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Abstract

The gut microbiota plays a crucial role in various physiological functions such as the production of essential compounds like short-chain fatty
acids and vitamins, as well as in controlling inflammation, immune response, and maintaining intestinal barrier integrity. The imbalance in
microbial composition, termed dysbiosis, is closely associated with both the pathogenesis of obesity and the development of obesity-related
metabolic disorders such as metabolic syndrome and type 2 diabetes (T2D). Dysbiosis leads to inflammation, harmful metabolite production,
reduced microbial diversity, and elevated proinflammatory markers, all contributing to obesity progression. Molecular links between
gut bacteria-derived metabolites and adipokine imbalance in obesity suggest that there may be adaptive changes and modifications in
signaling pathways. Although the interaction between gut microbiota and host health involves complex signaling pathways that are not fully
understood, various interventions targeting gut microbiota and dysbiosis have the potential to develop alternative treatments for obesity and

T2D. This mini-review aims to explore these interactions further to advance research in managing these conditions.
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Introduction

Despite the increase in the average person’s lifespan, the
rising obesity prevalence is considered an epidemic that
threatens to reduce current and future generations’ life
expectancy and quality of life [1]. Obesity is directly related
to the risk of many diseases, including type 2 diabetes (T2D),
cardiovascular disease and cancer. Inevitably, this will also
pose a considerable challenge to future healthcare finances
[2]. Obesity, which is a multifaceted disease affected by many
factors such as genetics, environment, lifestyle, and habits, is
also closely related to intestinal microbiota. Current data or
hypotheses on mechanisms linking the gut microbiome to
metabolic disorders involve changes in molecular signaling
molecules released by bacteria and interacting with local
tissue or distant organs such as the brain (gut-brain axis)
[3]. The prevalence of obesity is increasing in all age groups

due to the growing obesogenic environment, the availability
and increased consumption of calorie-dense fast food and
recent technological advances that significantly reduce daily
physical activity [4]. Diet has a significant impact on the
gut microbiome; it is known that high-fat diets, especially
Western-style (rich in sugar and fat) diets or fibre-poor diets
impair barrier function in mice, affecting the concentration
of bacterial metabolites entering the circulation [5]. Besides
direct effects on gut microbial diversity and composition,
dietary components (nutrients, phytochemicals, antibiotics,
etc.) can affect the host-microbiome interface, disrupting the
protective functions of the gut barrier. This leads to dysbiosis
and thus inflammatory processes, causing pathological and
clinical effects on the host [5,6]. In the context of the obesity-
gut microbiota relationship, this mini-review aims to explore
these interactions further to advance research in managing
these conditions.
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Obesity and Related Signaling Pathways

Influenced by hereditary, physiological, and environmental
factors, obesity usually occurs when the body's energy
intake exceeds energy expenditure [7]. Although the basis
of its pathogenesis is not yet fully understood, obesity is
recognized as a heterogeneous disease regulated by multiple
pathways. Various signaling pathways play active roles in
the regulation of appetite, adipose tissue metabolism and
function, glucose hemostasis and energy expenditure, and
thus in the pathogenesis of obesity. The main signaling
pathways involved in the pathogenesis of obesity include
AMPK pathway, JAK/STAT pathway, MAPK pathway, PI3K/
AKT pathway, TGF-f3 signaling pathway, and Wnt/(3-catenin
signaling pathway [8]. The complex pathophysiology of
obesity involves multiple signaling pathways that affect
energy metabolism in different tissues. The function of the
PI3K/AKT pathway, which is crucial for metabolic homeostasis,
in insulin-sensitive tissues is described in the context of
health, obesity and obesity-related complications. In other
words, insulin action occurs downstream along the PI3K/AKT
signaling pathway in different tissues and organs [9]. Although
the insulin-sensitive organs are liver, muscle and adipose
tissue, the role and importance of this signaling pathway
in other organs and systems cannot be ignored, given that
insulin receptors are expressed everywhere including brain,
pancreas, vasculature, and bones [8,9]. In this sense, obesity
is characterized by excessive accumulation of adipose tissue
that impairs major signaling pathways critical for metabolic
homeostasis including the insulin PI3K/AKT pathway [10].

Obesity and Gut Microbiota Relationship

The molecular mechanisms that connect the gut microbiota
with obesity are still elusive. However, it has obvious effects
on the whole metabolism, including energy extraction
from food, intestinal barrier permeability, immune system
functionality, and the production of certain metabolites
that affect energy metabolism and signaling pathways [11].
Previous studies have suggested that gut microbiota also
contributes to metabolic disorders in both rodents and
humans [12]. Subsequent studies have confirmed that the
gut microbiota is a complementary factor influencing host
metabolism and has been suggested to play an important
role not only in obesity but also in metabolic diseases such as
insulin resistance (IR), cardiovascular disease, and T2D [13,14].
Finding that gut microbiota plays a direct role in promoting
adipose inflammation, Caesar and colleagues reported that
germ-free mice reduced macrophage accumulation in adipose
tissue and improved glucose metabolism compared to their
conventionally engineered counterparts [15]. Although the
causal role of gut microbiota has generally been studied
in animal models, cross-sectional studies have identified
microbiota profiles associated with metabolic diseases in
humans [16]. In this sense, recent studies support the role of

dysbiotic alterations in metabolic diseases such as obesity [17]
and T2D [18] and suggest that the gut microbiota may be a
novel therapeutictarget forthe amelioration of T2D and related
diseases [18]. On the other hand, diabetes, and obesity, which
are well-known examples of impaired gut barrier function,
not only exacerbate inflammation, but may also contribute
to the link between gut microbiota and osteoporosis [19] and
thus increased fracture risk [20]. Stephens and colleagues
reported that the gut microbiota plays a role in the regulation
of gut dysbiosis as well as fat storage, thus contributing to the
developmentofobesity, IR, hyperglycemia,and hyperlipidemia
[21]. Gut bacteria can maintain the energy balance of the
human body due to their ability to share normally indigestible
components of the mammalian diet. Furthermore, gut
microbiota shares a symbiotic relationship with the host and
benefits from each other. The gut flora also plays an important
role in the development of the host immune system, assists
in the breakdown and absorption of nutrients, protects
against pathogenic infections, and maintains intestinal barrier
function [22]. Whereas dysbiosis can change the functioning of
the intestinal barrier and the gut-associated lymphoid tissues
by allowing the passage of structural components of bacteria,
suchaslipopolysaccharides (LPS), which activate inflammatory
pathways that may contribute to the development of IR [23].
Remarkably, concentrations of LPS leaking from the intestinal
mucosa are higher in obese individuals [24]. Additionally,
inflammatory signals from adipocytes could compromise the
gut barrier integrity and function, facilitating the translocation
of pathogens and their proinflammatory molecules [25].
Hence, the obesity-related chronic low-grade inflammatory
state could be facilitated by microbiota alterations [26].

Signaling Molecules Mediating the Interaction
between Gut Microbiota and Metabolic Disorders

The gut microbiota contributes to the development of
obesity by influencing the relevant signaling mechanisms
in local and distant organs, particularly the liver, brain, and
adipose tissue [27]. Notably, some metabolites produced
by the bacteria of the microbiota, for example, short-chain
fatty acids (SCFAs) may exert different effects on the host
and can help or hinder host metabolism. SCFAs have been
implicated in gastrointestinal and metabolic health, exert
anti-inflammatory and immunomodulatory properties, and
can influence central functioning [28]. SCFAs are ligands
of G-protein-coupled receptor (GPR) 41 and 43, which are
expressed in intestinal, skeletal muscle, liver, and pancreatic
tissues. Interestingly, these receptors, also called free fatty
acid 3 and 2 (FFA3 and FFA2) receptors, are also expressed
in white adipose tissue and mediate SCFA-stimulated leptin
secretion. This crosstalk suggests a distant contribution or
effects of the gut microbiota to the host physiology [27,29].
SCFAs, particularly acetate, propionate, and butyrate, are
mainly produced by anaerobic fermentation of gut microbes.
SCFAs, which are the source of energy in the homeostasis
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of the intestinal environment, act as signaling molecules by
binding to their GPRs [30]. Moreover, SCFAs have been shown
to affect the host through multiple mechanisms, including
regulation of GPRs, histone acetylation or methylation,
facilitating the secretion of GLP-1, PYY and serotonin, as
well as induction of vagus nerve signaling [31]. Studies in
human and animal models describe disturbances of the gut
microbial ecosystem associated with adiposity and hallmarks
of metabolic disorders (Figure 1). Current evidence supports
the potential role of the human gut microbiota in obesity
[32]. The bacterial composition of the gut microbiota differs
between obese and lean individuals; however, it seems likely
that a Western-style diet high in fat and refined carbohydrates
leads to increased gut bacteria linked to obesity [32,33]. On
the other hand, there are also studies showing that different
dietary fat profiles lead to different gut effects, and different
metabolic outcomes independent of obesity [34]. Likewise,
higher levels of circulating stimuli LPS and free fatty acids
(FFA) caused by leak intestine increase M1 macrophages and
by initiating inflammatory signaling pathways may lead to
serious adipose tissue inflammation [35]. Interestingly, SCFA-
mediated activation of GPR43 was found to suppress insulin
signaling in adipocytes but not in liver and skeletal muscle,
leading to inhibition of fat accumulation [36]. Besides the well-

known SCFAs, lactate and succinate are also intermediates
involved in the fermentation process of carbohydrates in the
gut, and recent evidence suggests that succinate acts as a
signaling agent for inflammation [37].

Another signaling molecule example is bile acids (BAs), which
regulate metabolism and inflammation in a coordinated
manner through nuclear farnesoid X receptor (FXR) and Takeda
G protein-coupled receptor 5 (TGR5) receptors [38]. BAs have
been shown to act as signaling molecules in the host, so a
critical function of the gut microbiome is the processing of
primary bile acids into secondary bile acids that directly affect
farnesoid X receptor (FXR) signaling [39]. Bile acid-activated
FXR plays an important role in the regulation of bile acid,
lipid, and glucose homeostasis as well as in the regulation
of inflammatory responses, barrier function, and prevention
of bacterial translocation in the intestinal tract [40]. Indeed.
BAs are not only digestive surfactants but also important
cell signaling molecules that stimulate various signaling
pathways to regulate several important biological processes.
BAs also affect glucose, lipid, and energy homeostasis; both
the concentration and composition of the pool of bile acids
are altered in non-alcoholic fatty liver disease associated with
obesity and intestinal dysbiosis [41,42].
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Figure 1. Primary factors involved in the relationship between obesity and dysbiosis and key signaling pathways in the pathogenesis of
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The normal microbiota of the gastrointestinal tract induces
anti-inflammatory effects that protect epithelial cells against
pathogens through Toll-like receptors (TLRs) and other
signaling pathways [43]. TLRs, important receptors in the
innate immune mechanism of the intestinal epithelium,
are mostly located in the cell membrane and intracellular
endosomes [44]. Different types of TLRs activate molecular
complex patterns in intracellular signaling pathways through
their specific microbial ligands and induce the synthesis and
release of inflammation-related factors such as TNF-q, IL-1
and IL-6 [44,45]. Caesar and colleagues suggested that gut
microbiota may promote metabolic inflammation, hence
obesity, through TLR signaling in diets rich in saturated
lipids [46]. Remarkably, they reported that chemokine CCL2
contributes to microbiota-induced WAT inflammation in
mice fed saturated fats. Their study results also showed that
in contrast to those fed polyunsaturated lipids, saturated
lipids cause increased TLR activation, WAT inflammation, and
reduced insulin sensitivity.

Consequently, the trigger of adipose tissue inflammation can
be initiated by different intrinsic signals, including adipocyte
death, hypoxia and adipokine dysregulation, as well as
substances derived from the gut microbiota [47]. Thus, given
the interaction between adipose tissue and the gut, it is clear
that molecular alterations and signaling mechanisms resulting
from microbiota and dysbiotic changes play a critical role in
the pathogenesis of metabolic diseases, particularly obesity.
On the other hand, there has recently been a growing interest
in the role of organ interaction' in the course of metabolic
and chronic diseases. In this sense, the interaction of adipose
tissue with other tissues and organs has been emphasized
in metabolic diseases such as metabolic syndrome [48],
obesity-related aging [49], and T2D [50]. The gut microbiota,
through various molecular interactions, may contribute to
the onset of obesity and metabolic diseases by influencing
in the host, insulin resistance, low-grade inflammation, and
fat accumulation [51]. In other words, dysbiotic changes due
to diet, alcohol, drugs, and other environmental factors can
initiate and induce the progression of metabolic disorders.

Obviously,among the possible causes of obesity and obesity-
related metabolic derangements such as IR, adipose organ
dysfunction and altered adipose metabolic processes play a
major role [52]. Visceral fat depot and adipocyte size are also
associatedwithIR.lthasbeensuggestedthatabdominalobesity
may contribute significantly to the secretion of cytokines that
alter insulin signaling through increased inflammation and
ultimately to IR [53]. Obesity-mediated systemic inflammation
and related mediators have been implicated in the onset
and progression of many obesity-related diseases. Similarly,
the bidirectional relationship between gut microbiota and
microbe-derived components may regulate physiological
and molecular signals that sustain lipid metabolism [53,54].
Obesity induced by a high-fat diet in mice promotes dysbiosis,

causing a shift toward bacterial-derived metabolites that
contribute to the onset and progression of gastrointestinal
disorders [55]. Abnormal lipid accumulation and metabolism
directly affect the diversity and abundance of gut microbiota,
leading to an imbalance of the gut microbiota and further
chronic metabolic diseases. For example, colonization
of the intestinal tract by certain microorganisms of the
Firmicutes family such as Faecalibacterium, Lachnospiraceae,
Ruminococcaceae, and Anaerophilum can lead to obesity.
However, some probiotic species are beneficial against
obesity, including Ligilactobacillus salivarius, Lacticaseibacillus
paracasei, Lactobacillus gasseri, Limosilactobacillus reuteri,
Bifidobacterium lactis, and they support body weight reduction
[56].

Obesity-induced adipose tissue dysfunction leads to
dysregulated adipokine production that has both local and
systemic effects on inflammatory cells. Thus, adipocyte-
derived pro-inflammatory adipokines such as leptin and
resistin lead to the activation of signaling pathways (e.g.
JNK, JAK2/STAT3, p38 MAPK) [57]. In particular, leptin is
associated with intracellular signaling pathways as well as
inflammatory molecules, including IL-6, TNF-a, NO, eicosanoid
and cyclooxygenase 2 [58,59]. Additionally, similar signaling
pathways such as AMPK, JAK/STAT, and PI3K pathways are
also involved in inflammation and immunity, therefore, in the
pathogenesis of obesity and related metabolic disorders [60].
Notably AMPK signaling pathway plays an important role in
the regulation of gut microbiota-mediated metabolism. In this
context, Song and colleagues reported that inulin, a kind of
prebiotic, alleviates glucose and lipid metabolism disorders
by partially restoring leptin-related pathways mediated by
gut microbiota [61]. Indeed, increasing evidence suggests
that adipose tissue and various adipokines are related in 3 cell
function and viability, suggesting play role in adipose tissue
dysfunction in the development of T2D [62,63]. The release of
pro-inflammatory cytokines disrupts glucose metabolism and
insulin signaling. T2D patients display elevated levels of TNF-q,
which is strongly associated with altered glucose tolerance,
enhanced IR, and islet dysfunction [53]. A recent study showed
that administration of an insulin receptor antagonist leading
to systemic IR to mice significantly altered the gut microbiome
and severely worsened barrier permeability as a result of loss
of Paneth cell antimicrobial function. The results of the study
by Gueddouri and colleagues [64] also revealed that insulin
signaling is an indispensable gatekeeper of intestinal barrier
integrity, acting as a protection against microbial imbalance
and acute infections caused by enteropathogens. The current
consensus suggests that inflammation, which is activated
early during fat expansion and becomes chronic with the
progression of obesity, drives the immune system towards
a persistently pro-inflammatory phenotype. Moreover,
circulating miRNAs secreted by adipose tissue also mediate
multi-organ involvement in obesity and related complications.
In other words, obesity-induced characteristic adipose
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Table 1. Alterations in the gut microbial-derived factors in the course of obesity-induced metabolic disorders and their potential effects.
. Obesity or obesity- . .

Metabolites/molecules induced T2D Roles in pathogenesis Ref.
Lipopolysaccharides Increase Metabolic endotoxemia, inflammation [24,67]
Endotoxins Decrease Boost of mucosal barrier function [68]
Short-chain fatty acids (SFCAS: Anti-inflammatory, glucose-stimulated insulin secretion,
acetate, propionate, butyrate) Decrease GLP-1 & Peptide YY 1 [28,68,69]
Linoleic acid Decrease Adipose T Pro-inflammatory cytokines| [70]
Polyamines Increase Inflammation [69]
Hydrogen sulphide Increase Pro-inflammatory and toxic effects [71]
BCAAs (branched-chain amino . .

L . . . Increase Insulin resistance [72]
acids: isoleucine, leucine, valine)
BCFAs (branched-chain fatty acids: | Increase . - .
“mono, -di/-poly methyl C chain) Inflammation and dyslipidemia [69,73]
The other microbial virulence factors on pathogenesis: Cyclooxygenase2, Ethanolamine, IL-1, IL-6, TNF-a, Nitric oxide | [46,66]

tissue changes such as inflammation and hypoxia cause
dysregulation of circulating miRNA profiles. For example,
miR-17 activates the PI3K/AKT signaling pathway [65].
Ultimately, inflammation, oxidative stress, and IR, as well as the
interaction between host adipose tissue and gut microbiota,
directly or indirectly contribute to the pathogenesis of obesity
and related metabolic diseases [66]. As seen in Table 1, the
increased production of certain metabolites associated with
gut dysbiosis may be linked to the progression of obesity and
T2D, changes in signaling mechanisms as well as the extent of
organ interactions.

Conclusion and Future Perspective

Today, abnormalities in the gut microbiota are linked
to many diseases such as obesity, T2D, hepatic steatosis,
inflammatory bowel diseases, and various types of cancer. The
gut microbiota also induces obesity as well as obesity-related
metabolic diseases through various mechanisms, including
control of energy homeostasis, LPS-induced inflammation, bile
acids, and regulation of fat accumulation. Therefore, there is a
growing interest in elucidating bacterial signaling pathways
in obesity patients that may influence host physiology and
trigger diseases such as T2D. As supported by this study, there
are receptors in host cells that can activate or inhibit signaling
pathways and can be beneficial or harmful to the health of the
host. As indicated by this study, there are receptors on host
cells that can activate or inhibit signaling pathways and can be
beneficial or harmful to the health of the host.

For further research, microbiota and dysbiotic alterations
are recognized as a new tool that cannot be ignored in the
prevention, diagnosis and treatment of obesity and obesity-

related metabolicdiseases. Giventhe physiologicalimportance
of the gut-adipose tissue axis, a better understanding of
the molecular links between adipokines and gut bacteria-
derived metabolites could lead to the discovery of novel and
complementary clinical biomarkers in the context of obesity.
However, since eating habits are an important factor, intestinal
dysbiosis and metabolic disorders need to be addressed in a
broader perspective with further and high-quality studies.

On the other hand, thanks to advances in different fields of
medicine and omics analysis, the treatment of obesity, like
many other diseases, is slowly moving towards personalized
medicine. Therefore, microbiota modulation, the use of
personalized pre- or probiotics or fecal transplantation could
be alternative treatments for metabolic diseases associated
with obesity. Ultimately, advanced, and well-controlled
experimental clinical studies are needed to fully understand
the mechanisms by which bacterial metabolites modulate
adipokine production and metabolism and to develop tailored
alternative treatment options.
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and activator of transcription (STAT) pathway; MAPK
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AKT pathway: Phosphatidylinositol 3-kinase pathway; TGF-3
signaling pathway: Transforming growth factor beta (TGFB)
signaling pathway; GLP: Glucagon-like peptide; PYY: Gut
hormone peptide YY; IL-1: Interleukin-1; IL-6: Interleukin-6;
TNF-a: Tumor necrosis factor alpha
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