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ABSTRACT

Obesity and diabetes are complex metabolic disorders influenced by genetic, environmental, and epigenetic
factors. Emerging evidence suggests that epigenetic modifications, including DNA methylation, histone
modifications, and non-coding RNAs, play critical roles in the regulation of genes implicated in the pathogenesis
of these diseases. Natural products such as bioactive compounds derived from plants, fungi, and marine
organisms have garnered significant interest due to their potential to modulate epigenetic mechanisms. This
review summarizes current knowledge on how natural products influence epigenetic regulation of genes
involved in obesity and diabetes. We highlight key classes of natural compounds, such as polyphenols,
flavonoids, alkaloids, and terpenoids, and their mechanistic roles in modifying epigenetic marks that affect
metabolic pathways, insulin sensitivity, adipogenesis, and inflammation. Understanding the epigenetic impact
of these natural agents could pave the way for novel preventive and therapeutic strategies targeting obesity and
diabetes.
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INTRODUCTION
Obesity and diabetes represent two of the most pressing global health challenges of the 21st century[[1-37. Both
conditions are characterized by disruptions in metabolic homeostasis and are often accompanied by a state of
chronic, low-grade inflammation that contributes to the progression of metabolic dysfunction[4—67]. Obesity,
defined by excessive accumulation of adipose tissue, increases the risk of developing insulin resistance, which
can ultimately lead to type 2 diabetes mellitus (T2DM)[7-97. The coexistence of obesity and diabetes
exacerbates the risk for a wide array of complications, including cardiovascular disease, kidney failure, and
neuropathy, making their effective management a critical priority worldwide[10-137.
The development of obesity and diabetes is influenced by a complex interplay of genetic, environmental, and
lifestyle factors. While inherited genetic variants do contribute to an individual’s susceptibility to these
metabolic diseases, it has become increasingly clear that genetics alone cannot fully explain the rising incidence
rates globally[ 14, 157. Epigenetic mechanisms have emerged as key players in bridging the gap between genetic
predisposition and environmental exposures. These mechanisms dynamically regulate gene expression without
altering the underlying DNA sequence, allowing cells to respond and adapt to environmental stimuli such as
diet, physical activity, stress, and exposure to toxins[7, 167.
Epigenetics encompasses a variety of molecular processes that influence gene expression patterns, including
DNA methylation, histone modifications, and the action of non-coding RNAs such as microRNAs and long non-
coding RNAs. DNA methylation typically involves the addition of methyl groups to cytosine bases in the
genome, leading to gene silencing or activation depending on the context[ 17_]. Histone modifications, such as
acetylation and methylation, alter chromatin structure and accessibility, thereby influencing transcriptional
activity. Non-coding RNAs regulate gene expression post-transcriptionally by modulating mRNA stability and
translation[18, 197. Collectively, these epigenetic modifications play crucial roles in regulating metabolic
pathways, inflammatory responses, and cellular differentiation all of which are dysregulated in obesity and
diabetes.
Importantly, epigenetic changes are not static; they are reversible and responsive to environmental and lifestyle
interventions, making them attractive targets for therapeutic strategies[207]. This understanding has spurred
significant interest in identifying compounds that can modulate epigenetic marks and restore healthy gene
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expression profiles in metabolic tissues. Natural products, derived from plants, fungi, and other organisms, have
along history of use in traditional medicine for managing metabolic disorders. Many bioactive compounds found
in natural products possess potent antioxidant, anti-inflammatory, and metabolic regulatory properties[217].
More recently, research has begun to reveal that several natural products can also influence epigenetic
mechanisms directly. These compounds have the potential to modify DNA methylation patterns, alter histone
acetylation or methylation status, and regulate the expression of non-coding RNAs involved in metabolic
regulation[227]. For example, polyphenols such as resveratrol, curcumin, and epigallocatechin gallate (EGCG)
have demonstrated the ability to influence epigenetic marks associated with metabolic disease genes[23, 247.
Resveratrol, found in grapes and berries, is known to activate sirtuins histone deacetylases that play a role in
energy metabolism and inflammation[[25—277]. Curcumin, the active component of turmeric, has been shown to
inhibit DNA methyltransferases and histone acetyltransferases, thereby affecting gene expression related to
insulin sensitivity and lipid metabolism[28-307]. EGCG, abundant in green tea, modulates DNA methylation
and histone modifications linked to adipogenesis and glucose homeostasis[ 31, 327].
The therapeutic potential of these natural products lies not only in their ability to target individual epigenetic
enzymes but also in their multifaceted effects on multiple epigenetic pathways and metabolic processes. This
broad-spectrum activity may provide synergistic benefits for the prevention and treatment of obesity and
diabetes. Additionally, natural products often exhibit fewer side effects compared to synthetic drugs, which
enhances their appeal for long-term use. This review aims to provide a comprehensive overview of current
research on the role of natural products in modulating epigenetic modifications relevant to obesity and diabetes.
By exploring the molecular mechanisms through which these compounds exert their effects, the review seeks to
highlight novel avenues for developing epigenetic-based therapies. Understanding how natural products
interact with epigenetic regulators will not only deepen our knowledge of metabolic disease pathogenesis but
also pave the way for more personalized and effective treatment strategies. In sum, obesity and diabetes are
multifactorial diseases influenced by genetic and environmental factors, with epigenetic mechanisms playing a
crucial mediating role. Natural products offer promising opportunities to modulate these epigenetic marks,
thereby improving metabolic health and offering novel therapeutic approaches for these widespread disorders.
Further research and clinical studies are needed to translate these findings into safe and effective interventions
for patients worldwide.
Epigenetic Mechanisms in Obesity and Diabetes
DNA Methylation
DNA methylation is a crucial epigenetic mechanism involving the addition of a methyl group to the 5-carbon
position of cytosine residues, predominantly occurring within CpG dinucleotides[337]. These CpG sites often
cluster in regions called CpG islands, which are frequently located near gene promoters. Methylation at these
promoter CpG islands generally leads to transcriptional repression by impeding the binding of transcription
factors or recruiting methyl-CpG-binding domain proteins that facilitate chromatin condensation[837].
However, methylation within gene bodies or other genomic contexts can sometimes be associated with gene
activation, highlighting the complex regulatory roles of DNA methylation.
In the context of metabolic diseases such as obesity and type 2 diabetes mellitus (T2DM), aberrant DNA
methylation patterns have been widely documented[ 347]. Key metabolic genes involved in insulin signaling
pathways, glucose homeostasis, lipid metabolism, and adipogenesis are subject to altered methylation
states[ 85 ]. For instance, hypermethylation of the promoter region of the insulin receptor substrate 1 (IRS1)
gene can reduce its expression, impairing insulin signaling and contributing to insulin resistance. Similarly,
genes regulating adipocyte differentiation, such as peroxisome proliferator-activated receptor gamma (PPARY),
can exhibit dysregulated methylation patterns that affect fat storage and distribution[[367.
Environmental factors, including diet, physical activity, and exposure to toxins, can influence DNA methylation
landscapes, thereby modulating gene expression relevant to metabolic health. Importantly, these methylation
changes may be reversible, providing a potential avenue for therapeutic interventions[377]. Studies using
peripheral blood or adipose tissue from obese and diabetic patients have consistently reported differential
methylation profiles, which could serve as biomarkers for disease risk, progression, or response to
treatment[ 387]. In summary, DNA methylation acts as a dynamic epigenetic regulator whose dysregulation
plays a critical role in the pathophysiology of obesity and diabetes.
Histone Modifications
Histone modifications are a diverse group of post-translational chemical alterations occurring mainly on the
amino-terminal tails of histone proteins, including histones H3 and H4,, which are components of the nucleosome
core[[397]. These modifications include acetylation, methylation, phosphorylation, ubiquitination, sumoylation,
and others. Each modification influences chromatin structure and accessibility, thereby modulating gene
expression by either facilitating or hindering transcription factor binding and recruitment of chromatin
remodelers[397.
Histone acetylation, typically catalyzed by histone acetyltransferases (HATs), neutralizes the positive charge on
lysine residues, loosening chromatin and promoting gene transcription. Conversely, histone deacetylases
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(HDAG:s) remove acetyl groups, leading to chromatin compaction and transcriptional repression[407]. Histone
methylation can either activate or repress gene expression depending on the specific lysine or arginine residues
modified. For example, trimethylation of histone H3 lysine 4 (H3K4me3) is associated with active promoters,
whereas trimethylation of H3 lysine 27 (H3K27me3) correlates with gene silencing[407].
In metabolic disorders such as obesity and diabetes, dysregulation of histone modifications contributes to altered
gene expression profiles involved in energy metabolism, insulin sensitivity, and inflammatory responses[417].
For instance, aberrant histone acetylation and methylation patterns have been identified at the promoters of
genes regulating glucose uptake and adipocyte function. Chronic low-grade inflammation, a hallmark of obesity,
is also epigenetically influenced by histone modifications that regulate pro-inflammatory cytokine gene
expression in adipose tissue and immune cells[427].
Emerging evidence suggests that environmental cues such as nutrient availability, oxidative stress, and
hormonal changes can influence histone-modifying enzymes, thereby altering chromatin landscapes in metabolic
tissues[437]. Therapeutic targeting of histone modification enzymes, such as HDAC inhibitors, has shown
promise in preclinical models to improve insulin sensitivity and reduce inflammation. Overall, histone
modifications serve as pivotal regulators of chromatin dynamics, and their perturbation significantly impacts
the gene networks underlying metabolic disease[437].
Non-Coding RNAs
Non-coding RNAs (ncRNAs) are a broad class of RNA molecules that do not encode proteins but play essential
regulatory roles in gene expression at multiple levels, including transcriptional and post-transcriptional
control[447]. Among these, microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) have emerged as
critical modulators of metabolic processes related to obesity and diabetes[447]. MiRNAs are short (~22
nucleotides) single-stranded RNAs that primarily function by binding complementary sequences on target
messenger RNAs (mRNAs), leading to mRNA degradation or translational repression[457]. Numerous miRNAs
have been identified that regulate genes involved in insulin signaling, adipocyte differentiation, lipid metabolism,
and inflammation[457]. For example, miR-103 and miR-107 have been implicated in insulin resistance by
targeting caveolin-1, a protein essential for insulin receptor function. Similarly, miR-384a modulates adipogenesis
and inflammation in adipose tissue, influencing metabolic homeostasis[467].
LncRNAs are a more diverse group of transcripts longer than 200 nucleotides that can regulate gene expression
via various mechanisms, including chromatin remodeling, transcriptional interference, and acting as molecular
sponges for miRNAs. Specific IncRNAs have been associated with pancreatic B-cell function, insulin secretion,
and adipocyte metabolism[477]. For instance, IncRNA H19 has been shown to regulate insulin sensitivity and
glucose metabolism, while IncRNA MEGS influences B-cell apoptosis and inflammatory pathways[477].
The expression of these ncRNAs is often altered in metabolic disease states, contributing to pathogenesis by
disrupting normal gene regulatory networks. Moreover, ncRNAs can serve as circulating biomarkers for early
detection and prognosis of diabetes and obesity. Advances in RNA-based therapeutics, such as miRNA mimics
or inhibitors and IncRNA modulation, are being explored to correct metabolic dysfunctions[487]. Thus, non-
coding RNAs represent a vital layer of epigenetic regulation impacting the development and progression of
obesity and diabetes.
Natural Products as Epigenetic Modulators
Natural products exert epigenetic effects by targeting enzymes such as DNA methyltransferases (DNMT's),
histone deacetylases (HDACs), and histone methyltransferases. Below are major classes of natural products
studied for their epigenetic roles in obesity and diabetes:
Polyphenols
Polyphenols are a diverse group of naturally occurring compounds found in plants, known for their potent
antioxidant and anti-inflammatory properties[23, 247]. Among them, resveratrol, curcumin, and
epigallocatechin-3-gallate (EGCG) have garnered attention for their epigenetic regulatory effects[247. These
compounds modulate gene expression by influencing DNA methylation and histone modifications—key
mechanisms in epigenetic regulation. For instance, resveratrol activates Sirtuin 1 (SIRT1), a class III histone
deacetylase involved in cellular metabolic regulation. SIRT1 activation leads to the deacetylation of histones
and non-histone proteins, improving insulin sensitivity, enhancing mitochondrial function, and modulating lipid
metabolism[497. Curcumin, derived from turmeric, has been reported to inhibit histone acetyltransferases
(HATs) and DNA methyltransferases (DNMTs), thereby altering the expression of genes involved in
adipogenesis and glucose homeostasis. Similarly, EGCG, a major catechin found in green tea, regulates the
methylation status of tumor suppressor genes and metabolic regulators, contributing to improved metabolic
profiles[28, 507]. Collectively, these polyphenols influence pathways critical to energy homeostasis,
inflammation, and insulin signaling[23, 51, 527. Their epigenetic actions offer promising avenues for the
prevention and management of metabolic disorders such as obesity, type 2 diabetes, and cardiovascular diseases,
thereby highlighting the therapeutic potential of dietary polyphenols as epigenetic modulators in human health.
Flavonoids

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited

Page | 75



https://www.eejournals.org Open Access
Flavonoids are a subgroup of polyphenolic compounds widely distributed in fruits, vegetables, and legumes,
known for their antioxidant, anti-inflammatory, and cardioprotective properties[51, 537. Emerging evidence
suggests that flavonoids such as quercetin and genistein exert significant epigenetic effects, particularly in the
regulation of metabolic processes. Quercetin, commonly found in apples, onions, and berries, has been shown to
inhibit histone deacetylases (HDACs), resulting in increased histone acetylation and modulation of gene
expression linked to adipocyte differentiation and lipid metabolism[ 54, 557. On the other hand, genistein, a soy
isoflavone, can demethylate DNA at the promoter regions of genes implicated in insulin secretion, such as INS
and Pdx1, thereby restoring their expression in diabetic models. Both flavonoids also regulate non-coding
RNAs, including microRNAs (miRNAs), that are involved in glucose homeostasis, insulin signaling, and fat
storage[ 56, 57]. These compounds influence peroxisome proliferator-activated receptor gamma (PPARY),
CCAAT/enhancer-binding proteins (C/EBPs), and other transcription factors critical for adipogenesis and
energy balance. The ability of flavonoids to modulate epigenetic marks makes them attractive therapeutic
candidates for combating obesity, insulin resistance, and other metabolic disorders. Through dietary intake or
supplementation, flavonoids may provide a non-pharmacological means to influence metabolic health via
epigenetic pathways.
Alkaloids
Alkaloids are nitrogen-containing secondary metabolites found in a wide variety of plants and known for their
diverse biological activities, including antimicrobial, anti-inflammatory, and antidiabetic properties[58, 597.
One prominent example is berberine, an isoquinoline alkaloid derived from plants like Berberis vulgaris. Berberine
exhibits potent antidiabetic effects, partly through its epigenetic modulation of gene expression. It regulates
both histone modifications and non-coding RNAs, particularly microRNAs (miRNAs), which are essential for
post-transcriptional gene regulation[[60, 617. Berberine has been reported to upregulate miR-122 and miR-21
while downregulating miR-34a, thereby affecting genes involved in insulin signaling, glucose metabolism, and
lipid homeostasis. Additionally, berberine modulates histone acetylation by influencing histone deacetylase
(HDAC) activity, contributing to improved insulin sensitivity and reduced inflammatory gene expression in
adipose tissues[62, 637. Its capacity to inhibit nuclear factor-kappa B (NF-kB) further enhances its anti-
inflammatory action, which is crucial for mitigating insulin resistance in metabolic disorders. Berberine also
impacts the AMP-activated protein kinase (AMPK) pathway, a central regulator of cellular energy balance,
which is epigenetically modulated to improve glucose uptake and fatty acid oxidation[ 637. These multifaceted
epigenetic effects position berberine as a promising natural therapeutic for the treatment of type 2 diabetes,
obesity, and metabolic syndrome.
Terpenoids
Terpenoids, also known as isoprenoids, are a large and structurally diverse class of natural compounds derived
from five-carbon isoprene units[ 64, 657. They are found in a wide range of plants and exhibit various biological
activities, including antioxidant, anti-inflammatory, and metabolic regulatory effects[657]. Notable terpenoids
such as ginsenosides from Panax ginseng and ursolic acid from apple peels and rosemary have been shown to
influence epigenetic mechanisms that control metabolic homeostasis[667]. Ginsenosides modulate DNA
methylation patterns and histone acetylation, which affect the transcriptional activity of genes involved in
glucose metabolism, energy expenditure, and adipocyte differentiation. Ursolic acid, a pentacyclic triterpenoid,
has been shown to enhance histone acetylation and activate AMPK and PGC-1a pathways, thereby improving
mitochondrial biogenesis and fatty acid oxidation[66]. Furthermore, terpenoids can modulate the activity of
DNA methyltransferases (DNMTs) and histone deacetylases (HDACsS), reshaping the chromatin structure and
reactivating silenced genes important for insulin sensitivity and anti-inflammatory responses[ 65, 67_. Their
effects also extend to the regulation of microRNAs that govern lipid metabolism and adipogenesis. Through
these epigenetic mechanisms, terpenoids offer promising therapeutic potential for the prevention and
management of obesity, diabetes, and related metabolic disorders by targeting gene expression pathways critical
to energy balance and cellular function.
Mechanisms of Action
Natural products exert their therapeutic effects through various epigenetic mechanisms, contributing to the
modulation of obesity and diabetes-related gene expression. One major pathway is the inhibition of DNA
methyltransferases (DNMTs)[687. DNMTs are enzymes responsible for adding methyl groups to DNA, often
leading to the silencing of critical genes. In obesity and type 2 diabetes, hypermethylation of genes involved in
insulin signaling, such as PPARy or IRS1, contributes to impaired glucose uptake and insulin resistance. Certain
phytochemicals, such as epigallocatechin gallate (EGCG) from green tea, can inhibit DNMTs, thereby reversing
this hypermethylation and restoring gene function[687].
Natural compounds also modulate histone modifications, another key component of epigenetic regulation.
Histone acetyltransferases (HATs) and histone deacetylases (HDACs) regulate the acetylation status of histones,
which in turn affects chromatin structure and gene accessibility[[697]. For instance, curcumin and sulforaphane
have been shown to inhibit HDACs, leading to a relaxed chromatin state and the activation of genes that enhance
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insulin sensitivity and lipid metabolism[707]. In addition, natural products can influence microRNAs
(miRNAs)—small non-coding RNAs that regulate gene expression post-transcriptionally[707]. By upregulating
or downregulating specific miRNAs, compounds like quercetin and berberine modulate key metabolic pathways.
For example, altering miRNAs that target SIRTI or AMPK mRNAs can enhance energy balance and glucose
homeostasis.
Finally, many natural products possess antioxidant and anti-inflammatory properties, indirectly influencing the
epigenome[ 21, 30, 717. Chronic oxidative stress and inflammation, common in metabolic disorders, can lead to
detrimental epigenetic modifications. By reducing these stressors, natural compounds may help maintain a
healthier epigenetic landscape, further promoting metabolic health and preventing disease progression.
5. Evidence from Preclinical and Clinical Studies
A growing body of preclinical evidence supports the epigenetic effects of natural products in obesity and
diabetes. In vitro studies using adipocytes, hepatocytes, and pancreatic B-cells have shown that phytochemicals
such as resveratrol, curcumin, and genistein can significantly alter epigenetic markers[727]. These include
reductions in DNA methylation at metabolic gene promoters and increases in histone acetylation that favor gene
expression associated with glucose regulation and lipid metabolism. For example, curcumin has been found to
enhance the expression of genes involved in insulin signaling by modulating DNMT activity in diabetic mouse
models, leading to improved glucose tolerance and reduced insulin resistance[727].
Animal studies have further corroborated these findings. In high-fat diet-induced obese mice, supplementation
with EGCG not only mitigated weight gain but also modulated histone modifications and miRNA expression
patterns linked to inflammation and lipid metabolism[737. Similarly, berberine was shown to upregulate miR-
122 and downregulate lipogenic genes, reducing hepatic fat accumulation and improving insulin sensitivity [737].
Clinical evidence, though still emerging, is promising. In a randomized controlled trial, resveratrol
administration in obese individuals led to improved insulin sensitivity and favorable changes in DNA
methylation patterns related to metabolic pathways[74, 757]. Other small-scale trials have reported that
quercetin and omega-3 fatty acid supplementation can influence histone acetylation and DNA methylation
profiles in human blood cells, suggesting systemic epigenetic modulation.
Despite these advances, clinical studies remain limited by small sample sizes, short durations, and variability in
natural product formulations. Nonetheless, these findings highlight the translational potential of natural
compounds as modulators of epigenetic changes in metabolic diseases, warranting more extensive and
standardized human trials to confirm efficacy and mechanism.
6. Challenges and Future Perspectives
Despite encouraging data on the epigenetic effects of natural products in metabolic disorders, several challenges
must be addressed before these agents can be reliably integrated into clinical practice. One major limitation is
bioavailability. Many phytochemicals, including curcumin and resveratrol, exhibit poor absorption, rapid
metabolism, and limited systemic availability, which can reduce their therapeutic effectiveness. Strategies such
as nanoformulations, liposomal delivery, or conjugation with bioenhancers are being explored to overcome these
issues.
Another challenge is the dose- and context-dependent nature of epigenetic modulation. The same compound
may exhibit different effects depending on concentration, cell type, or disease stage. This complexity complicates
the identification of standardized doses and target populations. Moreover, the long-term safety and off-target
effects of sustained epigenetic modulation by natural products are not fully understood.
Additionally, human studies on epigenetic outcomes remain sparse. Many existing clinical trials focus on
metabolic endpoints without evaluating changes in DNA methylation, histone marks, or miRNA profiles.
Integrating epigenomic profiling into clinical research could provide deeper insights into the mechanisms of
action and help identify biomarkers predictive of response to treatment.
Looking ahead, future research should emphasize combinatorial approaches that explore synergistic effects of
multiple natural products or their use alongside conventional therapies. Advances in systems biology,
epigenomics, and personalized medicine can guide the development of tailored interventions. Furthermore, the
creation of targeted delivery systems, such as epigenetic drug-loaded nanoparticles, could enhance precision and
efficacy.
In summary, while natural products hold great promise as epigenetic modulators in obesity and diabetes
management, multidisciplinary efforts are needed to optimize their therapeutic potential and translate
laboratory findings into safe, effective clinical applications.
CONCLUSION
Natural products hold significant potential in modulating epigenetic mechanisms implicated in obesity and
diabetes. Their ability to regulate gene expression through DNA methylation, histone modification, and non-
coding RNAs provides a promising avenue for novel therapeutic interventions. Further research and clinical
validation could lead to effective epigenetic therapies harnessing natural compounds to combat the growing
burden of metabolic diseases.
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