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ABSTRACT

Obesity-induced insulin resistance is a primary contributor to the development of type 2 diabetes mellitus
(T2DM), a global health crisis with increasing prevalence. Beyond genetic predisposition and environmental
factors, epigenetic modifications—heritable changes in gene expression without altering the DNA sequence—
are now recognized as pivotal in linking obesity to insulin resistance and T2DM. Mechanisms such as DNA
methylation, histone modifications, and non-coding RNAs play significant roles in modulating key metabolic
pathways involved in glucose and lipid homeostasis, inflammation, and adipocyte function. These modifications
are dynamic and influenced by diet, physical activity, and exposure to metabolic stress, making them promising
therapeutic targets. This review delves into the complex network of epigenetic regulation in the context of
obesity-related insulin resistance and T2DM. It highlights emerging evidence from human and animal studies,
explores epigenetic biomarkers, and discusses the potential for epigenetic therapy in metabolic disease
management. Understanding how the epigenome mediates the metabolic dysfunctions of obesity offers new
insights for early diagnosis, personalized medicine, and innovative treatment strategies.
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INTRODUCTION
Type 2 diabetes mellitus (T2DM) and obesity are among the most pressing global health challenges, both of
which have seen a marked increase in prevalence over recent decades[ 1—4-]. These two metabolic disorders often
coexist, sharing not only epidemiological features but also overlapping pathophysiological mechanisms[5—77.
Central to this link is insulin resistance, a defining characteristic of T2DM that is closely associated with
obesity—especially visceral adiposity, which contributes significantly to metabolic dysregulation. Although
genetic predisposition and lifestyle-related factors such as poor diet, physical inactivity, and sedentary behavior
are well-established contributors to both conditions, they do not fully account for the heterogeneity observed in
disease onset, severity, and response to treatment among individuals. Increasingly, scientific attention has
turned to epigenetic regulation as a crucial interface that mediates the complex interaction between genes and
the environment[’8, 97.
Epigenetics refers to a set of heritable and reversible modifications in gene expression that occur independently
of changes to the underlying DNA sequence. The primary epigenetic mechanisms include DNA methylation,
histone modification, and the action of various non-coding RNAs (such as microRNAs and long non-coding
RNAs)[107. These molecular changes influence chromatin structure and gene accessibility, thereby modulating
transcriptional activity in a tissue- and context-specific manner. Importantly, these epigenetic changes are not
static[117]. They can be triggered or reshaped by external cues such as dietary components, physical activity,
stress, toxins, and inflammation, and may persist through multiple cell generations resulting in what is referred
to as metabolic memory.
In the context of obesity, excess nutrients particularly glucose and fatty acids induce chronic low-grade
inflammation, oxidative stress, and altered adipokine secretion[127]. These pathological stimuli promote
aberrant epigenetic modifications in insulin-sensitive tissues, including the liver, skeletal muscle, and adipose
tissue. For instance, increased DNA methylation of key genes involved in insulin signaling, such as IRS7 (insulin
receptor substrate 1), GLUT4# (glucose transporter type 4), and PI3K, has been observed in obese and diabetic
individuals, leading to reduced gene expression and impaired glucose uptake[137. Similarly, alterations in
histone acetylation and methylation patterns have been implicated in the dysregulation of metabolic pathways,
including gluconeogenesis, lipid metabolism, and mitochondrial function["137.
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Moreover, non-coding RNAs play an important role in post-transcriptional regulation of genes linked to insulin
sensitivity and glucose metabolism. Certain microRNAs (miRNAs), such as miR-29, miR-103, and miR-223,
have been found to be upregulated in obesity and T2DM, where they inhibit insulin signaling components and
exacerbate insulin resistance[ 147]. Conversely, other miRNAs may act protectively, and their downregulation
in obesity can lead to metabolic dysfunction. Emerging studies also suggest that long non-coding RNAs
(IncRNAs), although less well characterized, are involved in chromatin remodeling and transcriptional control
in metabolic tissues, further underscoring the complexity of epigenetic networks in metabolic disease[157].
Given the dynamic and reversible nature of epigenetic modifications, they represent promising biomarkers for
early detection of metabolic disorders and potential therapeutic targets for intervention[167]. Dietary
compounds such as polyphenols, omega-3 fatty acids, and certain phytochemicals have shown the ability to
modulate epigenetic marks, offering a compelling avenue for nutritional epigenomics in preventing or mitigating
insulin resistance and T2DM. Additionally, pharmacological agents that target histone deacetylases (HDACs:)
or DNA methyltransferases (DNMTs) are under investigation for their potential to restore normal metabolic
gene expression profiles[177].
In sum, epigenetic regulation serves as a vital molecular bridge connecting environmental exposures and genetic
susceptibility in the pathogenesis of obesity-induced insulin resistance and T2DM. A deeper understanding of
these mechanisms not only enhances our insight into disease etiology but also opens up novel strategies for
precision medicine, enabling individualized prevention and treatment approaches tailored to a person’s unique
epigenetic landscape.

Overview of Epigenetic Mechanisms
DNA Methylation: DNA methylation is a fundamental epigenetic modification that primarily involves the
addition of a methyl group to the 5-carbon position of cytosine residues, especially within CpG dinucleotides[ 1,
187. This process is catalyzed by DNA methyltransferases (DNMTs), including DNMT1, DNMTS3A, and
DNMT3B. Methylation of gene promoter regions is typically associated with transcriptional repression, as it
can hinder the binding of transcription factors or recruit methyl-binding proteins that compact chromatin.
Conversely, global DNA hypomethylation, often seen in metabolic disorders, may lead to aberrant gene
activation. In obesity and type 2 diabetes mellitus (T2DM), abnormal DNA methylation patterns have been
observed in key metabolic tissues such as adipose tissue, liver, and skeletal muscle [18, 197. For example,
hypermethylation of genes involved in insulin signaling, such as IRS1 or GLUT4, can reduce their expression
and impair glucose uptake[207]. Hypomethylation of inflammatory genes like TNF-a or IL-6 can lead to chronic
low-grade inflammation, a hallmark of insulin resistance. Moreover, epigenetic changes can be influenced by
environmental and lifestyle factors such as diet, physical activity, and exposure to toxins[207]. These findings
suggest that DNA methylation serves as a dynamic and reversible interface between genetic predisposition and
environmental influences in metabolic diseases.
Histone Modifications: Histone modifications are critical epigenetic mechanisms that influence chromatin
structure and gene expression by altering the accessibility of DNA to transcriptional machinery [21, 227. The
core histones—H2A, H2B, H3, and H4—can undergo various post-translational modifications, including
acetylation, methylation, phosphorylation, ubiquitination, and sumoylation[227]. These modifications typically
occur at the histone tails and are catalyzed by specific enzymes. For instance, histone acetylation, mediated by
histone acetyltransferases (HATs), generally relaxes chromatin structure and enhances gene transcription by
allowing transcription factors to access DNA. In contrast, histone deacetylases (HDACs) remove these acetyl
groups, leading to chromatin compaction and transcriptional repression[237]. Histone methylation, catalyzed by
histone methyltransferases (HMTs), can either activate or repress gene expression depending on the specific
amino acid residue and the number of methyl groups added. In metabolic tissues, alterations in histone
modification patterns have been associated with insulin resistance and obesity[237]. For example, decreased
acetylation of genes involved in mitochondrial function or fatty acid oxidation can impair energy metabolism.
Conversely, increased methylation of promoters regulating insulin signaling pathways may downregulate
critical genes, contributing to insulin resistance. These modifications are often reversible, making them
attractive targets for therapeutic intervention in obesity-associated metabolic disorders[24].
Non-Coding RNAs: Non-coding RNAs (ncRNAs) are a diverse group of RNA molecules that do not code for
proteins but play essential regulatory roles in gene expression[ 21, 257. Among the most studied are microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), which contribute significantly to post-transcriptional and
epigenetic regulation in metabolic pathways. miRNAs are short, approximately 18—25 nucleotides in length, and
function mainly by binding to complementary sequences in the 3" untranslated regions (8" UTRs) of target
messenger RNAs (mRNAs)[267. This interaction typically results in mRNA degradation or translational
inhibition, thereby fine-tuning protein expression. In the context of obesity and type 2 diabetes, miRNAs such
as miR-103, miR-143, and miR-375 have been implicated in insulin resistance by targeting genes involved in
insulin signaling, glucose transport, and adipogenesis[ 14, 27, 287. Long non-coding RNAs, which exceed 200
nucleotides, regulate gene expression through diverse mechanisms including chromatin remodeling,
transcriptional interference, and acting as molecular sponges for miRNAs. IncRNAs such as H19, MALATT,
and MEGS3 have been associated with inflammatory responses and metabolic dysfunctions characteristic of
obesity. Dysregulation of ncRNAs disrupts metabolic homeostasis and contributes to the pathogenesis of
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obesity-related insulin resistance[297]. Due to their tissue-specific expression and regulatory potential, ncRNAs
are also emerging as promising biomarkers and therapeutic targets in metabolic diseases.

Epigenetic Alterations in Obesity-Induced Insulin Resistance
Adipose Tissue Epigenetics
Adipose tissue functions not only as a site of energy storage but also as a dynamic endocrine organ, secreting
various adipokines and cytokines that regulate metabolic homeostasis[30—337. In the context of obesity, adipose
tissue undergoes significant remodeling characterized by adipocyte hypertrophy and increased infiltration of
pro-inflammatory immune cells. These alterations are associated with changes in the epigenetic landscape that
modulate gene expression[34]. Epigenetic modifications, including DNA methylation, histone modifications,
and non-coding RNAs, regulate the transcriptional activity of genes involved in adipogenesis, lipid metabolism,
and inflammation. For example, hypermethylation of the promoter region of PPARy, a master regulator of
adipocyte differentiation, is observed in obese individuals, leading to its downregulation and impaired adipocyte
function. Additionally, histone deacetylation at the ADIPOQ gene promoter contributes to reduced expression
of adiponectin, an insulin-sensitizing hormone['357]. These epigenetic alterations exacerbate insulin resistance
and metabolic dysfunction, highlighting adipose tissue as a critical site of obesity-induced epigenetic
reprogramming.
Liver and Skeletal Muscle
The liver and skeletal muscle are key metabolic organs involved in glucose and lipid homeostasis. In obesity and
type 2 diabetes, epigenetic changes in these tissues play a major role in disrupting metabolic pathways[367. In
the liver, DNA methylation of key gluconeogenic genes such as PEPCK (phosphoenolpyruvate carboxykinase)
and G6PC (glucose-6-phosphatase) can be altered by nutritional cues, chronic inflammation, and obesity, leading
to increased hepatic glucose production and contributing to hyperglycemia[877]. Similarly, histone
modifications in these genes can further influence their transcriptional activity. In skeletal muscle, which
accounts for the majority of insulin-stimulated glucose uptake, obesity is associated with hypermethylation of
genes like IRS! (insulin receptor substrate 1) and GLUT'4 (glucose transporter type 4)[387. These epigenetic
changes reduce the expression of insulin signaling and glucose transport genes, impairing glucose uptake and
promoting insulin resistance. Thus, tissue-specific epigenetic modifications in the liver and skeletal muscle are
key contributors to metabolic dysregulation in obesity and diabetes.
Pancreatic 3-Cells

Pancreatic B-cells are responsible for producing and secreting insulin in response to rising blood glucose levels.

In the pathogenesis of type 2 diabetes mellitus (T2DM), progressive B-cell dysfunction is a hallmark feature
that contributes to chronic hyperglycemia[ 397. Epigenetic modifications in -cells influence the expression of
genes essential for maintaining B-cell identity and function. For instance, PDX1 (pancreatic and duodenal
homeobox 1) and INS (insulin) are key genes involved in B-cell development and insulin synthesis. In diabetic
states, persistent hyperglycemia can induce aberrant histone methylation (e.g., H3K9me2 and H3K27me3) at
the promoters of these genes, leading to chromatin condensation and transcriptional repression[40].
Additionally, DNA methylation changes at these loci have been observed, further suppressing insulin gene
expression. These epigenetic alterations not only reduce insulin production but also impair B-cell responsiveness
to glucose, contributing to glucose intolerance. As such, targeting B-cell epigenetic dysregulation represents a
promising avenue for therapeutic intervention in T2DM.

Non-Coding RNAs in Metabolic Regulation
MicroRNAs and Insulin Signaling
MicroRNAs (miRNAs) are small non-coding RNAs that post-transcriptionally regulate gene expression and
play critical roles in insulin signaling and glucose metabolism[417. Several miRNAs, such as miR-375, miR-29,
and miR-103/107, have been found to impact key components of insulin pathways. miR-375 inhibits insulin
secretion by targeting Myotrophin (Mtpn), which is involved in exocytosis. miR-29 family members impair
insulin signaling by suppressing insulin receptor substrate 1 (IRS1) and phosphatidylinositol 3-kinase (PI8K),
thus disrupting downstream signaling such as AKT activation[427. Altered miRNA expression profiles have
been observed in the plasma and tissues of obese and diabetic individuals, highlighting their potential as both
mechanistic contributors and biomarkers of insulin resistance. The ability of miRNAs to circulate in stable forms
within exosomes or protein complexes enhances their appeal as non-invasive diagnostic tools[427].
Therapeutically, modulation of specific miRNAs could represent a novel strategy to restore proper insulin
signaling in metabolic disorders like type 2 diabetes.
Long Non-Coding RNAs (IncRNAs)
Long non-coding RNAs (IncRNAs) are a diverse class of RNA transcripts exceeding 200 nucleotides in length
that regulate gene expression through multiple mechanisms, including chromatin remodeling, transcriptional
interference, and control of mRNA stability and translation[487. In metabolic disease contexts, IncRNAs are
increasingly recognized as key modulators. For example, H19, an imprinted IncRNA, plays a role in hepatic
glucose production and lipid metabolism, affecting gluconeogenesis by interacting with transcriptional
coactivators. MEGS3, another well-studied IncRNA, has been linked to increased B-cell apoptosis in diabetic
models, potentially through ps3-mediated pathways[447]. Dysregulation of these IncRNAs contributes to
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impaired insulin secretion, hepatic insulin resistance, and systemic glucose imbalance. Although the precise
molecular functions of most IncRNAs in metabolic tissues remain under investigation, emerging evidence
suggests they are integral to epigenetic control in obesity and diabetes[457]. Their tissue specificity and stability
also make them promising targets for therapeutic intervention and potential biomarkers for early diagnosis and
disease progression.
Diet and Epigenetics
Diet profoundly affects epigenetic regulation through the provision of key nutrients that serve as cofactors or
substrates for epigenetic enzymes[46]. Nutrients such as folate, choline, vitamin B12, and methionine supply
methyl groups for DNA and histone methylation via the one-carbon metabolism pathway. Similarly,
polyphenols, fatty acids, and vitamins influence histone modifications and DNA methylation states[46]. High-
fat diets have been shown to induce hypermethylation or hypomethylation of genes involved in glucose and lipid
metabolism, contributing to insulin resistance and adiposity. In contrast, diets enriched in methyl donors or
specific bioactive compounds like resveratrol, curcumin, and sulforaphane may reverse harmful epigenetic
modifications and promote metabolic health[477]. Caloric restriction has also demonstrated beneficial epigenetic
effects, including activation of sirtuins and PGC-1a, which support mitochondrial function and insulin
sensitivity. These findings underscore the dynamic nature of the epigenome and how dietary patterns can
modulate gene expression in a manner that influences metabolic disease risk and progression.
Physical Activity
Physical activity is a powerful modulator of the epigenome and can induce beneficial molecular changes that
enhance metabolic health. Regular exercise has been shown to alter DNA methylation, histone acetylation, and
microRNA expression in key metabolic tissues such as skeletal muscle, adipose tissue, and the liver[487. For
example, endurance training promotes the demethylation of the promoter region of PPARY coactivator-1a (PGC-
1a), a master regulator of mitochondrial biogenesis and oxidative metabolism[497. This leads to improved
glucose uptake, insulin sensitivity, and fatty acid oxidation. Additionally, exercise stimulates histone acetylation
at genes involved in glucose transport and energy expenditure, enhancing their transcriptional activity[497].
These epigenetic effects are not transient; some changes persist long after cessation of physical activity,
suggesting a form of metabolic memory[507. Thus, the adaptive responses to exercise at the epigenetic level
contribute significantly to its protective role against obesity, type 2 diabetes, and related metabolic disorders.
Early Life Exposures and Transgenerational Epigenetics
Epigenetic modifications established during early development can have lifelong consequences for metabolic
health. The concept of fetal programming posits that environmental conditions in utero, including maternal
diet, stress, obesity, and gestational diabetes, shape the epigenetic landscape of the developing fetus[517]. These
influences may result in altered DNA methylation or histone modifications of genes governing energy
homeostasis, insulin sensitivity, and lipid metabolism. For example, maternal undernutrition has been associated
with hypomethylation of the IGI'2 gene, predisposing offspring to insulin resistance and obesity[517. Similarly,
prenatal exposure to high-fat diets or endocrine disruptors can trigger IncRNA and miRNA alterations linked
to metabolic dysfunction[527]. These epigenetic marks can persist into adulthood and potentially be transmitted
across generations, raising concerns about the heritability of disease risk. Studies in animal models and human
cohorts support these findings, emphasizing the critical need for maternal nutritional and metabolic health as a
determinant of long-term metabolic outcomes in offspring.

Epigenetic Biomarkers and Therapeutic Targets
Biomarker Development
The unique features of epigenetic modifications, particularly their reversibility, dynamic nature, and tissue
specificity, offer significant potential for developing novel biomarkers in metabolic diseases such as obesity-
induced insulin resistance and type 2 diabetes mellitus (T2DM)[537]. Epigenetic biomarkers can capture both
genetic susceptibility and environmental exposures, providing a more comprehensive picture of disease risk and
progression[537]. One promising area is the analysis of circulating cell-free DNA (cfDNA), which can reflect
methylation changes in affected tissues. Aberrant DNA methylation patterns in genes associated with insulin
signaling, inflammation, and lipid metabolism have been detected in ¢cfDNA from individuals with metabolic
disorders, making it a non-invasive tool for early diagnosis and monitoring. Histone modification signatures,
although more technically challenging to detect in circulation, can provide information about chromatin
accessibility and gene regulation in response to metabolic stress. MicroRNA (miRNA) profiling has also gained
traction as several miRNAs are dysregulated in obesity and diabetes, influencing processes like insulin secretion,
glucose uptake, and lipid metabolism[ 5387. These circulating miRNAs are stable in blood and can be readily
quantified using high-throughput technologies, supporting their use as minimally invasive diagnostic and
prognostic markers. Despite these advances, challenges remain in translating these findings into clinical
practice. Variability in detection methods, lack of standardization in pre-analytical procedures, and the need for
large, well-characterized cohorts for validation are major hurdles[547]. Furthermore, while some biomarkers
show disease-specific patterns, others may reflect general metabolic stress, reducing specificity. Addressing
these issues will be critical for realizing the full potential of epigenetic biomarkers in personalized medicine.
Integrating epigenetic data with other omics layers such as genomics, transcriptomics, and metabolomics could
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further improve biomarker accuracy and facilitate the development of multi-marker panels for disease
stratification, risk prediction, and therapy monitoring in metabolic disorders.
Epigenetic Therapy
Epigenetic therapy is emerging as a novel and promising avenue for the treatment of metabolic diseases,
including obesity, insulin resistance, and type 2 diabetes mellitus (T2DM). This therapeutic strategy targets the
enzymes and molecular machinery responsible for writing, reading, and erasing epigenetic marks, thereby
modulating gene expression profiles associated with metabolic dysfunction[557]. Among the most studied
pharmacological agents are DNA methyltransferase (DNMT) inhibitors, such as 5-azacytidine and decitabine,
which reverse aberrant DNA methylation patterns and restore normal gene expression. Histone deacetylase
(HDAC) inhibitors, including valproic acid and trichostatin A, act by increasing histone acetylation and
enhancing the transcription of genes involved in insulin sensitivity and glucose metabolism[567]. Bromodomain
and extraterminal domain (BET) inhibitors, which interfere with the reading of acetylated histones, are also
under exploration for their anti-inflammatory and metabolic regulatory eftects. In addition to synthetic drugs,
nutraceuticals and dietary components such as curcumin, resveratrol, and sulforaphane have shown potential to
modify epigenetic marks and improve metabolic outcomes in preclinical studies[577]. These agents offer a
potentially safer alternative to traditional pharmaceuticals and can be integrated into lifestyle interventions.
However, the clinical translation of epigenetic therapies is still in its infancy. Key challenges include ensuring
tissue specificity to avoid off-target effects, understanding long-term safety profiles, and identitying appropriate
therapeutic windows for intervention[587]. Moreover, the pleiotropic nature of epigenetic regulators
necessitates careful modulation to prevent unintended gene expression changes. Precision medicine approaches,
including epigenetic profiling of patients, may enhance the efficacy of these therapies by enabling patient
stratification and personalized treatment plans. Future research should focus on optimizing drug delivery
systems, improving the specificity of epigenetic modulators, and conducting robust clinical trials to evaluate
their safety and efficacy in human populations. Ultimately, integrating epigenetic therapy into metabolic disease
management holds the promise of addressing disease mechanisms at their regulatory core.
Challenges and Future Directions
Despite growing evidence supporting the involvement of epigenetic mechanisms in obesity-induced insulin
resistance and type 2 diabetes mellitus (T2DM), several critical challenges continue to hinder the full translation
of epigenetic insights into clinical applications. One of the foremost challenges is tissue accessibility. Most
human studies investigating epigenetic changes rely on peripheral blood samples, which may not accurately
reflect the epigenetic landscape of key metabolic tissues such as the liver, adipose tissue, and skeletal muscle.
These tissues are central to the pathophysiology of insulin resistance and metabolic dysfunction, yet they remain
difficult to access in a routine or ethical manner. Additionally, a major limitation in current epigenetic research
is the difficulty in distinguishing causality from correlation. Many observed epigenetic changes in metabolic
diseases may be secondary consequences rather than primary drivers of the disease process. Addressing this
issue requires longitudinal studies that track epigenetic alterations over time and interventional studies that
manipulate epigenetic marks to assess causal relationships. Another significant barrier is the lack of
standardization across studies. Variability in sample collection methods, data analysis techniques, and study
designs complicates the comparison of findings and the development of universally accepted biomarkers or
therapeutic targets. Moving forward, future research must prioritize integrative, multi-omics approaches that
combine epigenetic data with genomic, transcriptomic, proteomic, and metabolomic information to yield a more
holistic understanding of disease mechanisms. Developing personalized epigenetic profiles could enable more
accurate risk prediction and facilitate tailored interventions that are both preventive and therapeutic.
Translational research efforts should also focus on converting promising preclinical findings into safe, effective,
and targeted epigenetic therapies for metabolic diseases. Collaboration between basic scientists, clinicians,
bioinformaticians, and pharmaceutical developers will be essential to overcome current obstacles and unlock the
full potential of epigenetics in the prevention, diagnosis, and treatment of obesity-related metabolic disorders.
CONCLUSION
Epigenetic regulation plays a central role in mediating the effects of obesity on insulin resistance and the
development of type 2 diabetes. The dynamic nature of epigenetic modifications offers a mechanistic explanation
for how environmental factors such as diet, physical activity, and early-life exposures influence disease
susceptibility and progression. Advances in epigenomics have opened new avenues for biomarker discovery and
therapeutic intervention. However, translating these insights into clinical practice requires overcoming
significant challenges related to specificity, safety, and implementation. A deeper understanding of the epigenetic
landscape in metabolic disease holds promise for ushering in a new era of precision medicine.
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