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ABSTRACT

The global rise in obesity-associated type 2 diabetes mellitus (T2DM) has sparked a paradigm shift in
understanding metabolic diseases beyond mere caloric imbalance. Emerging evidence positions the gut
microbiota as a critical modulator of host metabolism, immunity, and endocrine signaling. Alterations in gut
microbial composition termed dysbiosis are intricately linked to chronic low-grade inflammation, insulin
resistance, and lipid metabolism dysfunction, all of which are hallmarks of obesity-associated diabetes.
Concurrently, natural products from plants, fungi, and marine sources have gained attention for their prebiotic,
antimicrobial, and immunomodulatory properties that favorably reshape gut microbial ecology. This review
examines the mechanistic pathways through which natural compounds modulate gut microbiota and attenuate
metabolic dysregulation in obesity-associated T2DM. Specific focus is given to polyphenols, flavonoids,
alkaloids, polysaccharides, and essential oils, highlighting their impact on microbial diversity, short-chain fatty
acid production, intestinal barrier integrity, and inflammatory markers. We also explore clinical and
translational implications, challenges in therapeutic implementation, and future directions for microbiota-
targeted natural interventions in metabolic syndrome.
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INTRODUCTION

Obesity and type 2 diabetes mellitus (T2DM) have emerged as two of the most pressing public health challenges
of the 21st century, with their prevalence continuing to rise at an alarming rate [1, 27]. According to the World
Health Organization (WHO), more than 650 million adults were classified as obese in 2023, while over 500
million individuals are currently living with T2DM [37]. The close association between these conditions is
rooted in shared pathophysiological mechanisms, with insulin resistance acting as the primary bridge linking
them. Excess adiposity, particularly visceral fat accumulation, leads to adipose tissue dysfunction, which
manifests in chronic, low-grade systemic inflammation. This inflammatory state is fueled by increased secretion
of pro-inflammatory cytokines, infiltration of immune cells into adipose tissue, and dysregulated adipokine
production [47]. Concurrently, hepatic steatosis, or fat accumulation in the liver, disrupts glucose and lipid
metabolism, further aggravating insulin resistance. Additionally, disturbances in gut-liver axis signaling
mediated by changes in gut microbiota composition and function have been identified as significant contributors
to metabolic imbalance [57. Collectively, these factors create a vicious cycle where obesity promotes insulin
resistance, and insulin resistance exacerbates obesity-driven metabolic dysfunction. Without targeted
interventions, the synergistic progression of obesity and diabetes will continue to strain healthcare systems
globally, driving an increase in cardiovascular disease, kidney dysfunction, and other debilitating complications.
1.2. Gut Microbiota: The Metabolic Gatekeeper

The human gastrointestinal tract is home to a diverse and dynamic community of trillions of microorganisms,
collectively known as the gut microbiota. These microbial inhabitants play an integral role in maintaining host
metabolic and immune homeostasis through their participation in nutrient breakdown, fermentation of
indigestible fibers, production of bioactive metabolites, and modulation of immune responses [6, 7. A balanced
gut microbiota facilitates the generation of short-chain fatty acids (SCFAs), regulates bile acid metabolism, and
strengthens the intestinal barrier, all of which contribute to optimal metabolic health. However, disturbances in
the composition and function of this microbial ecosystem, termed dysbiosis can have far-reaching consequences
for the host [87. Dysbiosis has been implicated in the pathogenesis of obesity and T2DM by promoting
endotoxemia, characterized by elevated systemic lipopolysaccharides (LPS) originating from gram-negative
bacterial membranes. This condition activates inflammatory signaling pathways, impairs insulin sensitivity, and
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disrupts glucose metabolism [97]. Furthermore, altered microbial metabolism reduces SCFA production, leading
to diminished gut barrier integrity and impaired energy regulation [107]. Changes in bile acid profiles and
receptor signaling further aggravate metabolic disturbances. Increasing evidence underscores the concept that
the gut microbiota acts as a metabolic gatekeeper, influencing energy homeostasis, glucose regulation, and lipid
metabolism [117]. Therefore, modulating its composition and activity has emerged as a promising therapeutic
target in combating obesity-associated diabetes.

1.8. Natural Products as Therapeutic Modulators

Natural products, comprising bioactive molecules derived from plants, animals, and microorganisms, have long
been employed in traditional medicine systems to prevent and manage chronic diseases [12, 137. Their
therapeutic potential extends beyond direct pharmacological effects, as many natural compounds exert profound
influences on the gut microbiota, thereby indirectly modulating host metabolism. Phytochemicals such as
polyphenols, flavonoids, and alkaloids, along with bioactive peptides and polysaccharides, can selectively
promote the growth of beneficial microbes, enhance microbial diversity, and suppress pathogenic species [147].
By doing so, they restore microbial balance, improve SCIFFA production, and strengthen intestinal barrier
function. Additionally, certain natural products modulate bile acid metabolism, regulate inflammatory pathways,
and improve insulin sensitivity, thereby targeting key mechanisms implicated in obesity and diabetes [157.
Recent advances in omics technologies have facilitated deeper understanding of the interactions between natural
products and the gut microbiome, enabling the identification of specific microbial taxa and metabolites involved
in therapeutic responses. Importantly, the widespread historical use of these agents supports their relative safety,
though their efficacy depends on factors such as bioavailability, dosage, and individual microbiome composition.
As global health systems grapple with the rising burden of obesity-associated diabetes, integrating natural
product-based strategies into preventive and therapeutic regimens represents a cost-effective, sustainable, and
culturally acceptable approach, particularly in regions with rich ethnomedicinal heritage.

2.1. Composition and Functional Diversity of Gut Microbiota

The gut microbiota is a highly complex microbial ecosystem dominated by four primary bacterial phyla:
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. These microorganisms establish a symbiotic
relationship with the human host, aiding in nutrient digestion, fermentation of dietary fibers, production of
metabolites, and immune regulation. The Firmicutes/Bacteroidetes (I°/B) ratio is commonly used as a marker
of microbial composition, with an increased ratio frequently observed in obesity and T2DM [(167]. This shift
often reflects enhanced capacity for energy harvest from the diet, which may contribute to weight gain and
metabolic dysfunction. While Firmicutes are known for their role in SCFA production, excessive abundance
relative to Bacteroidetes may lead to altered energy balance and inflammation [17]. Actinobacteria, particularly
Bifidobacterium species, are beneficial microbes associated with improved gut barrier function and anti-
inflammatory effects, whereas Proteobacteria often include opportunistic pathogens that can promote dysbiosis
and low-grade inflammation [187]. Beyond taxonomic composition, the functional diversity of the gut microbiota
is equally critical. The stability and diversity of these microbial communities are essential for maintaining
metabolic health, while reduced diversity is a hallmark of dysbiosis linked to insulin resistance and obesity-
related complications[[197].

2.2. Metabolic Roles of Gut Microbes

Gut microbiota exert profound influence on host metabolism through multiple interconnected mechanisms. One
of their primary functions is the fermentation of dietary fibers into short-chain fatty acids (SCFAs) such as
acetate, propionate, and butyrate. These metabolites serve as signaling molecules that regulate energy
homeostasis, improve insulin sensitivity, and modulate glucose and lipid metabolism [207. Butyrate, in
particular, fuels colonocytes and strengthens gut barrier integrity, while propionate influences hepatic
gluconeogenesis and acetate participates in lipid synthesis regulation [217]. Additionally, gut microbes play a
central role in bile acid transformation, converting primary bile acids synthesized in the liver into secondary
bile acids. These metabolites interact with host receptors, including the farnesoid X receptor (FXR) and Takeda
G-protein-coupled receptor 5 (TGRS5), to regulate lipid metabolism, glucose homeostasis, and inflammatory
responses [227]. The gut microbiota also shape host immunity by maintaining mucosal immune balance,
promoting the development of regulatory T cells, and preventing translocation of pathogens. Disruption of
these processes due to dysbiosis can impair metabolic regulation, promote systemic inflammation, and contribute
to the progression of obesity and T2DM [237]. Thus, the metabolic functions of gut microbes are indispensable
for sustaining metabolic health, and their modulation offers a potential therapeutic pathway.

2.3. Gut Barrier Integrity and Endotoxemia

The intestinal barrier is a multifaceted defense system composed of epithelial cells, tight junction proteins,
mucus layers, and immune components that collectively regulate the passage of nutrients while preventing
harmful substances from entering the bloodstream. In the context of obesity and metabolic syndrome, gut
microbiota dysbiosis often compromises this barrier, increasing intestinal permeability, a condition referred to
as “leaky gut.” This disruption allows lipopolysaccharides (LPS) from gram-negative bacteria to translocate into
systemic circulation, initiating a state known as metabolic endotoxemia [247]. LPS interacts with toll-like
receptor 4 (TLR4) on immune cells, triggering a cascade of pro-inflammatory cytokine production and
activating nuclear factor kappa B (NF-kB) signaling. The resulting chronic, low-grade inflammation exacerbates
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insulin resistance, disrupts lipid metabolism, and promotes further weight gain [257]. Moreover, endotoxemia
can impair pancreatic -cell function, reducing insulin secretion and worsening glycemic control [267. Factors
such as reduced SCFA production, altered bile acid signaling, and diminished abundance of beneficial microbes
like Bifidobacterium and Akkermansia further weaken gut barrier integrity. Restoring barrier function whether
through prebiotics, probiotics, natural bioactive compounds, or lifestyle interventions can reduce endotoxemia
and improve metabolic outcomes. This makes gut barrier preservation a central therapeutic goal in managing
obesity-associated diabetes.

3. Natural Products That Modulate Gut Microbiota in Obesity and Diabetes

3.1. Polyphenols

3.1.1. Resveratrol: Resveratrol, a naturally occurring stilbene found in grapes, berries, and peanuts, exerts
profound effects on gut microbiota composition and metabolic health. It selectively increases the abundance of
Akkermansia muciniphila, amucin-degrading bacterium known for enhancing gut barrier integrity and improving
insulin sensitivity [277]. By strengthening the intestinal lining, resveratrol reduces translocation of harmful
microbial products into circulation. I't also decreases populations of lipopolysaccharide (LPS)-producing bacteria,
thereby lowering systemic inflammation and metabolic endotoxemia. These microbiota-targeted actions,
coupled with its antioxidant and anti-inflammatory properties, make resveratrol a promising dietary compound
for preventing and managing metabolic disorders such as type 2 diabetes and obesity [287].

3.1.2. Curcumin: Curcumin, the primary bioactive compound in turmeric (Curcuma longa), exhibits prebiotic-
like effects by promoting beneficial gut bacteria such as Bifidobacterium and Lactobacillus. Through modulation
of NF-kB and activation of AMP-activated protein kinase (AMPK), curcumin exerts potent anti-inflammatory
and anti-diabetic effects. It reduces intestinal permeability, suppresses pro-inflammatory cytokines, and
improves glucose homeostasis [297. Curcumin’s influence on gut microbiota diversity enhances short-chain
fatty acid (SCFA) production, further contributing to metabolic health. Its low bioavailability is partly offset by
its local gut actions, making it a promising adjunct for managing insulin resistance, obesity, and related
inflammatory conditions through both microbiota and molecular signaling pathways [307.

3.2.1. Quercetin: Quercetin, a flavonoid found in onions, apples, and leafy greens, modulates gut microbiota
composition by reducing harmful Proteobacteria while enriching short-chain fatty acid (SCFA)-producing
bacteria. These changes help improve gut health and metabolic balance [317]. Quercetin has been shown to
attenuate glucose intolerance by enhancing insulin sensitivity and stimulating glucagon-like peptide-1 (GLP-1)
secretion, which improves glycemic control. Its anti-inflammatory effects are mediated through the suppression
of NF-kB signaling, while its antioxidant activity reduces oxidative stress. By reshaping gut microbiota and
regulating host metabolism, quercetin offers therapeutic potential for managing type 2 diabetes, obesity, and
related metabolic complications.

3.2.2. Naringenin: Naringenin, a citrus-derived flavonoid found in oranges, grapefruits, and tomatoes, plays a
vital role in gut microbiota modulation and lipid metabolism regulation. It promotes the growth of butyrate-
producing bacteria, particularly Faecalibacterium prausnitziz, which supports gut barrier integrity and reduces
inflammation [327. Naringenin lowers circulating endotoxins by reducing LPS-producing bacteria, thereby
alleviating metabolic endotoxemia. It also exerts lipid-lowering effects by modulating genes involved in fatty
acid oxidation and cholesterol metabolism [337]. These combined actions contribute to improved insulin
sensitivity, reduced systemic inflammation, and better metabolic health, making naringenin a valuable dietary
compound for preventing and managing obesity-associated metabolic disorders.

3.83. Alkaloids — Berberine: Berberine, an isoquinoline alkaloid extracted from Coptis chinensis and other
medicinal plants, exerts potent anti-diabetic and lipid-lowering effects through gut microbiota modulation. It
increases the abundance of SCFA-producing bacteria, enhances microbial diversity, and strengthens gut barrier
function by upregulating tight junction proteins [847]. Berberine’s ability to improve insulin sensitivity is linked
to its suppression of pro-inflammatory cytokines and activation of AMPK signaling. Additionally, it reduces
intestinal permeability, thereby preventing metabolic endotoxemia [357. Its low systemic absorption suggests
that many of its benefits are mediated locally in the gut, making berberine a promising natural therapeutic for
type 2 diabetes and related metabolic disorders.

3.4.1. Inulin: Inulin, a fermentable prebiotic fiber found in chicory root, garlic, onions, and bananas, is
metabolized by gut bacteria to produce short-chain fatty acids (SCFAs), particularly butyrate [367. Butyrate
plays a critical role in reinforcing intestinal epithelial integrity, reducing inflammation, and improving glucose
metabolism. Inulin supplementation enhances microbial diversity, increases beneficial bacteria such as
Bifidobacterium spp., and lowers circulating endotoxins. These effects translate into improved insulin sensitivity
and reduced systemic inflammation. Its ability to modulate gut microbiota and support metabolic homeostasis
has made inulin a widely studied dietary intervention for obesity, type 2 diabetes, and other metabolic syndrome
components [37].

3.4.2. B-Glucans: -glucans, soluble fibers found in oats, barley, and certain mushrooms, exert multiple health
benefits through gut microbiota modulation. They increase the relative abundance of Bacteroidetes and promote
the production of SCFAs, which improve gut barrier function and metabolic health [387. B-glucans also exhibit
immunomodulatory effects by reducing pro-inflammatory cytokines and enhancing anti-inflammatory
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responses. In metabolic disorders, they improve insulin sensitivity by enhancing glucose uptake and regulating
lipid metabolism [397. Their viscous nature slows gastric emptying, reduces postprandial glucose spikes, and
supports satiety, making B-glucans an important dietary component for managing obesity, type 2 diabetes, and
cardiovascular risk factors.

3.5. Essential Oils: Essential oils such as thymol, eugenol, and carvacrol, derived from herbs and spices like
thyme, clove, and oregano, possess both antimicrobial and anti-inflammatory properties. They help maintain a
healthy gut microbiota balance by suppressing pathogenic bacteria and promoting beneficial species [407]. These
oils downregulate Toll-like receptor 4 (TLR4) expression, thereby reducing LPS-induced inflammation and
improving insulin sensitivity. Their antioxidant properties further protect against oxidative stress-related tissue
damage. While their systemic absorption is limited, their local actions in the gastrointestinal tract make them
valuable for modulating microbiota composition and mitigating inflammation in metabolic disorders.

4. Molecular Mechanisms Underpinning Microbiota—Metabolite Interactions

4.1. SCFA-Mediated Signaling: Short-chain fatty acids (SCFAs), particularly butyrate and propionate, activate
G-protein—coupled receptors GPR41 and GPR43 on intestinal L-cells. This activation stimulates the secretion
of peptide YY (PYY) and glucagon-like peptide-1 (GLP-1), hormones that regulate appetite and glucose
homeostasis. The signaling enhances insulin sensitivity, reduces energy intake, and promotes satiety [417].
These mechanisms position SCFAs as critical mediators linking gut microbiota activity to host metabolic
regulation in obesity-associated diabetes.

4.2. Epigenetic Regulation: SCFAs, especially butyrate, act as histone deacetylase (HDAC) inhibitors, leading
to hyperacetylation of histones and altered chromatin structure. This epigenetic modulation influences gene
expression patterns governing inflammation, lipid metabolism, and glucose regulation. By controlling the
transcription of key metabolic genes, SCFAs can suppress pro-inflammatory pathways and enhance insulin
sensitivity [427. This mechanism highlights their therapeutic potential in managing obesity-related diabetes
through targeted regulation of gene networks.

4.3. Crosstalk with Host Metabolism: Microbial metabolites, including SCFAs and secondary bile acids,
modulate host signaling pathways such as AMPK, PPARY, and NF-kB. These pathways control vital processes
like insulin signaling, adipogenesis, fatty acid oxidation, and inflammatory responses. By influencing these
transcriptional programs, gut microbiota can shift the host’s metabolic balance toward improved energy
utilization and reduced fat storage [437. Such interactions illustrate the dynamic bidirectional relationship
between microbial metabolism and host metabolic health.

5.1. Interindividual Variability: The metabolic effects of natural products mediated via the gut microbiota vary
greatly between individuals. This variability is driven by genetic differences, dietary habits, medication use, and
baseline microbiome composition. As a result, interventions that work for one person may be less effective or
ineffective in another. Understanding these personalized responses is essential for designing targeted therapies
that maximize clinical benefits in obesity-associated diabetes [44/].

5.2. Bioavailability and Metabolism: Many bioactive compounds from natural products undergo extensive
chemical transformation in the gastrointestinal tract due to microbial metabolism and host enzymatic activity.
These processes often reduce systemic bioavailability, thereby limiting therapeutic potency [45, 467. Innovative
strategies such as nanoemulsions, encapsulation, and targeted delivery systems are being developed to overcome
these challenges, ensuring that active compounds reach their intended site of action at therapeutic
concentrations [47].

5.3. Complexity of Microbiota Interactions: Gut microbiota-host interactions are highly complex, involving
diverse microbial species and intricate metabolic networks. Determining causal links between specific microbes,
their metabolites, and host health outcomes remains challenging. Multi-omics tools such as metagenomics,
metabolomics, transcriptomics—are increasingly used to unravel these relationships. However, translating
these findings into clinical interventions requires integrating large datasets with functional analyses to establish
mechanistic insights and therapeutic targets in metabolic disorder [487.

6.1. Personalized Nutrition: Incorporating microbiome profiling into routine clinical practice could allow for
precision dietary interventions using natural products tailored to an individual’s microbial and metabolic profile.
By targeting specific microbiota imbalances, such approaches could enhance therapeutic efficacy in obesity-
associated diabetes [497. Personalized nutrition would move beyond one-size-fits-all recommendations,
enabling optimized diet-based treatments that align with an individual’'s genetic background, microbiome
composition, and metabolic needs [507.

6.2. Synbiotic Formulations: Synbiotics, combinations of probiotics and prebiotics—offer a synergistic
approach to restoring microbial balance and enhancing gut function. When probiotics are paired with prebiotic-
rich natural products, they can promote the survival and activity of beneficial bacteria while boosting SCIFA
production [517]. Such formulations may improve insulin sensitivity, reduce inflammation, and modulate
appetite-regulating hormones, making them promising adjuncts in obesity and diabetes management.

6.3. Regulatory and Safety Considerations: The therapeutic use of natural products in microbiome-targeted
interventions requires rigorous standardization and quality control. Variations in raw materials, extraction
methods, and formulation can affect efficacy and safety. Regulatory oversight and robust clinical trials are
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necessary to confirm reproducibility, ensure proper dosing, and minimize adverse effects. These steps will help

translate promising experimental findings into safe, effective treatments for diverse populations.

7. Future Directions

High-resolution microbial mapping will facilitate the discovery of novel biomarkers and therapeutic targets,

enabling precision interventions for obesity-associated diabetes. Longitudinal cohort studies are crucial to

establish the long-term safety, sustainability, and clinical benefits of natural product-based therapies.

Additionally, advances in microbial engineering and synthetic biology may enable the creation of customized

probiotics capable of producing bioactive metabolites in situ, opening new frontiers in microbiome-driven

metabolic health management.

CONCLUSION

The gut microbiota emerges as a central player in the pathogenesis and potential treatment of obesity-associated

diabetes. Natural products, with their rich chemical diversity and multi-targeted effects, hold immense promise

as modulators of the gut ecosystem. By reshaping microbial composition, enhancing SCFA production, and

reducing inflammation, these agents offer a holistic approach to metabolic disease management. Despite existing

challenges, advances in systems biology, nutrigenomics, and translational research will accelerate the

development of microbiota-targeted natural therapies. A personalized, microbiota-informed strategy represents

the future frontier in combating the twin epidemics of obesity and diabetes.
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