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Abstract: Presently, obesity has emerged as a significant global public health concern due to its escalating prevalence and incidence
rates. The gut microbiota, being a crucial environmental factor, has emerged as a key player in the etiology of obesity. Nevertheless,
the intricate and specific interactions between obesity and gut microbiota, along with the underlying mechanisms, remain incompletely
understood. This review comprehensively summarizes the gut microbiota characteristics in obesity, the mechanisms by which it
induces obesity, and explores targeted therapies centered on gut microbiota restoration.
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Introduction

The incidence of obesity, a chronic disease characterized by the abnormal or excessive accumulation of adipose tissue, is
steadily rising and has indeed reached epidemic levels and has tripled since 1975 and is projected to continue increasing.'
Excessive body fat resulting from obesity is linked to cardio-metabolic complications such as hypertension, dyslipidemia,
nonalcoholic fatty liver disease (NAFLD) and diabetes mellitus.> > The clustering of cardiovascular disease risk factors and
abnormal metabolism-related factors defines the metabolic syndrome, including obesity, insulin resistance/glucose intoler-
ance, hyperlipidemia, and hypertension.® Currently, several effective anti-obesity treatments exist, including medications,
lifestyle interventions (eg, diet and exercise), and bariatric surgery. However, these interventions can occasionally result in
adverse events that lead to treatment discontinuation.”* Consequently, investigating the novel pathophysiological mechanisms
related to obesity could facilitate the development of future prevention or treatment strategies.

The microbial communities are defined as multi-species assemblages, in which micro-organisms interact with each
other in a contiguous environment. The gut serves as the primary reservoir for the colonization of various and abundant
microbial communities, including bacteria, archaea, fungi, protists and algae, collectively referred to as the gut
microbiota.” The gut microbiota and their theatre of activity (microbial structural elements, gut environmental conditions
and microbial metabolites) together form the term “gut microbiome”.'® The gut microbiota is regarded as a distinct organ
that plays crucial physiological roles in regulating metabolic homeostasis. More specifically, the gut microbiota facilitates
digestion, produces metabolites, maintains the integrity of gut barrier and shape the immune system.'' "

The gut microbiota and intestinal microecological environment are characterized by fragility and sensitivity, which are
easily affected by genetic factors and environmental factors (eg, exposure, lifestyle, diet, exercise).'* Excessive adverse
factors, such as smoking and excessive stress, frequently disrupt the homeostasis of the intestinal microecological environ-
ment, causing alterations in its composition and abundance that surpass the regulatory capacity of intestinal microecological
homeostasis. This disruption further impairs the original physiological function of the gut microbiota, a condition referred to
as gut microbiota dysbiosis. Notably, dysbiosis of gut microbiota could disrupt energy homeostasis through various mechan-
isms, resulting in obesity."

Diabetes, Metabolic Syndrome and Obesity 2023:16 3691-3705 3691
Received: 25 July 2023 © 2023 Thuang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 9 November 2023
Published: 20 November 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-3036-3537
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhuang et al Dove

In the realm of anti-obesity treatments, efforts have been directed towards rectifying gut microbiota dysbiosis and
fostering a healthy intestinal microecological environment. For instance, research endeavors have delved into the
potential of physical activity and exercise as non-pharmacological therapies. These studies have not only explored
their capacity to diminish obesity-related inflammatory signaling pathways but have also examined their role in
enhancing the variability of gut microbiota, reinstating the equilibrium of gut microbiota, and ameliorating gut micro-
biota dysbiosis associated with obesity.'®!” The prospect of leveraging physical activity to regulate gut microbiota,
thereby enhancing overall health outcomes and mitigating obesity and its related comorbidities, holds immense appeal.
Nevertheless, these mechanisms necessitate in-depth investigation to fully comprehend their intricacies and therapeutic
potential.

This review endeavors to systematically synthesize existing published evidence concerning the complex relationship
between the gut microbiota and obesity. To achieve this, a meticulous search strategy was formulated, incorporating
a combination of keywords and MeSH subject headings such as “obesity”, “adiposity”, “gut microbiota” and “dysbiosis”.
Databases, including Medline, PubMed, and Web of Science, were systematically explored from the inception of the
library to the publication cut-off in June 2023. Special attention was given to scrutinizing full-text articles published
within the last five years. And this article presents an overview of the association between obesity and gut microbiota,
elucidates the potential mechanisms through which gut microbiota influence obesity (Figure 1), and discusses pertinent
therapeutic approaches for obesity treatment targeting gut microbiota.
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Figure | The mechanism of gut microbiota in the pathology of obesity.
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Association of the Gut Dysbiosis with Obesity

The role of gut microbiota in obesity is initially illuminated through experimental studies in germ-free mice. These studies
demonstrated that germ-free mice are leaner and exhibit greater resistance to high calorie intake compared to conventional
mice, even when exposed to the same high-fat diet.'® When gut microbiota from obese mice (eg, Enterobacter cloacae), which
has been strongly linked to obesity, are transplanted into germ-free mice, the latter display exacerbated metabolic character-
istics, including reduced insulin sensitivity, impaired glucose tolerance, and obesity.'**° Conversely, obese mice exhibiting the
symptoms of metabolic syndrome experience a significant reversal of metabolic disadvantage upon receiving fecal microbiota
from lean mice.>' The aforementioned evidences support the concept that gut microbiota may serve as a pivotal factor
influencing the development and progression of obesity. Nevertheless, while the robust correlation between gut microbiota and

obesity might imply a causal link, alternate explanation is also plausible this association could be coincidental, necessitat-

ing a comprehensive exploration. Solely relying on animal models without pertinent human clinical trials hampers the
comprehensive understanding of the gut microbiota’s role in human obesity.

Recent studies have further established a close relationship between gut dysbiosis and obesity. Specifically, obese
individuals show significant differences in the composition, abundance, and biodiversity of gut microbiota compared to
their healthy counterparts.®* Literature reports a potential association between obesity and imbalanced proportions of two
dominant bacterial phyla: Firmicutes and Bacteroidetes. More specifically, the gut microbiota of obese mice shows
a significant increase in the proportion of Firmicutes and a proportional decrease in Bacteroidetes.?® Similar results are
confirmed in humans as well. For instance, two human cohort studies demonstrate a significant elevation in the Firmicutes/
Bacteroidetes ratio among obese individuals compared to those who were lean or of normal weight.***> However, several
recent studies have shown contradictory findings, where some authors observed opposite variations in the Firmicutes/
Bacteroidetes ratio, with no significant differences between obese and lean individuals.’®*” The lack of consensus on the
relationship trend between obesity and the Firmicutes/Bacteroidetes ratio may be attributed to factors such as ethnicity,
lifestyle variations, and dietary habits. Additionally, discrepancies in microbial DNA isolation, sequencing, and bioinformatic
processing may also contribute to this variability. While endeavors to delineate a universally “healthy” gut microbiota face
challenges arising from interindividual variations, the malleability of gut microbiota, and constraints in measurement
methodologies, notable alterations in the gut microbiota of obese individuals, particularly at the genus level, have been
documented in contrast to those with normal weight. Table 1 provides a comprehensive summary of the statistically significant
changes discerned in the gut microbiota of obese patients.”*>? At the genus level, the abundance of Alistipes, Anaerococcus,
Coprococcus, Fusobacterium, Parvimonas, Eubacterium sp., Roseburia sp., Faecalibacterium, Lachnospira, Veillonellaceae,
Paraprevotellaceae and Clostridium are enriched in obese subjects compared to lean subjects. In contrast, the abundance of
Bacteroides, Desulfovibrio, Lachnoanaerobaculum, Olsenella, Methanobrevibacter smithii, Akkermansia, Eggerthella,
Dehalobacterium, Victivallis, and Oscillospira are retracted in such subjects.

The Mechanism Underlying the Role of Gut Microbiota in Obesity
Energy Absorption and Lipid Synthesis

The human gut microbiota utilizes macronutrients from the diet to synthesize bioactive metabolites, including short-chain
fatty acids, amino acids and their derivatives, and bile acids. Dysbiosis of gut microbiota in individuals with obesity
results in alterations in the metabolite profile, potentially leading to increased energy absorption and lipid synthesis.

In contrast to conventional normal-weight counterparts, the gut microbiota of obese mice demonstrated heightened
utilization of non-digestible carbohydrates (NDC) to produce additional monosaccharides and short-chain fatty acids
(SCFAs) for energy acquisition and fat accumulation. These processes were mainly influenced by elevated levels of a-
amylases and amylomaltases in gut microbiota associated with obesity.>® SCFAs play a pivotal role as substrates for
energy generation and lipogenesis. They furnish 60 to 70% of the necessary caloric input for colonic epithelial cells and
contribute to 5 to 15% of the overall caloric requirements for the human body.>*>*

Although SCFAs are involved in the body’s energy metabolism, they show dual roles in regulating energy absorption and
expenditure, and their specific functions are still controversial. SCFAs inhibit the release of fasting-induced adipocyte factors
from intestinal epithelial cells, promoting the accumulation of Lipoprotein lipase-directed triglycerides into adipocytes and
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Table | Association Between Gut Microbiota and Obesity

Study Study Subjects Comparison Change of Gut Microbiota
Increased Decreased
Andoh 2016.%* apanese adult population | Obese vs Lean Phylum: Genera:
p Pop! y!
Firmicutes, Fusobacteria Bacteroides,
Genera: Desulfovibrio, Lachnoanaerobaculum,
Alistipes, Anaerococcus, Olsenella
Coprococcus,
Fusobacterium,
Parvimonas
Kolida 2017.2° Ukrainian adult cohort Obese vs NW and Phylum: Phylum:
uw Firmicutes Bacteroidetes
Yun 2017.%8 Korean adult cohort Obese and OW vs Genera: Genera:
NwW Veillonellaceae, Akkermansia,
Paraprevotellaceae Eggerthella,

Adlercreutzia

Gao 2018.%¢ Chinese adult population | Obese vs UW Phylum:
Bacteroidetes,
Fusobacteria,

Proteobacteria

Genera:
Fusobacterium
Peters 2018.2° American adult Obese and OW vs Genera: Genera:
population Nw Blautia Dehalobacterium
Streptococcus Oscillospira
Chavez-Carbajal Mexican adult population | Obese vs NW Phylum: Genera:
2019.3° Firmicutes, Bacteroides

Verrucomicrobia,
Spirochaetes,
Fusobacteria
Genera:
Faecalibacterium,
Roseburia,
Lachnospira,

Coprococcus
Oduaran 2020.%"' South African adult Obese vs Lean Phylum: Genera:
population Bacteroidetes Fusicatenibacter
Genera: Parabacteroides
Acetanaerobacterium Victivallis

Clostridiumintestinimonas
Oscillibacter
Phascolarctobacterium

Ruminococcus

Loftfield 2020.%> Northern Finland birth Obese vs NW Phylum:
cohort Bacteroidetes
Genera:
Blautia

Dorea
Roseburia

(Continued)
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Table | (Continued).

Study Study Subjects Comparison Change of Gut Microbiota
Increased Decreased
Murga-Garrido Mexican children cohort Obese vs NW Genera: Genera:
20227 Eubacterium sp., Bacteroides rodentium,
Roseburia sp. B. intestinalis,
B. eggerthii,
Methanobrevibacter smithii

Notes: Comparisons of condition A vs condition B: “Increased” signifies an increase in condition A relative to condition B. “Decreased” signifies a decrease in condition
A relative to condition B. There were statistically significant differences between different groups. OW, overweight; NW, normal weight; UW, underweight.

promote the development of obesity.’® However, SCFAs also have the potential to enhance thermogenesis and fatty acid
oxidation by phosphorylating AMP-activated kinase and promoting the expression of mitochondrial uncoupled protein 1 and
PPAR-y coactivator la, thereby providing protection against obesity development.’” Blaak et al summarized a series of
experimental animal studies, which demonstrated that dietary supplements containing single or combined SCFAs effectively
attenuated weight gain from a high-fat diet.>® It is imperative to acknowledge that these findings are derived from experimental
studies characterized by limited sample sizes, specific model animal groups, and a restricted number of human studies
conducted thus far. In human studies, Schwiertz et al found that obese subjects have a different microbial and metabolite
profile, resulting in higher SCFAs concentrations compared to their lean counterparts.’® Consistent with the above results,
arelated clinical study found higher SCFAs excretion to gut dysbiosis, gut permeability, excess adiposity, and cardiometabolic
risk factors.*® Controlled and efficacious long-term clinical intervention studies investigating SCFAs in humans are crucially
lacking. These studies should encompass precise measurements of SCFAs dosage and metabolic kinetics, considering
metabolic variations arising from diverse human metabolic conditions. Additionally, research should focus on pinpointing
advantageous dietary fiber types, fermentation locations, and the specific gut microbiota species involved.

The gut microbiota exerts influence on the metabolic profile of amino acids and their derivatives in the host, thereby
contributing to the pathogenesis of excessive lipid synthesis. Liu et al discovered previously unidentified associations
between alterations in intestinal microbiota, circulating amino acids, and obesity. Specifically, they found that the
abundance of Bacteroides thetaiotaomicron, a glutamate-fermenting bacteria, was significantly reduced in obese indivi-
duals and exhibited an inverse correlation with serum glutamate concentration. Elevated serum glutamate concentration
contributes to substantial weight gain, heightened lipid synthesis, and alterations in body composition.*! Furthermore, in
both obese mice and obese patients, the reduction in indole derivatives generated through tryptophan transformation by
the gut microbiota results in an upregulation of miR-181 family expression downstream. This upregulation is associated
with adipose tissue inflammation and excessive lipid synthesis, contributing to the development of obesity.*> While
certain gut microbiota can produce metabolites, including amino acids and their derivatives, the specific contributors
within the human gut remain largely unidentified. This entails confirming their precise functions in the host pathway and
unraveling the mechanisms at work in different cells of the intestine and other tissues.

Additionally, the depletion of Bacteroides and Lactobacillus in obese patients results in a decline in bile acid levels,
which serve as essential regulators of lipid synthesis and fat storage.*> Within the liver, the activation of Farnesoid
X Receptor (FXR) by bile acids suppresses the expression of liver receptor homologue 1 through a mechanism mediated
by a small molecule heterodimer partner. This, in turn, inhibits the transactivation of sterol regulatory binding protein 1c
(SREBPIc), which is closely linked to genes associated with adipogenesis, ultimately repressing de novo lipogenesis in
human hepatic cells and mitigating the development of obesity.** In addition to the above pathways, FXR stimulates the
fibroblast growth factor receptor 4 (FGFR4) on hepatocytes through the induction of fibroblast growth factor 19 (FGF19)
release from the intestine. Furthermore, FXR directly inhibits SREBP1c by suppressing peroxisome proliferator-activated
receptor-gamma coactivator 1b and its downstream targets.*> Therefore, these studies indicate that the reduced bile acid
levels resulting from alterations in the gut microbiota promote hepatic de novo lipogenesis and facilitate fat storage.
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The results above emphasize the significant relationship between the gut microbiota, microbial metabolite profile, and
adipose tissue in energy storage. Elucidating these mechanisms in-depth will offer fresh perspectives and identify novel
targets for obesity treatment.

Chronic Inflammation and Impaired Insulin Function

Chronic, systemic low-grade inflammation is commonly regarded as a key characteristic of metabolic diseases, primarily caused
by an elevated concentration of lipopolysaccharide (LPS) in the bloodstream.*® Obese individuals exhibiting gut microbiota
dysbiosis commonly display an overgrowth of LPS-producing gram-negative bacteria (eg, Veillonella) and a decrease in bacteria
essential for preserving the integrity of the intestinal mucosal barrier (eg, Akkermansia muciniphila).*’*** These alterations in the
microbiota composition result in elevated intestinal LPS levels, heightened intestinal mucosal barrier permeability, and enhanced
transfer of toxic by-products from the intestine to the bloodstream. In this scenario, an excessive intake of fat from a high-fat diet
leads to increased chylomicron production in the gut after a meal. This process further enhances the release of LPS into the
circulation through the lymphatic system.*® Therefore, Disturbances in gut microbiota and alterations in intestinal permeability
are potential triggers of inflammation in obesity. Unfavorable dietary environmental factors could synergistically contribute to
inflammation in obesity.

LPS plays a crucial role in triggering the inflammatory signaling cascade. Elevated LPS levels can directly activate the
TLR4/MyD88/IRAK4 signaling pathway in intestinal mucosal epithelial cells, thereby increasing intestinal tight junction
permeability.”® LPS from the gut entering the peripheral circulation can further initiate related immune responses in liver
and adipose tissue. LPS initially binds to the lipopolysaccharide binding protein (LBP) and subsequently forms a triplet
complex with CD14. Subsequently, the triplet complex is transported to the Toll-Like receptor-4 (TLR-4)-myeloid
differentiation protein-2 (MD-2) protein complex, where it binds to TLR-4 with the assistance of MD-2. This binding
activates TLR-4, inducing dimerization and facilitating the transmission of extracellular molecular signals into the cell, thus
activating intracellular signaling pathways. Intracellular signaling activates nuclear factor kB-induced kinase and trans-
forming growth factor B-activated kinase, further leading to the activation of the corresponding nuclear factor kappa 3 and
mitogen-activated protein kinase pathways. These two pathways eventually lead to the release of inflammatory mediators,
including chemokines and cytokines (eg, IL-1, IL-6, and TNF-a), resulting in sepsis and inflammation.>'>* This process
promotes chronic low-level inflammation, recruiting and activating numerous mature immune cells (including mast cells,
macrophages, and dendritic cells) in metabolic tissues, particularly adipose tissue. Consequently, it alters the tissue
environment and intensifies the inflammatory process.”® Fuchs et al reported that in healthy individuals, adipose tissue
macrophages (ATMs) constitute only 10% to 15% of the stromovascular cells. However, in obese individuals, the presence
of inflammatory mediators leads to an increase in the number of ATMs. Additionally, there is a shift from the predominance
of anti-inflammatory M2-like macrophages towards pro-inflammatory M1-like macrophages.’® Investigating the subse-
quent inflammatory cascade and its connection with key inflammatory markers in relation to adverse outcomes of obesity
and obesity-related diseases, as well as their potential utility in prognostic prediction models, requires further exploration.

In healthy individuals, an elevation in postprandial plasma glucose concentration effectively stimulates the secretion of
insulin, initiating the utilization of extracellular glucose by peripheral organs. This, in turn, leads to glycolysis and oxidative
respiration. Insulin resistance (IR), characterized by reduced or partial loss of insulin sensitivity in peripheral organs, results in
impaired insulin action. This condition leads to fasting hyperglycemia and the pathological accumulation of fat in the liver and
adipose tissue.”®>’ The observation of elevated expression levels of inflammatory mediators in adipose tissue during obesity,
along with the associated changes in insulin sensitivity and glucose intolerance, played a crucial role in establishing the link
between chronic inflammation and metabolic dysfunction.’ 8 Cytokines such as TNF-a or IL-1f present in adipose tissue of
rodents and humans influence insulin sensitivity by modulating the gene expression of insulin receptor-1 (IRS-1), glucose
transporter 4 (GLUT4), and PPAR-a. This modulation leads to the desensitization of the insulin signaling pathway.>
Additionally, TNF-a can activate critical components of the inflammatory signaling system, including intracellular signaling
molecules such as c-Jun N-terminal kinases and inhibitor of kappa B kinase. This activation subsequently leads to a decrease in
tyrosine phosphorylation of downstream insulin receptor substrate proteins, resulting in the attenuation of insulin signaling.*’
Alterations in gut microbiota significantly impact the metabolism of toxic by-products within the intestines, leading to the
promotion of low-grade inflammation. Various inflammatory mediators can influence distinct elements of the insulin signaling
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pathway, such as insulin receptors, downstream substrates, and transporters. This influence mediates the development of
insulin resistance, consequently initiating subsequent events related to obesity.

Central Appetite and Feeding Behavior

Bioactive Substances Pathways

The gut microbiota plays a crucial role in regulating central appetite and feeding behavior through its modulation of
intestinal hormones, gut metabolites, and neurotransmitters.

Neuroendocrine mechanisms are activated during the feeding process in response to various stimuli, including nutrients,
changes in intestinal osmotic pressure, mechanical stimulation, and other factors. Enteroendocrine cells (EECs), widely
distributed in the intestinal epithelium, promptly respond to these stimuli by secreting hormones that play crucial roles in
metabolism. These hormones include peptide YY (PYY), pancreatic polypeptide (PP), and glucagon-like peptide 1 (GLP-1),
each with distinct yet comparable functions. The primary biological effects of PYY involve inhibiting upper gastrointestinal
motility, mucosal fluid and electrolyte secretion, and colonic transit. These combined actions contribute to the promotion of
satiety.’’ And PP can reduce food intake by slowing gastric emptying, increasing satiety, and increasing energy expenditure.
These actions contribute to its role in anti-obesity.* Similarly, GLP-1 lowers glucagon levels, slows gastric emptying,
stimulates insulin synthesis, and reduces food intake.®> Recent evidence has shown that these hormones possess potent
anorexigenic effects, influencing appetite and feeding behavior by entering the bloodstream or the enteric nervous system and
binding to specific receptors located in enteric neurons, vagal afferents, the hypothalamus, and the brain stem.®* Interestingly,
several studies have found that levels of peptide YY and GLP-1 are significantly lower in obese patients compared to normal
individuals, and these hormone levels gradually increase after undergoing bariatric surgery.>**® In a prior study conducted by
Schéle et al, it was concluded that the gut microbiota reduces the expression of the anti-obesity neuropeptide GLP-1 precursor
proglucagon (Gceg) and brain-derived neurotrophic factor (Bdnf). This reduction may contribute to increased food intake,
thereby exacerbating the progression of obesity.®” Thus, the regulation of endogenous satiety gut hormones or the adminis-
tration of exogenous hormone-like constructs to activate their respective receptors, thereby reducing food intake through
satiety signaling mechanisms, appears to be a promising approach.

Previous studies have demonstrated that metabolites derived from the microbiota, such as bile acids, SCFAs, and
indoles, are capable of regulating the release of these hormones.®® ’° SCFAs interact with EECs through their binding to
G-protein-coupled receptors GPR41 and GPR43, leading to the release of PYY and GLP-1. This interaction further
modulates the expression profile of neuropeptides involved in the regulation of postprandial satiety.”' Butyrate, which is
a component of short-chain fatty acids, exhibits the ability to cross the blood-brain barrier and bind directly to receptors
in the hypothalamus. This activation of the vagus nerve subsequently impacts the host’s appetite and feeding behavior.”*
Additionally, lactate, produced by Bifidobacterium and Lactobacillus, can serve as a substrate fuel for neuron cells,
thereby extending postprandial satiety.”®

The gut microbiota contributes to the production of neuroactive metabolites, including y-aminobutyric acid (GABA) and
serotonin, which influence the modulation of appetite and feeding behavior.”* GABA, a major inhibitory neurotransmitter in
the human body, has been shown to play a stimulatory role in regulating hypothalamus-controlled feeding behavior in recent
years.”> Existing literature strongly suggests that GABA-producing pathways are actively stimulated by various microbiota
bacteria, including species like Bacteroides, Parabacteroides, Escherichia, Bifidobacterium, and Lactobacillus.”®"
Treatment of obese mice with GABA-producing Lactobacillus altered the expression of GABA mRNA in the brain and
effectively improved the severe metabolic syndrome associated with obesity.”® Furthermore, recent findings by Kootte
demonstrate that obese individuals treated with fecal microbiota transplantation (FMT) from lean donors experience an
increase in plasma GABA concentrations.”’ Serotonin primarily modulates satiety and stimulates peristalsis by regulating
melanocortin neurons, which play a role in maintaining body weight homeostasis.**®! Conversely, available evidence
indicates that obesity is associated with reduced central serotonergic signaling.** A recent study by Hartstra et al indicated
that the gut microbiota can influence the central brain’s serotonin transporter binding potential in obese individuals through
sympathetic tone.*?
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Hedonic and Reward Pathways

The regulation of hedonic and reward pathways also influences central appetite and food intake. The hedonic and reward
system is an ancient mechanism essential for promoting survival and facilitating efficient energy storage. However, under
certain conditions such as food availability, palatability, and social factors, the reward system can become dysregulated,
leading to frequent binge eating and a significant positive energy balance. This reversal of its original survival effect
highlights its involvement in the development of obesity.***

The involvement of the mesocorticolimbic dopamine pathway centered in the striatum in the hedonic system is now well
established.*® The brain structures involved in this pathway include the ventral tegmental area (VTA), which contains
dopamine-rich neurons, as well as the striatum regions where the nerve axons project, such as the nucleus accumbens
(Nac) and the prefrontal cortex (PFC).*” Afferent signals, including those related to food intake and the subsequent modulation
of gut hormone levels, can be transmitted through the vagus nerve, which is integrated in the nucleus tractus solitarius. These
signals are then projected to the aforementioned regions that are crucial for energy balance regulation, stimulating the release
of dopamine and completing the stimulus-action-reward mechanism cycle, thereby promoting feeding behavior.***’ Recent
studies have demonstrated an association between microbial dysbiosis in obesity and vagus innervation and signaling. For
instance, variations in gut microbiota composition can result in changes in plasma lipopolysaccharide, which are breakdown
products of Gram-negative bacteria. Elevated LPS disrupts signaling in the vagus nerve while simultaneously reducing the
satiety effect of gastrointestinal hormones. This disruption and reduction result in the occurrence of excessive swallowing,
hyperactive central appetite, and abnormal feeding behavior.”*""

From another perspective, alteration in the dopamine receptor and dopamine transporter involved in the hedonic and
reward pathway have been associated with the changes in gut microbiota.”>*® More specifically, certain microbes
belonging to genera such as Bacteroides, Lactobacillus, Clostridium have been demonstrated that modulate target
receptors and transporters of the dopaminergic pathway in a direct or indirect manner.”* By transplanting the fecal
microbiota from obese mice into lean subjects, de Wouters d’Oplinter et al observed that the dietary behavior of recipient
mice was more similar as that of their obese donor. At the same time, they also detected that the recipient mice and the
donor mice had parallel alterations in dopamine pathway, including the changes of dopamine D1 receptors and D2
receptors in the striatum, and the increased expression of dopaminergic transporter.”> What is more noteworthy is that the
diet-induced gut microbiota turbulence and mesolimbic reward system disorder in obese maternal mice seem to be
inherited to the next generation of mice, resulting in the change of gene expression in the mesolimbic reward system of
offspring mice, thus promoting the offspring mice to consume more delicious food, leading to obesity.”®

In summary, the gut microbiota modulates central appetite and feeding behavior via a variety of mechanisms,
including but not limited to affecting the production of bioactive substances and participating in regulation hedonic
and reward pathways. It seems reasonable to speculate that the gut microbiota is closely linked to the pathogenesis of
obesity due to its significant roles in modulate central appetite and eating behavior.

Effects of Gut Microbiota-Derived Extracellular Vesicles on Obesity
Extracellular vesicles (EVs) derived from the gut microbiota can encapsulate a wide range of bioactive cargo, such as
RNAs, DNAs, proteins, and lipids. These cargos have the potential to modulate gut barrier integrity and regulate tissue
immune responses.”’” Growing evidence has confirmed that EVs derived from the gut microbiota may serve as relevant
mediators of microbial-host interactions, influencing intestinal homeostasis and potentially contributing to the pathogen-
esis of metabolic diseases. Chelakkot et al reported a direct relationship between Akkermansia muciniphila EVs and the
improvement of gut barrier integrity and metabolic characteristics in obese mice induced by a high-fat diet. Specifically,
the EVs up-regulated the expression of the intestinal barrier protein occludin, reduced intestinal barrier permeability, and
consequently led to decreased weight gain and improved glucose tolerance.’® Hiippala et al confirmed the protective
effect of commensal bacterial EVs-mediated inflammatory response in a study. They found that EVs derived from
commensal Odoribacter splanchnicus 57 exhibited immunomodulatory characteristics and reduced the production of the
inflammatory cytokine IL-8 in intestinal epithelial cells treated with E. coli LPS.”

On the other hand, additional studies have revealed the detrimental roles of specific gut microbiota EVs in triggering pro-
inflammatory responses and promoting insulin resistance. Previous studies have shown that EVs derived from commensal gut
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microbiota can increase the secretion of pro-inflammatory cytokines, including IL-6, IL-8, and TNF-a. This suggests that EVs
from these strains play a role in regulating intestinal inflammatory responses.'® Importantly, the profile alteration of gut
microbiota EVs is more susceptible than changes in gut microbe composition. Due to the specific structure and low molecular
weight of EVs compared to the gut microbiota, EVs can more easily penetrate the circulation and be transported to insulin-
acting peripheral organs. This impacts metabolism-related pathways and worsens metabolic disorders in the context of gut
microbiota dysbiosis. Choi verified this hypothesis and reported that EVs can impair glucose metabolism by promoting insulin
resistance in adipose tissue, thereby exacerbating the metabolic disorders induced by a high-fat diet.'”" Additionally, Gao
demonstrated that intestinal EVs can move into the host circulation and transfer microbial DNA into pancreatic B-cells of
obese individuals. This process activates the cGAS/STING pathway, initiating an inflammatory response and impairing
insulin secretion from B-cells, thus worsening the condition of obesity.'**

It is noteworthy that gut microbiota is intricately linked to the expression profile of EVs. These EVs, crucial in
intercellular communication, can transport products from harmful bacteria across the intestinal mucosal barrier and into
the systemic circulation, thereby exacerbating the onset and progression of obesity. However, a critical step forward
involves a comprehensive screening of the specific pathogenic molecules within the cargo transported by EVs.

The Emerging Role of Gut Microbiota in Obesity Potential Therapies
FMT

FMT is defined as the introduction of a fecal supernatant suspension, obtained from a screened healthy donor, into the
gastrointestinal tract of a recipient with the goal of restoring gut microbiota and treating associated diseases.'®® In 2013,
Els et al conducted the pioneering application of FMT in a randomized clinical trial to assess its efficacy in treating
clostridioides difficile infection (CDI).'® Subsequently, the scope of FMT’s applications broadened significantly. Its
clinical use transitioned from infectious diseases to encompass non-infectious conditions such as ulcerative colitis,
Crohn’s disease, and obesity.'® Recent landmark studies have shown metabolic improvements in patients with obesity
who received FMT from lean healthy donors, including increased insulin sensitivity and restoration of metabolite
composition.'® Additionally, Mocanu made further enhancements to the FMT technique by combining it with adjuvant
fiber supplementation. Clinical human trials demonstrated that this approach effectively delayed the progressive loss of
donor microbe engraftment and significantly improved insulin sensitivity in severely obese patients over a six-week
period.'®” Remarkably, FMT has the ability to transfer the entire gut microbiota, as well as by-products, from healthy
lean donors to recipients. However, improper donor screening and inadequate analysis of fecal donor material can lead to
infection with opportunistic pathogenic bacteria. This can further worsen dysbiosis in obese recipients, leading to severe
adverse effects such as vomiting and sepsis. These safety concerns raise apprehensions regarding the use of FMT.'%%:1%?
Despite the promising potential of FMT, recent randomized clinical trials have shown that it does not have significant
effects on metabolic profiles and weight loss.''*'"" These conflicting findings necessitate further investigation.

Probiotics

Probiotics are defined as living microorganisms that confer beneficial effects on the host when administered in sufficient
quantities.''* In contrast to FMT, probiotic therapy has been shown to exert anti-obesity effects through the antagonism of
pathogenic microorganism growth, reduction of intestinal barrier permeability, and modulation of the gastrointestinal immune
system. Several probiotics, whether used alone or in symbiotic mixtures, have demonstrated these effects.''> More specifi-
cally, Lactobacillus and Bifidobacterium have been successfully utilized in established animal models of obesity and clinical
trials, resulting in varying degrees of improvement in insulin resistance and reduction of fat accumulation compared to
aplacebo.'"* Abenavoli et al summarized the specific strains that have been validated for their anti-obesity effects in animal or
clinical trials, including Lactobacillus (eg, L. Casei strain Shirota (LAB13), L. Gasseri, L. Rhamnosus and L. Plantarum) and
Bifidobacterium (eg, B. Infantis, B. Longum, and B. Breve B3) species.''> However, a recent meta-analysis of randomized
controlled human studies reported that the relationship between probiotic treatment and weight loss was not significant.''®
Furthermore, it is worthwhile to conduct further investigations on isolating specific and effective bacterial species, as well as
increasing the survival and longevity of beneficial bacteria.
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Bariatric Surgery

Bariatric surgery is widely regarded as an effective treatment for obesity, offering substantial and long-lasting metabolic
improvements to severely obese patients. Common bariatric surgery procedures include adjustable gastric banding (AGB),
sleeve gastrectomy (SG), and Roux-en-Y gastric bypass (RYGB)."'” In a clinical study with a small sample size, the authors
observed a significant improvement in the composition of gut microbiota in patients who underwent bariatric surgery. This
finding suggests that the surgery may alter the intestinal microenvironment, thereby impacting food digestion and absorption.''®
Li et al conducted animal experiments and discovered that RY GB caused a significant alteration in the abundance of twenty-two
microbial species. Moreover, these changes exhibited a significant correlation with weight control as well as improvements in
metabolic and inflammatory parameters.''® Subsequently, Liou AP et al have transferred microbiota from mice that underwent
RYGB to non-operated obese mice and observed that these recipient mice experienced weight loss and a reduction in fat mass.'*°
Collectively, these findings provide substantial support for the hypothesis that a connection exists between alterations in gut

microbiota and weight loss in hosts, leading to improved metabolism after weight loss surgery.

Physical Activity and Exercise

Physical activity is described as any bodily movement that engages skeletal muscles and results in energy expenditure in daily
life."*! Exercise is a subset of physical activity, specifically denoting planned, structured, and repetitive movements aimed at
enhancing the health of specific body parts.'** Physical activity and exercise persist as the predominant and highly advocated
methods for weight loss. Research has demonstrated that physical activity can enhance microbial diversity and rebalance the
Firmicutes/Bacteroidetes ratio.'>> These effects play a pivotal role in halting the advancement of obesity and facilitating weight
reduction. Research conducted by Bressa et al and Mahdieh et al revealed that short doses of physical activity resulted in
a significant increase in the health-promoting bacteria, notably Bifidobacterium spp., Akkermansia muciniphila, P. Roseburia
hominis, and Faecalibacterium prausnitzii."**'* In adherence to the World Health Organization recommendations for physical
activity guidelines, physical activity appears to counteract detrimental changes in the gut microbiota, consequently impeding the
exacerbation of metabolic disorders in obesity, even in the absence of dietary intervention. The effectiveness of anti-obesity
strategies centered around physical exercise is notably impacted by socioeconomic and lifestyle factors. Low compliance among
obese patients further hampers the efficacy of these approaches. Currently, integrating physical activity with other treatments
presents a promising avenue. Such combined interventions have the potential to yield synergistic anti-obesity effects.

Conclusions

Despite the existing heterogeneity in the research data and the absence of a unanimous definition for a “healthy” gut
microbiota, consistent observations demonstrate the presence of gut microbiota dysbiosis in obese patients. Furthermore,
discernible distinctions in gut microbiota characteristics exist between obese and non-obese individuals. Gut microbiota
dysbiosis is likely implicated in the pathogenesis of obesity due to its influence on host energy absorption, lipid synthesis,
chronic inflammation, central appetite regulation, and involvement in exosome-driven pathways. Currently, certain
therapeutic interventions aimed at restoring gut microbiota show potential as treatments for obesity, including probiotics,
bariatric surgery, FMT, physical activity and exercise. Despite the significant potential of these therapies in obesity
treatment, their safety and efficacy require rigorous evaluation, and further exploration is necessary concerning the key
strains and their related pathogenic mechanisms.
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