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Abstract

Diabetes mellitus (DM) and obesity have become two of the most prevalent
and challenging diseases worldwide, with increasing incidence and serious
complications. Recent studies have shown that noncoding RNA (ncRNA) and
epigenetic regulation play crucial roles in the pathogenesis of DM
complicated by obesity. Identification of the involvement of ncRNA and
epigenetic regulation in the pathogenesis of diabetes with obesity has opened
new avenues of investigation. Targeting these mechanisms with small
molecules or RNA-based therapies may provide a more precise and effective
approach to diabetes treatment than traditional therapies. In this review, we
discuss the molecular mechanisms of ncRNA and epigenetic regulation and
their potential therapeutic targets, and the research prospects for DM

complicated with obesity.
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Identification of the involvement of ncRNA and epigenetic regulation in the
pathogenesis of diabetes with obesity has opened new avenues. Targeting
these mechanisms with small molecules or RN A-based therapies may provide
a more precise and effective approach to diabetes treatment than traditional

therapies.

INTRODUCTION

The combination of diabetes mellitus (DM) and obesity has become a global
health concern due to the high prevalence and serious consequences of these
conditions. The pathogenesis of DM combined with obesity is complex and
involves multiple mechanisms, including insulin resistance (IR), chronic
inflammation, and adipokine dysregulation(-2l.

IR is a key factor in the development of both obesity and type 2 DM
(T2DM)341. Adipose tissue, particularly visceral adipose tissue, produces a
range of hormones, cytokines, and chemokines, collectively known as
adipokines. In obesity, adipose tissue expands and produces increased
amounts of proinflammatory adipokines, such as leptin, as well as decreased
amounts of anti-inflammatory adipokines, such as adiponectin5l. This leads to
chronic inflammation, which exacerbates IR. Obesity and diabetes are
associated with alterations in the gut microbiome, which can contribute to the
pathogenesis of both conditionsl®7l. The gut microbiota of obese and diabetic
individuals is distinct from that of healthy individuals, with reduced
microbial diversity and altered microbial composition.

While the exact mechanisms underlying the development of DM
complicated with obesity are still not fully understood, emerging evidence
suggests that epigenetic modifications and noncoding RNA (ncRNA) play a
critical role in its pathogenesisi8l. Epigenetic regulation refers to the
modification of gene expression without changes to the underlying DNA
sequencel’l. These modified activities can have a significant impact on gene

expression and cellular function. Additionally, several genes are linked to an
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increased risk of developing these conditions, including genes involved in
adipogenesis, lipid metabolism, and insulin signaling. Compounded obesity
in DM is a multifactorial disorder that involves complicated interplay among
genetic, environmental and lifestyle factors. It is vital to establish effective
strategies for the prevention and treatment of these disorders by
understanding these mechanisms.

ncRNAs, particularly microRNA (miRNA) and long noncoding RNA
(IncRNA), have been shown to play critical roles in the development and
progression of DM. Dysregulation of miRNA expression can lead to impaired
glucose metabolism and IR For example, miRNA-29 regulates insulin
signaling by targeting the insulin receptor substrate-1 (IRS-1) genel'll. In obese
mice, miRNA-29 expression is decreased, leading to increased IRS-1
expression and improved insulin sensitivityl!l. Similarly, miRNA-223 has
been shown to regulate glucose uptake by targeting GLUT4, a glucose
transporter protein. IncRNA has also been implicated in the pathogenesis of
DMI?2l. In addition, IncRNA MEGS3 controls insulin secretion by modulating
gene expression involved in insulin synthesis and secretion®. IncRNA
taurine-upregulated gene 1 regulates the proliferation and differentiation of
pancreatic beta cells, which are responsible for insulin production/4l.

DNA methylation can alter gene expression patterns. The promoter region
of the insulin gene is hypermethylated in patients with T2DM, leading to
decreased insulin productionl'sl. Similarly, the promoter region of the
adiponectin gene is hypomethylated in obese individuals, leading to
increased adiponectin expression and improved insulin sensitivityll¢l. The
augmentation of gene expression is linked to histone acetylation, whereas
histone methylation may either stimulate or hinder gene expression,
contingent on the location and extent of methylationl!7l.

Emerging evidence suggests that epigenetic modifications and ncRNA ay
a critical role in the development and progression of DM complicated with

obesity (Figure 1). Dysregulation of miRNA and IncRNA expression, as well
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as altered DNA methylation and histone modifications, can lead to impaired
glucose metabolism and IR[8I. Although much is still unknown about the
mechanisms underlying these epigenetic changes, identification of these
modifications as potential therapeutic targets offers new hope for the
prevention and treatment of DM. Future research should elucidate the role of
epigenetic regulation and ncRNA in diabetes pathogenesis and develop
effective therapies targeting these pathways. The aim of this review is to
explore the molecular mechanisms of ncRNAs and epigenetic regulation in
the pathogenesis of DM complicated by obesity. We intend to discuss the
potential therapeutic targets associated with these mechanisms and highlight

the research prospects for DM complicated with obesity.

MOLECULAR MECHANISMS OF NCRNA IN THE PATHOGENESIS OF
DM COMPLICATED WITH OBESITY

Role of IncRNAs
IncRNAs in obesity and DM: The utilization of cutting-edge bioinformatic
techniques has facilitated the identification of IncRNAs associated with
obesity and adipocyte differentiation/'?l. Investigations of gain-of-function
and loss-of-function have both strongly pointed to the pivotal participation of
IncRNAs in adipogenesis. To date, various IncRNAs have been examined in a
range of models and they are potent modulators of diverse genetic pathways
linked to white adipose tissue (WAT) compartmentalization and activity{20l.
The first adipogenesis-related IncRNA was_a steroid receptor RNA
activator (SRA), which acts as a coactivator f peroxisome proliferator-
activated receptor (PPAR)y2!. Among the IncRNAs involved in adipogenesis,
ASMER-1 and ASMER-2 are upregulated in subcutaneous adipose tissue
(S5cAT) and are linked to adipocyte-specific metabolism and IRI2L Several
IncRNAs have roles in adipogenesis (the formation of fat cells), lipolysis (the
breakdown of fat), and adiponectin secretion in human adipocytes (fat cells).

ADNCR is an endogenous competitive RNA for miR-204, and overexpression
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of SIRT-1 inhibits adipocyte differentiation and impairs the PPARy pathway
in vitro. Finally, HOTAIR is implicated in preadipocyte differentiationl22-27].

Brown adipose tissue (BAT) is a specialized form of adipose tissue that is
mainly responsible for thermogenesis and energy expenditure. It is
characterized by the presence of uncoupling protein 1 (UCP1), leading to
increased energy expenditure and weight lossl?2°l, Recent studies have
identified several IncRNAs that are involved in BAT regulation, including
brown fat IncRNA1 (Blncl) and H19I2630. Research has indicated that Blncl
plays a role in regulating thermogenic genes, resulting in an increase in the
expression of UCP1 and mitochondrial genesl!l. Conversely, H19 has been
found to have an inverse correlation with body mass index (BMI) and a
positive correlation with browning markers. H19 is involved in modulating
adipogenesis, oxidative metabolism, and mitochondrial respiration in BAT.
Thus, the manipulation of IncRNA expression shows promise as a therapeutic
approach for metabolic diseases. This could involve enhancing BAT activity
or inducing browning in WATB2. Various studies have suggested the
potential of different IncRNAs as biomarkers for diagnosing and managing
obesity. For example, Sun et 2l3 found reduced expression of three IncRNAs
in obese but not in lean subjects. The expression of these IncRNAs was
versely correlated with waist-to-hip ratio, BMI and fasting plasma insulin
levels. IncRNA-p19461 was upregulated following weight loss due to a 12-wk
diet, suggesting that bariatric interventions could manage expressed IncRNA
profiles. Alterations in the expression levels of IncRNAs were found following
bariatric surgery in animals, particularly those engaged in digestive,
absorptive and inflammatory pathways.

While the potential of IncRNAs as therapeutic targets for obesity
management is promising, several challenges need to be addressed before
their clinical application. One major challenge is the lack of understanding of
the precise molecular mechanisms underlying the regulation of IncRNA

expression in different tissues and under different physiological conditions!34l.
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The delivery of IncRNA-based therapeutics to specific tissues remains a major
hurdle due to their large size and potential off-target effects335. Therefore,
additional investigation is required to uncover the molecular pathways
involved in the regulation of IncRNA and to develop delivery methods that

can specifically target tissues while minimizing off-target effects.

IncRNAs in DM: In animal models and human islets, dysregulation of
IncRNAs is engaged in various stages of insulin secretion and is implicated in
the progression of IRI%7] (Table 1). In addition, the genes that encode them
e located near islet-specific chromatin domains that contain genes involved
in p-cell function modulationl®]. The specific functions and action
mechanisms of these IncRNAs are still not fully understood/371.

In T2DM, metabolic syndrome and low-level high-density lipoprotein, a
decline in MALATI expression was found, along with overexpressed H19 in
patients with worse glycemic control than those with glycated hemoglobin
concentration < 7%[*1. Additionally, MALAT1 is related to angiogenesis in
diabetic eyes and kidneys. A few dysregulated IncRNAs in diabetic subjects
are positively correlated with transcriptional markers of IR, impaired glucose
control, and aging. These IncRNAs were apparently relevant to DM, even
after correctionl®l, Newly diagnosed diabetic patients exhibited similar
results, indicating that dysregulated IncRNAs control IR and inflammation,
ultimately resulting in disrupted glucose homeostasisl41l.

The role of IncRNAs in both microvascular and macrovascular
complications of DM has been investigated. A widely studied IncRNA
associated with diabetic complications is ANRIL, which is considered a
potential biomarker#24l. Another is MALAT1 in association with elevated
production of reactive oxygen species and proinflammatory cytokines,
contributing to endothelial lesions in the microvasculaturel3642].

Dysregulation of specific genes has been identified in renal biopsies

affected by diabetic nephropathy. Additionally, a study of diabetic patients
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with chronic complications found downregulation of CASC2 in the serum

and renal tissue of DM patients with chronic kidney disease when compared
to healthy controlsB744. Both MIAT and MALAT1 were found to be over-
regulated in renal specimens from diabetic subjects and in animal modelsl37l.
The effect of IncRNAs in diabetic patients with peripheral neuropathy has
also been investigated. Specifically, NONRATT021972 was shown to be
increased in T2DM subjects with exacerbated symptoms connected to
neuralgia, together with an increase in tumor necrosis factor (TNF)-a levels.
Furthermore, siRNA-NONRATT(021972 alleviated neuropathic pain by
decreasing TNF-a in rats, resulting in decreased blood glucose and
inflammation, which paved the way for potential therapies of neuropathic
paini45. MALATI is over-expressed in gastrointestinal spasms and in T2DM
sufferers with signs related to gastric spasms, and its impact is likely

associated with smooth muscle cells.

Function of miRNAs in DM with obesity: miRNAs prevent the translation of
mRNA into protein, leading to mRNA degradation or translational
repression. miRNAs have been shown to regulate various cellular processes.
Dysregulated miRNA has been implicated in metabolic disorders, such as in
obesity (Table 2).

The pathogenesis of metabolic diseases has been linked to the expression of
various miRNAs. Kunej ef all*¢] found that 221 of the 1736 Loci associated with
obesity coincided with miRNAs. It has been reported that miRNAs can
modulate pathways that control adipogenesisl74l, which is impaired in
obesity. Consequently, miRNA dysregulation could be involved in metabolic

processes that contribute to obesityl4950],

miRNA-375: The islet-specific miRNA-375 is expressed at high levels in
pancreatic islets and regulates insulin secretion by modulating gene

expression. The impact of miRNA-375 on glucose-stimulated insulin secretion
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(GSIS) and insulin gene transcription was investigated by Poy et all5!, who
found that its overexpression suppressed GSIS and reduced insulin gene
transcription, whereas its downregulation resulted in increased insulin
secretion. This study confirmed the crucial role of miRNA-375 in the
development of T2DM, as demonstrated by its higher expression in the
pancreas of T2DM patients compared to healthy individuals. Dysregulation of
miRNA-375 was observed 5 years prior to the start of T2DM and in
prediabetes, indicating its potential use in the prediction and prevention of

high-risk populations!>2l.

miRNA-130b: In prepubertal obesity, some miRNAs may become
deregulated, as evidenced by a study which showed that the expression of
miRNA-130b in plasma was upregulated and directly correlated with BMI

and other indicators of obesity in children.

miRNA-200 family: The miRNA-200 family can contribute to protection
against beta-cell apoptosis and dedifferentiation in vitrol®l. miRNA-200c is
one of the most highly expressed miRNAs in beta cells, and partially protects
against oxidative stress-induced beta-cell apoptosis, suggesting that the

miRNA-200 family is essential in diabetes pathophysiology!>4l.

miRNA-7: Human islets are enriched in another miRNA named miRNA-7,
which adversely modulates GSIS by restricting the pression of genes
participating in the integration of insulin granules within the plasma
membrane and the SNARE proteins(®l. The levels of hsa-miRNA-7-1-3p were
reduced in pancreatic islets of individuals with T2DM compared to

nondiabetic donors. The expression levels of hsa-miRNA-7-3-5p were

increased in T2DM pancreatic islets[>6l.
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miRNA-184: miRNA-184 is one of the miRNAs predominantly expressed in
beta cells of pancreatic islets, regulating insulin secretion and beta-cell
proliferation during IRI5l. Knockout of miRNA-184 in beta cells has been
shown to increase their proliferation, resulting in improved insulin secretion
following glucose stimulation. Blocking miRNA-184 in rat and human islets
has been demonstrated to protect beta cells from apoptosis induced by

prolonged exposure to proinflammatory cytokines and/or fatty acids.

Circular RNAs in obesity and DM
Role of circular RNAs: Adipose tissue is a complex and metabolically active
organ, playing an essential role in energy storage and homeostasis.
Adipocytes are the primary cell type in adipose tissue, and their
differentiation and function are tightly regulated by multiple molecular
mechanisms. In recent years, the role of circular RNAs (circRNAs) in adipose
tissue has gained significant attention.

circRNA expression in carboxy-terminal region, prediabetic and T2DM
patients showed 411 downregulated and 78 upregulated circRNAs/.
Notably, 220 circRNAs demonstrated differential expression, including 107
upregulated and 113 downregulated circRNAs[*l. Of particular interest were
the ci-INS and ci-Ins2 Lariats, derived from human INS and mouse Ins2,

respectively in beta cellsl®l,

EPIGENETIC REGULATION AND ITS ROLE IN THE PATHOGENESIS

OF DM COMPLICATED WITH OBESITY

Genetic variation is a crucial factor in the regulation of DNA methylationl®!l.
As methylated DNA predominantly arises on cytosine nucleotides after a
guanine, it is evident additions or deletions of variants of CG dinucleotides
affect the likelihood of methylated DNA at the locil62l. Remarkably, roughly
one-fourth of single nucleotide polymorphisms (SNPs) add or delete CpG

sitel63],
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The presence of an SNP in NDUFB6 Led to the emergence of a CpG site that
in turn affected DNA methylation and gene expression in human skeletal
muscle, particularly age-related gene expressionl®l. Although genetic
variations can directly impact DNA methylation, it remains unclear whether
they can affect methylation in more remote sites and, if so, what the
underlying mechanism would be. The extent to which this phenomenon is
widespread throughout the genome and its potential contribution to clinical
phenotypes remain uncertain. Another study identified that nearly half of the
genetic variations associated with diabetes introduce or remove a CpG sitel®.

In 2014, a study extended previous research and provided a whole-genome
description of genetic and epigenetically variations in human pancreatic
isletsl®l. Numerous cis- and trans-SNP-CpG pairs were determined, even
though the machinery of the latter is still unclearl®’l. Additionally, causal
inference test established a catalytic interaction between SNPs, DNA
methylation and genetic expression of annotated HLA regions highly
correlated with type 1 DMI®]. More than 100000 DNA metylation quantitative
trait loci (mQTLs) were identified by GWASs, which were linked to adipose-

tissue gene expression, BMI, and insulin levels!®.70].

RESEARCH PROSPECTS

ncRNAs as early diagnostic markers

ncRNAs are involved in the development of both diabetes and obesity and
may be potential early diagnostic markers for these conditions. miRNAs are
small ncRNAs that play important roles in post-transcriptional gene
regulation. These miRNAs are dysregulated in both DM and obesity and may
serve as potential early diagnostic markers for these conditions(7!l. For
example, miRNA-126 has been shown to be downregulated in obese
individuals and may serve as a potential early diagnostic marker in obesityl72l.

Similarly, miRNA-375 has been shown to be upregulated in individuals with
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T2DM and may serve as a potential early diagnostic marker for this
conditionl?l.

IncRNAs are longer ncRNAs that also play important roles in gene
regulation, suggesting that CRNAS are involved in the development of both
diabetes and obesity and may serve as potential early diagnostic markers(*l.
The IncRNAs HOTAIR and H19 have been shown to be upregulated in
individuals with T2DM and may be early diagnostic markersl7475].

circRNAs are a class of ncRNAs that form covalently closed circular RNA
molecules, which have recently been observed in the dysregulation in both
DM and obesity and may be early diagnostic markers¢l. For example,
circRNA-000911 has been shown to be downregulated in individuals with
T2DM, and may serve as a potential early diagnostic marker[?7l. Similarly,
serum and exosome circRNA-0000907 and circRNA-0057362 have been shown
to be upregulated in patients with diabetic foot ulcer (DFU), indicating that
they may have a potential role as early diagnostic markers for DFUI71.

ncRNAs have emerged as potential early diagnostic markers for both DM
and obesity. Early diagnosis and management of DM and obesity are crucial
to prevent complications and improve outcomes. Therefore, the identification
of novel early diagnostic markers for these conditions is of utmost
importance. ncRNAs may serve as valuable tools in this regard and may help
improve patient outcomes. Therefore, further research is needed to validate

the potential of ncRNAs in early diagnosis.

Possible treatment targets for DM with obesity

miRNAs are one of the best-studied classes of ncRNAs, and they have been
implicated in the regulation of glucose homeostasis and insulin sensitivity. It
was shown that miRNA-29a regulates insulin signaling by targeting IRS1 in
adipocytesl?l. Additionally, miRNA-103 and miRNA-107 have been shown to
promote IR by targeting he insulin receptor and GLUT4, respectively!sl.

Another IncRNA, NEAT1, has been shown to regulate the expression of genes
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involved in the inhibition of high glucose-induced diabetic retinopathy/stl.
Furthermore, S961-treated mouse sera reproduced beta-cell replication in
pancreatic islets in an E2F1-dependent way, indicating that IR-induced
adipocyte proliferation signaling activates E2F1 and is a potential target for
promoting beta-cell compensation!®2l.

Epigenetic regulation has also emerged as an important contributor to the
pathogenesis of DM with obesity. DNA methylation regulates motifs
involved in glucose homeostasis and insulin signaling®l. Histone
modifications regulate the expression of key genes in the insulin signaling
pathway!84l.

In addition, IncRNAs are newly emerging and promising biomarkers, so we
summarize the shared IncRNAs in both obesity and DM in order to provide
further information (Table 3).

Identification of the pathogenesis of DM with obesity has opened new
avenues. Targeting these mechanisms with small molecules or RNA-based
therapies may provide a more precise and effective approach to DM
treatment than traditional therapies. For example, miRNA-based therapies

have already been tested in preclinical models of DM, with promising results.

CONCLUSION

The pathogenesis of DM complicated with obesity involves complex
molecular mechanisms, including ncRNA and epigenetic regulation.
Understanding the roles of ncRNA and epigenetic regulation in the
pathogenesis of DM complicated with obesity provides new insights into the
development of novel therapeutic targets and strategies. Future research
should focus on exploring the potential of ncRNA and epigenetic regulation
as biomarkers for diagnosis and prognosis, as well as precision medicine and

personalized treatment strategies.
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Figure Legends

Figure 1 Epigenetic modifications and noncoding RNA play a critical role
in the development and progression of diabetes mellitus complicated with
obesity. A: Network visualization of the titles and abstracts related to the long
noncoding RNAs and epigenetic regulation in the pathogenesis of diabetes
mellitus complicated with obesity; B: Overlay visualization of the years of
publication on long noncoding RNAs and epigenetic regulation in the
pathogenesis of diabetes mellitus complicated with obesity. Different color

dots are used to distinct the keywords that have appeared in the publications.
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Table 1 Transcription factors and long noncoding RNAs in insulin

resistance

Factors related to the Names of IncRNAs Targeted nuclear proteins

development of IR

Lipogenic activity H19, MALAT1, MEG3, SREBP-1c, PPARy, and
and MIAT? FoxO1

Gluconeogenesis MEG3 and H191 CRTC2/CREB, FoxO1,

HNF4A and ATF4
Inflammation and MALATI and H197 EZH2 and PRC2

oxidative stress
Cellular dysfunction =~ MEG3, MALAT1 and N/A
MIAT?

IncRNA: Long noncoding RNA; IR: Insulin resistance; SREBP-1¢: Sterol reg-
ulatory element binding protein-1c; PPARYy: Peroxisome proliferator-activated
receptor y; FoxO1: Forkhead box protein O1; CRTC2/ CREB: CREB-regulated
transcription coactivator 2; HNF4A: Recombinant hepatocyte nuclear factor
4a; ATF4: Recombinant activating transcription factor 4; EZH2: Enhancer of

zeste homolog 2; N/ A: Not applicant.
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Table 2 Circulating microRNA in obesity

Tissue or organs

Names of miRN As

Targeted genes

Adipocytic tissue

Liver

Muscle

Pancreas
Cardiovascular

system

miR-155, miR-27a, and
miR-34a

miR-99b and miR-155
miR-27a, miR-155, and
miR-130b

miR-132 and miR-92a
miR-29a, miR-410-5p, and
miR-194

50CS1, PPARy

FGF21, PPARy
PPARy, PGCla

BTG2, PTBP1
SMAD7

miRNA: microRNA.
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Table 3 The profiles of shared long noncoding RNAs in obesity and

diabetes mellitus

IncRNA Description Expression in Expression in DM
obesity
SRA Steroid receptor High Low in patients with
RNA activator type II  diabetic
cardiovascular
diseasel85]
ASMER-1  Adipocyte- High in ScAT High expression
associated metabolic related to IRI22
related IncRNA 1
ASMER-2  Adipocyte- High in ScAT High expression
associated metabolic related to IRI22
related IncRNA 2
ADNCR Adipocyte Low Lowl8el
differentiation-
associated IncRNA
HOTAIR  HOX antisense High Highl®]
intergenic RNA
Blncl Brown fat IncRNA 1 High in high-fat- High in the blood of
diet-fed micel®8  patients with diabetic
nephropathyl89
H19 LncRNA H19 Low in obesity- Lowl?l
associated
inflammatory
conditions!¥!
MALAT1  Metastasis- Highl9ll High expression in
associated lung PBMCs from type 2
adenocarcinoma diabetes patients!?3]

transcript 1
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IncRNA: Long noncoding RNA; DM: Diabetes mellitus; ScAT: Subcutaneous
adipose tissue; IR: Insulin resistance; PBMC: Peripheral blood mononuclear

cell.
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