Metabolic
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endotoxemia, especially the increase of circulating LPS, is
related to audio-inflammation, chronic low-grade inflam-
mation and dysfunction, insulin resistance and weight
gain.[53,54]

SCFAs can also improve insulin sensitivity by improving
glucose and oxidative metabolism in skeletal muscle.
Acetic acid and butyrate increase FA oxidation in muscle,
which may be mediated by the activation of adenosine
monophosphate-activated protein kinase (AMPK),
PPARd-dependent mechanisms.[55] In addition, acetic acid
and butyric acid may affect glucose metabolism in skeletal
muscle in an AMPK-dependent manner and may increase
glucose uptake and possibly glycogen storage through a
GPR41/GPR43 mediated mechanism.[56] Acetic acid and
butyrate can improve the glucose and oxidative metabolism
of skeletal muscle, increase lipid metabolism, and improve
insulin sensitivity. SCFAs may also indirectly affect muscle
insulin sensitivity and glucose metabolism, and regulate
muscle microvascular blood volume and flow through gut-
derived GLP-1 secretion.[57] This is related to the enhance-
ment of muscle insulin action and the improvement of
glucose utilization in themuscle.Animal studies have shown
that visceral PYY secretion stimulated by SCFAs may also
improve insulin-mediated glucose uptake in skeletal muscle
and increase systemic fat oxidation.[58,59]
Bile acids

Bile acid is an endocrine molecule, which not only
promotes the absorption of liposoluble nutrients but also
regulates many metabolic processes, including the balance
of glucose, lipid, and energy.[60] Bile acids play a role in
glucose and lipid metabolism by directly or indirectly
activating a nuclear receptor: farnesol X (FXR), and a
membrane receptor: G protein-coupled membrane recep-
tor 5 (TGR5). Moreover, bile acids can directly or
indirectly regulate the composition of gut micro-organisms
by activating innate immune genes in the small intestine.
Therefore, the metabolism of the host can be affected by
changes in bile acid by the micro-organism, which will not
only change signals emanating from the bile acid receptor
but also change the composition of the microbial
community.

The formation of bile acids is a complex process that
includes several reaction steps catalyzed by at least 17
different enzymes.[67] Bile acids are synthesized in the liver
by two different mechanisms. The classical pathway
accounts for at least three-quarters of total bile acid
production under normal conditions, which is caused by
cholesterol 7a hydroxylation catalyzed by cholesterol 7-
alpha hydroxylase (CYP7A1).[61] CYP7A1 is the rate-
limiting enzyme that determines the number of bile acids
produced. Another pathway is initiated by sterol-27-
hydroxylase (CYP27A1). The expression of these enzymes
is regulated by gut microbiota.[62,63]

The active reuptake of bile acid transporter (ASBT) from
the small intestine is prevented by microbial purifica-
tion.[64] Bile acid deconjugation is carried out by bacteria
with bile salt hydrolase (BSH) activity. Metagenomic
analyses demonstrated that functional BSH is present in all
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major bacterial divisions and archaeal species in the human
gut including members of Lactobacilli, Bifidobacteria,
Clostridium, and Bacteroides.[65] In actuality, BSH is more
abundant in the gut microbiota than in other microbial
ecosystems, and is related itself to increased bile toxicity.
The metabolism of bile acids by micro-organisms increases
the diversity of bile acids. Generally speaking, it forms a
more hydrophobic bile acid pool, which promotes the
elimination of bile acids in feces, comprising about 5% in
total.[64] In bothmice and humans, gut microbial ecology is
significantly affected by diet.[66] It not only directly
metabolizes bile acids but also affects signal transduction
through FXR. This same microbial group can clear away
the naturally produced FXR antagonist TBMCA, thus
promoting the FXR signal transduction in mice, and can
also produce secondary bile acids as TGR5 ligands.[66]

TGR5 may play a role in energy balance by promoting the
activity of thyroid hormones in cells, thus increasing theheat
production of brown adipose tissue. TGR5 signal can
control glucose homeostasis bypromoting energy consump-
tion of brown adipose tissue and muscle and increasing
GLP-1 release from gut L cells. L cells also express FXR,
which also regulates the synthesis of GLP-1.[63,67]

When natural bile acids are provided as activators of
FXRs, the metabolism of gut microorganismsmay produce
ligands of TGR5, which emphasizes the importance of
studying gut microbiota. The gut microbiota increases the
expression of genes involved in lipid uptake in the liver in
an FXR dependent manner, thus inducing inflammation in
adipose tissue. Dynamic interactions exist between the
microbial community and bile acids. This interaction can
have beneficial or harmful effects on the metabolism of the
host through dietary changes. Metabolic diseases may be
caused by interactions among microbiota, bile acids,
FXRs, TGR5, and metabolites from micro-organisms and
the host metabolism.
Gut Microbiota Targeted Therapies in MetS

Probiotics and prebiotics

Probiotics and prebiotics are microbiota-management
tools used to improve host health.[68] Probiotics are live
microorganisms that confer a health benefit to the host
when administered in adequate amounts. Probiotics exert
positive effects on the host by regulating the immune
function of the host, generating organic acids and anti-
microbial products, interacting with the host and its
microbiota, and improving the gut microbiota.[69]

Tenorio-Jimenez et al[70] reported that they conducted a
study of MetS and probiotics, which included 53 newly
diagnosed adult patients with MetS. Patients were
randomly divided into two groups according to BMI
and gender. The experimental group took a capsule
containing probiotic Lactobacillus reuteri V3401 every
day, while the control group took a placebo for 12 weeks.
During the experiment, they measured anthropometric
variables, biochemical, and inflammatory biomarkers, and
the composition of the gastrointestinal microbiome. There
was no difference in the clinical manifestations of MetS
between the two groups. However, they found that IL-6
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and soluble vascular cell adhesion molecule-1 in the
experimental group were significantly lower than those in
the control group.

Prebiotics cannot be digested and absorbed by the host.[71]

They play a positive role through selective metabolism in
the gut. For prebiotics, some have been proved to be
beneficial to the host, such as glucans and fructans, by
promoting the growth of beneficial bacteria and trans-
planting harmful bacteria.[69]

Zhao et al[72] reported that patients with T2DM were
randomly divided into two groups. The control group
received routine treatment, and the experimental group
was treated with a high fiber diet composed of whole
grains, Chinese herbs, and prebiotics. Acarbose was used
as a basic drug in both groups. Glycated hemoglobin
(HbA1c) levels in both groups were significantly lower
than baseline and time-dependent; however, from the 28th
day, there was a more significant decrease in the
experimental group. At the end of the experiment, the
blood glucose control rate of the experimental group
(HbA1c <7%) was also higher than that of the control
group. Compared with the control group, the weight loss
of the experimental group was greater and the blood lipid
level was better. They obtained the gut microbiota of the
same subjects before and after the intervention and then
transplanted the microbiota into C57BL/6J mice without
bacteria. The metabolic health indexes of the two groups
were better than those of the mice before the intervention.
It is found that the overgrowth of SCFAs producing
bacteria is directly related to the improvement of blood
glucose control, in part through the upregulation of GLP-
1. Although some studies have shown that probiotics and
prebiotics have a positive impact on the host, they were
limited based on the influence of the living environment,
age, gender, and other factors, the results of the experiment
are controversial, and no specific recommendation value
can be determined. Therefore, more clinical studies are
needed to better understand the role of probiotics and
prebiotics in the treatment of MetS.
FMT

FMT, known as “gut microecological transplantation,” is
a method of transplanting functional microbiota using the
feces of healthy people into the gastrointestinal tract of
patients, for the treatment of gut and parenteral diseases
through the reconstruction of gut microbiota.

Vrieze et al[73] reported that 18 male patients with MetS
were randomly assigned to two groups. The experimental
group received a gut microbiota transplantation from thin
male donors with BMI <23 kg/m2, and the control group
received a gut microbiota transplantation where the
microbiota sample came from themselves. Subjects were
measured for insulin sensitivity by hyperinsulinemia clamp
before and 6 weeks after intervention. The gut microbiota
and SCFAs from feces and within the duodenum were also
measured before and after the intervention. The results
showed that the peripheral insulin sensitivity of the
experimental group was improved, and the diversity of
gut microorganisms was significantly increased. In the
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experimental group, 16 groups of bacteria had significant-
ly increased populations. These included the butyrate-
producing bacteria Roseburia guts, which increased 2.5-
fold. FMT has great potential to treat MetS by
reconstructing the gut microbiota. We hope that in the
near future, there will be more research to further clarify
treatment prospects, in order to create a more comprehen-
sive and optimized diagnosis and treatment strategy using
fecal bacteria transplantation.
Metabolic surgery

Medical treatments exist to improve the systemic symp-
toms of obese patients such as high blood pressure,
hyperlipidemia, and hyperglycemia. Metabolic surgery
changes the normal anatomical structure of the gastroin-
testinal tract, thus changing nutrient intake, gastric
emptying, and gastric acid secretion, and also affects the
gut microbiota and cholic acid structure.[74] Traditionally,
methods of metabolic surgery include the use of a bile acid
shunt, gastric volume reduction, gut diversion, vagus nerve
regulation, and gut hormone regulation. Metabolic
surgery can reduce the abundance of butyric acid-
producing bacteria and increase the abundance of
Proteobacteria. Therefore, alterations in the gut micro-
biota and functional products (such as endotoxins, bile
acids, and branched-chain amino acids) may also be
outcomes of metabolic surgery.[75,76]

De Jonge et al[77] reported that 17 obese patients with
T2DM received non-surgical duodenojejunostomy bypass.
After 6 months of intervention, the weight and glycosy-
lated hemoglobin of the subjects were improved. The
number of typical small gut bacteria in the feces was also
altered. In particular, the frequency of Proteobacteria,
Veillonella, and Lactobacillus species in the feces was
increased. However, some studies have shown that as time
goes on after the initial intervention, microbiota will return
to their baseline level. Weight loss from metabolic surgery
may be due to food restriction intake or dietary
restrictions, or it may be due to a decreased gastric volume
or changes in the gut peptide concentration. The recovery
of diversity in the gut microbiota after metabolic surgery
may be one of the mechanisms of weight loss after
metabolic surgery. The role of gut microbiota in prognosis
after metabolic surgery is a subject still in need of studies
with a large sample size to confirm these hypotheses.
Drugs

Drugs can affect the composition and function of the gut
microbiota. The gut microbiota can directly participate in
drug metabolism, affect drug efficacy and toxicity. It can
also interact with the immune/metabolic system, indirectly
affecting drug response and bioavailability as well.

Sun et al[78] reported that after metformin treatment, the
gut microbiota of newly diagnosed T2DM patients
changed, where the Bacteroides fragilis population was
decreased significantly, and levels of glycoursodeoxycholic
acid (GUDCA) and tauroursodeoxycholic acid (TUDCA)
were increased. GUDCA and TUDCA are FXR antago-
nists. Metformin is known to be able to inhibit the growth
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of B. fragilis and to decrease the activity of BSH enzymes in
the bacteria. It has also been reported to increase the level
of GUDCA, inhibit the FXR signaling in the gastrointesti-
nal tract and improve metabolism by using an alternative
route to the AMPK signaling pathway. Obese mice fed a
high-fat diet were given oral GUDCA, which inhibited
FXR signaling in the intestine, increasing GLP-1 in the
blood and improving blood glucose homeostasis.

Zhao et al[79] reported that liraglutide could prevent
weight gain by regulating the gut microbiota composition
of obese and diabetically obese individuals. Experiments in
obese and diabetic obese rats showed that liraglutide
significantly improved glucose and lipid metabolism, and
its effect of reducing bodyweight was not affected by blood
glucose status. Liraglutide significantly reduced the
abundance and diversity of gut microbiota, reducing the
microbial phenotype associated with obesity, and in-
creased the phenotype associated with lean mice.

Caparrós-Martín et al[80] reported that through the mouse
model, they found that the composition of gut microbiota
changed significantly after treatment with statins. The
diversity and metabolic characteristics of gut microbiota
changed significantly and were related to a decrease in
butyrate production. The enrichment ofBacteroidetes over
Firmicutes in the gut microbiota after treatment with
statins may explain the transition from butyrate to acetate,
lactate, and succinate. The size and composition of bile
acid pools in the gut are changed by the use of statins.
Conclusions

Current clinical and experimental evidence shows that the
gut microbiota is one of the most important pathogenic
factors in MetS. MetS itself is a phenotype caused by the
interaction of host intrinsic factors such as genetics and the
gut microbiome, and extrinsic factors such as diet and
lifestyle.MetS is often accompanied by an imbalance of the
gut microbiota, inducing a low-grade inflammatory
response in the body by destroying the gut barrier,
producing insulin resistance through metabolites affecting
host metabolism and hormone release, forming a vicious
circle that promotes the continuous progress of MetS.
Therefore, gut microbiota may be a potential target for the
treatment of MetS. However, further research is needed to
deepen our understanding of the manipulation of gut
microbiota and its role in the prevention and treatment of
MetS. This will open new therapeutic strategies.
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