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Epigenetic Network in Immunometabolic Disease

Martin Geiger,* Era Gorica, Shafeeq Ahmed Mohammed, Alessia Mongelli,

Alessandro Mengozi, Valentina Delfine, Frank Ruschitzka, Sarah Costantino,

and Francesco Paneni*

Although a large amount of data consistently shows that genes affect

immunometabolic characteristics and outcomes, epigenetic mechanisms are

also heavily implicated. Epigenetic changes, including DNA methylation,

histone modification, and noncoding RNA, determine gene activity by altering

the accessibility of chromatin to transcription factors. Various factors influence

these alterations, including genetics, lifestyle, and environmental cues.

Moreover, acquired epigenetic signals can be transmitted across generations,

thus contributing to early disease traits in the offspring. A closer investigation

is critical in this aspect as it can help to understand the underlying molecular

mechanisms further and gain insights into potential therapeutic targets for

preventing and treating diseases arising from immuno-metabolic

dysregulation. In this review, the role of chromatin alterations in the

transcriptional modulation of genes involved in insulin resistance, systemic

inflammation, macrophage polarization, endothelial dysfunction, metabolic

cardiomyopathy, and nonalcoholic fatty liver disease (NAFLD), is discussed.

An overview of emerging chromatin-modifying drugs and the importance of

the individual epigenetic profile for personalized therapeutic approaches in

patients with immuno-metabolic disorders is also presented.

1. Introduction

Immunometabolic disease represents a growing public health
concern and can lead to significant economic impacts, including
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increased medical costs, decreased pro-
ductivity, and increased disability.[1] The
direct costs of treating these diseases can
be substantial, as well as the indirect costs
associated with lost productivity and im-
paired quality of life. The economic bur-
den is expected to increase in the com-
ing years due to the growing prevalence
of global population aging. A key fea-
ture of metabolic diseases is the clus-
tering of metabolic dysfunction and in-
flammation, recently described as “meta-
inflammation.” The latter has been re-
ported to play a pivotal role in the patho-
physiology and progression of obesity,
type 2 diabetes, and nonalcoholic fatty
liver disease.[2] Diet, lifestyle, and expo-
sure to toxins can all influence gene ex-
pression, thus leading to altered gene ex-
pression and disease phenotypes. For ex-
ample, epigeneticmodificationsmay lead
to changes in metabolic pathways, di-
rectly impacting energy production and
expenditure in different organs.[3] Fur-
thermore, epigenetic signals have been

shown to derail transcriptional programs underlying immune
regulation with subsequent changes in innate and adaptive im-
mune response in adipose tissue and the liver. Understanding
how environmental cues alter the cellular epigenome is vital to
prevent gene dysregulation and immuno-metabolic alterations,
such as macrophage polarization, adipose tissue inflammation,
insulin resistance, and lipotoxic damage. The review will ad-
dress recent advances in understanding gene-environment inter-
actions and targeting approaches to reset the epigenome in car-
diometabolic disorders.

1.1. Epigenetic Mechanisms

Epigenetics refers to changes in gene expression that impact gene
activity without changing the DNA sequence. Prominently, epi-
genetics leads to incorporation of inheritable but reversible phe-
nomenon that regulates the expression of various genes. For in-
stance, DNA methylation patterns can remain relatively stable
over an individual’s lifetime, particularly in somatic cells. But
other epigenetic changes, like histonemodifications, can bemod-
ified in response to various signals, allowing for rapid adjust-
ments in gene expression.[4,5] The term “epigenetic” was first pro-
posed by Conrad Waddington in the early 1940s to describe the

Adv. Biology 2024, 8, 2300211 © 2023 The Authors. Advanced Biology published by Wiley-VCH GmbH2300211 (1 of 15)



www.advancedsciencenews.com www.advanced-bio.com

molecular and biological mechanisms that transform a genetic
trait into a visualized phenotype.[4,5] Epigenetic is currently the
hottest and most rapidly developing field in the scientific world,
with the advancement of novel technologies that can detect chro-
matin states at multiple dimensions.[6] Epigenetic research aims
to unveil the effect of environment, social conditions, and nutri-
tion on an individual’s gene expression profile. In multicellular
organisms, a single genotype may result in various phenotypes
because of the ability of epigenetic markers to appear during de-
velopment and be transmitted to the offspring.[7] Remarkably,
epigenetic modifications are crucial for tightly regulating specific
cell and tissue gene expression profiles. Dysregulation of epige-
netic changes may result in numerous human disorders such as
cardiovascular disease (CVD), immunemetabolic disorders, can-
cer, and neurological diseases.
Eukaryotic DNA consists of a wealth of information needed for

the growth and development of a multicellular organism. Such
information is stored both genetically in the DNA sequence and
epigenetically through DNA methylation, post-translational his-
tone modifications, and noncoding RNA´s.[8,9] Epigenetic modi-
fications that affect chromatin accessibility and gene expression
can be classified as follows: i) DNAmethylation, ii) Histonemod-
ifications, and iii) noncoding RNAs. The duration and the re-
versibility of these modifications vary depending on different fac-
tors, such are specific types of epigenetic change, individual’s ge-
netic background, the lifestyle (diet, weight, BMI, physical activ-
ity), the environmental factor, as well as medication-mediated ef-
fects. For the latter one, further studies must elucidate the lasting
effects of these epidrugs.[8,10]

1.2. Overview of Epigenetic Modifications

1.2.1. DNA Methylation

DNA methylation is one of the best characterized and well-
studied pretranscriptional modification, that is achieved by ad-
dition of methyl groups to cytosine residues of the dinucleotide
sequence (CpG) leading to stability of gene expression andmain-
tains genome integrity. Importantly, CpG dinucleotides are un-
evenly distributed and nearly 80% of CpGs are methylated in
normal healthy cells.[10] DNA methylation patterns are crucial
during the postconceptional period. Especially during gametoge-
nesis, a rapid demethylation of the entire parental DNA occurs
followed by a de novo methylation and results in tissue-specific
DNA methylation patterns which regulate the cellular differen-
tiation in the developing cell.[11] DNA methyltransferases (DN-
MTs) are highly conserved enzymes that play a pivotal role in
DNA methylation. They catalyze the addition of methyl groups
to cytosine and forms 5-methylcytosine (5-mC). DNMTs are clas-
sified into two categories: i) de novo DNA methyltransferases
(DNMT3A & DNMT3B), prominent during embryonic develop-
ment, and such methyl marks are then faithfully maintained
during the development by ii) maintenance DNA methyltrans-
ferase (DNMT1) that has specific function toward hemi methy-
lated DNA.[12] Compelling reviews and studies strongly suggest
that changes in DNA methylation states can regulate the bio-
logical processes causing immune metabolic diseases, such as
atherosclerosis, hypertension, and inflammation.[13—15] Studies

have found the mice with hypomethylated DNA showed an in-
crease in the expression of inflammatory markers. Moreover, hy-
pomethylation of DNA strongly correlates with the formation
of aortic fatty streaks.[16] Studies investigated the DNA methyla-
tion in atherosclerosis-prone ApoE-null mice, found that changes
in DNA methylation, in both peripheral blood leukocytes and
the aorta, contribute to the development of vascular lesions.[17,18]

Along the same line, patients with heart failure show differential
methylation in genes related to angiogenesis, myocyte apoptosis,
fibrosis, and altered contractility as compared with nondiseased
heart tissue.[19]

1.2.2. Histone Modifications

In eukaryotic cells, DNA is condensed into chromatin. The nucle-
osomes are the main unit of chromatin where DNA is wrapped
around four different histones (H2A, H2B, H3, & H4).[20] Re-
modeling of nucleosomes affects the architecture of DNA and
its accessibility to replication and transcription factors. Over
the course of life, histones are prone to different modifica-
tions such as methylation, acetylation, phosphorylation, sumoy-
lation, ubiquitination, ADP-ribosylation, deamination, and pro-
line isomerization..[20,21] Histone modifications usually lead to
two outcomes (Table 1); i) active or open chromatin where DNA
is accessible for replication and transcription and ii) inactive or
closed chromatin in which DNA is inaccessible for replication
and transcription. Histone modifications are usually performed
by three class of enzymes. i) Writers, that add chemical group
to the histone tails and lead to either active or inactive transcrip-
tion based on the site of themodification. ii) Erasers, that remove
chemical group from the histone tails, also lead to either active
or inactive transcription. iii) Readers, that specifically reads the
acetyl group present on histone tails, bind to it, and usually acti-
vate the gene transcription.[22,23]

Histone Methylation (Writers/Erasers): Histone methylation
and demethylation is a crucial and reversible modification per-
formed by histone methyltransferases and demethylases thus ef-
fecting the chromatin state and gene transcription.[24–26]

Histone methylation such as mono (me1), di (me2), and tri
methylation (me3) specifically occurred on lysine (Lys or K), argi-
nine (Arg or R) residues, and rarely on histidine (His or H). In
Histone 3, lysine amino acids such as (4, 9, 26, 27, 36, 56, and 79)
whereas arginine amino acids like (2, 8, and 17) can be methy-
lated. And Histone 4, lysine amino acids (5, 12, and 20) and argi-
nine amino acid 3 can be methylated.[25,27] Importantly, histone
methylation occurred on different amino acids has a contrasting
transcriptional activity. Histone methylation on histone H3K4,
R8, R17, K26, K36, K79, H4R3, and K12 leads to active chromatin
state and thus activate gene transcription. In contrast, histone
methylation onH3K9, K27, K56, H4K5, and K20 leads to a closed
chromatin state and thus inhibits the gene transcription.[27,28] In
humans, there are two domains of proteins specifically carrying
out lysine methylation; SET domain (SU(var)3-9, Enhancer of
zeste and Trithorax domain and the 7Βs (seven beta strand) do-
main. On the other hand, histone demethylation is executed by
two class of proteins: LSD1 and Jumonji C-domain containing
family.[29]
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Table 1. Key epigenetic regulators in CVD and immunometabolic diseases.

Epigenetic modification marks Enzyme activity Pathological effect References

H3K4me, H3K9me EZH2, JMJD3 Atherosclerotic SMCS, immune cells (macrophages) [25,30]

H4R3me2 PRMT5 Cardiac hypertrophy [31]

H3K79me3 DOT1L Dilated cardiomyopathy [25,32]

H3K4me SMYD3 Cardiacdevelopment [33]

H3K27me3 EZH2 Congenital Heart defects, atherosclerosis at an early age [34]

H3K9me3 SUV39H1 Myocardial InfarctionIschemic/Reperfusion injury [35]

Table 2. Different types of HDACs.

HDACs categories Localization Function Cofactor Role in the Context of IMD or CVD

Class I (1-3 & 8) Nucleus Deacetylation of nuclear

proteins

Zinc

dependent

HDAC 1 levels positive correlate with the expression of

TNF-a, IL-17, and IL-6. HDAC I has an enhancing effect on

T-cell mediated immune response.[40–42]

HDAC 2 is involved in homeostasis of an inflammatory

response in chronic inflammatory diseases. Additionally, it

is also involved in the development of heart failure and

cardiac hypertrophy.[43–46]

HDAC 3 promotes monocyte migration to inflammatory

sites and favors cytokine production by macrophages.[47,48]

Class IIa (4,5,7 & 9) Shuttled between nucleus

and cytoplasm

Possess no intrinsic activity,

act as a scaffold for other

corepressor proteins

Zinc

dependent

HDAC 4 involved in the regulation of neointimal hyperplasia

& vascular calcification.[1 ]

HDAC 5 known to be involved in human osteoclasts and

associated with the pathogenesis of bone loss in

Rheumatoid arthritis.[49]

HDAC 7 knockout showed severed hemorrhage and

dilated blood vessels.[50]

HDAC 9 may act as an epigenetic switch in regulating

T-cell mediated in inflammation in the context of cardiac

hypertrophy.[51]

Class IIb (6 & 10) Cytoplasm Deacetylation of cytosolic

proteins

Zinc

dependent

HDAC 6 involved in pulmonary arterial hypertension.[52,53]

HDAC 10 shown to enhance 1L-1b expression and NF-kB

in HDAC 10 knockdown alleviating the atherosclerosis in

mice model.

Class III (Sirtuin

family)

Nucleus, cytosol and

mitochondria

Deacetylation of proteins NAD+

dependent

Numerous reports on Sirtuin family involved in regulating

CV-homeostasis (mediating the function of ECs, regulating

angiogenic properties, senescence & apoptosis).[42]

Class IV HDACs

(11)

Nucleus Deacetylation of nuclear

proteins

Zinc

dependent

HDAC 11 involved in obesity and metabolic syndrome,

specifically, HDAC 11 suppresses metabolic inflammation

by inhibiting IL-10 secretion.[54]

The effect of histone methylation on a target gene depends on
the cell type and site of themodification. Different histonemethy-
lation signatures and their role in immunometabolic disorders
and CVD are listed in Table 1.
Histone Acetylation (Writers/Erasers): Histone acetylation is an-

other crucial epigenetic modification that defines the chromatin
state. It critically regulates gene transcription in the cell cycle,
differentiation, and metabolism.[36] Histone acetylation is an ad-
dition of an acetyl group to lysine motifs modulated by histone
acetyltransferases (HATs) and usually leads to gene activation.
HATs use acetyl CoA as a cofactor and catalyze acetyl transfer to
the lysine side chain. By doing so, it neutralizes the lysine’s pos-
itive charge, weakening the interactions between histones and
DNA and thus open and active chromatin state.[37] Conversely, hi-

stone deacetylases (HDACs) remove acetyl groups from histone
tails thus resulting in gene inactivation.[37]

HATs are classified into three main categories; 1) Gcn5-related
N-acetyltransferase (GNAT family); 2) CBP/p300 (CREB-binding
protein (CBP) and its close relative to p300) & 3) MYST family
(MOZ, Ybf2/Sas3, Sas2, & Tip60). HATs exist as either nuclear
modifier (Type A). Cytoplasmic modifiers of newly synthesized
histones (Type B).[38] Whereas HDACs divided into four cate-
gories (Table 2).[39]

1.2.3. RNA-Based Mechanisms

Noncoding RNAs have post-transcriptional action not affecting
the chromatin architecture per se and are classified according
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Figure 1. Illustration of Epigenetic Mechanisms in Immunometabolic Disease, highlighting genetic factors, the impact of chronic hyperglycemia, DNA
methylation patterns, and histone modifications in the context of T2DM and related metabolic complications. Created with BioRender.com.

to their size. The three main classes are the small noncoding
RNAs (ncRNA´s), long noncoding RNAs (lncRNA´s), and cir-
cular RNAs. The small noncoding RNAs group includes micro
RNAs (miRNAs) and small interfering RNAs (siRNAs). MiR-
NAs regulate gene expression by binding to messenger RNAs
(mRNAs) and either inhibiting or promoting their translation.
They are usually about 22 nucleotides in length. siRNAs can also
regulate gene expression by inducing the degradation of target
mRNAs.[55] Long noncoding RNAs (lncRNAs) belong to tran-
scripts that are longer than 200 nucleotides and do not code for
proteins. They can regulate gene expression by acting as tran-
scriptional regulators, recruiting chromatin-modifying proteins,
or functioning as miRNA sponges.[56] As far as circular RNAs
(circRNAs) concerns, they are formed by the joining of two ex-
ons, or by the circularization of an entire exon, and can act as
miRNA sponges or as scaffolds for protein complexes. They are
typically between 100 and 1000 nucleotides in length.[57]

2. The Interplay between Epigenetics and
Immunometabolic Disorders

2.1. Epigenetic Influence

As depicted in Figure 1, the epigenetic mechanisms underlying
immunometabolic disease are complex and the different modi-
fications, like histone methylation, play a pivotal role in the reg-
ulation of immunometabolic disorders and CVD. Studies have
shown that parental lifestyle and environmental exposures can
influence the epigenetic profile of their offspring, which can, in
turn, increase the risk of cardiovascular damage. For example,
maternal smoking during pregnancy has been linked to an in-
creased risk of cardiovascular damage in the offspring.[58–60] Sim-
ilar was observed in maternal obesity.[61] This phenomenon was

described in the historical “Dutch famine” cohort, which iden-
tified individuals born exposed to food restriction during World
War II.[62] Compared to an unexposed population group born full-
term before or after the famine. The famine-exposed offspring
had higher rates of coronary heart disease and associated risk
factors, such as obesity, glucose intolerance, and dyslipidemia in
adulthood.[63]

Moreover, additional studies comparing same-sex siblings
showed less DNA methylation of the imprinted IGF2 gene com-
pared with their unexposed. The IGF2 gene plays a central role
in glucose and lipidmetabolism, regulating growth by regulating
cellular activity and as an anabolic hormone capable of handling
metabolic pathways.[64] In the Pima Indian population analysis,
diabetes during pregnancy was associated with a mean BMI of
2.6 kg m−2 higher for the offspring exposed to diabetes during
pregnancy.[61] In another study, the risk of being overweight was
doubled in the offspring of women with diet-treated gestational
diabetes or type 1 diabetes. Another interesting result from the
same study identified that the risk of metabolic syndrome in the
offspring increased with an increasing maternal fasting blood
glucose or 2 h blood glucose during an oral glucose tolerance test
in pregnancy.[65]

2.2. Endothelial Dysfunction

Loss of insulin signaling in the vascular endothelium has been
shown to play a key role in the pathogenesis of cardiometabolic
disorders.[66] ApoE deficient mice, with the inactivation of the in-
sulin receptor in cells, showed decreased bioavailability of the
signaling radical nitric oxide (NO) and consequently atheroscle-
rotic lesions.[67] The expression of vascular adhesion molecules
decreased in endothelium-specific suppression of NF-𝜅B mice,
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resulting in suppression of macrophage infiltration into adipose
tissue, being this, one of the mechanisms underlying protection
from obesity-induced insulin resistance (IR).[68] In human stud-
ies, endothelial cells from patients with T2DM show disarray of
endothelial insulin signaling, through the activity of PKC𝛽 and
NF𝜅B, with subsequent impairment of NO availability.[69] These
findings provide evidence of altered endothelial NO synthase acti-
vation, consequently reducing insulin action, and increasing in-
flammatory activation in the endothelium of patients with dia-
betes mellitus. Recently, we demonstrated the epigenetic role of
proinflammatory genes in endothelial IR and vascular dysfunc-
tion. We studied the mitochondrial adaptor p66Shc, a protein in-
volved in the mitochondrial complex system regulating endoge-
nous production of free radicals and apoptosis. We observed a
significant upregulation of p66Shc in visceral fat arteries isolated
from obese patients, correlated with oxidative stress, endothe-
lial dysfunction, and IR.[70] We encountered a complex network
of chromatin remodelers like the methyltransferase SUV39H1,
the demethylase JMJD2C and the acetyltransferase SRC-1 induc-
ing demethylation and acetylation of H3K9, regulating the p66Shc

transcription.[70] Many researchers have also dedicated them-
selves to evaluating the epigenetic changes of the endothelial cells
related to the type of flow within the artery.[71–74] Blood flow alone
generates shear stress (SS) in the vessel wall. Laminar, unidirec-
tional SS presents itself in vessels with normal vascular function.
In regions of disturbed blood flow, with oscillatory shear stress
(cyclic stretch), the EC exhibit altered gene expression.[75] These
alterations are finally characterized by an imbalance of vasodila-
tor and vasoconstrictor factors originating from the endothelium
itself, resulting in progressive pathophysiological changes.[76]

The effects of shear stress on specific CpG sites were observed
in human umbilical vein endothelial cell (HUVEC).[77,78] Exami-
nation of cell morphology and cytosolic calciumflux revealed that
laminar shear stress upregulated KLF4 transcription, which was
associated with increased methylation of the promoter region. In
contrast, cyclic stretching decreased the expression of KLF4 and
was accompanied by a decrease in methylation.[74] KLF4 regu-
lates the expression of genes related to endothelial cell activation,
proliferation, and survival, as well as genes that are related to in-
flammation, cell adhesion, and cytoskeletal remodeling, respon-
sible to maintain an anti-inflammatory, quiescent EC state in
unidirectional flow conditions.[79] Dunn et al. demonstrated that
blood flow epigenetically controls endothelial gene expression
by regulating DNA methylation patterns via a DNMT-dependent
mechanism.[72] The genes in the arteries exposed to different
flow regimes displayed different methylation profiles across dif-
ferent CpG sites, and the changes in methylation were induced
by changes in the intensity and duration of the flow. The changes
in gene expression andmethylation correlated with each other. In
a recent effort to identify flow-sensitive genes in arterial endothe-
lium in vivo, endothelial RNA was obtained directly from mouse
carotid arteries after partial carotid ligation. DNMT1 expression
was ≈2.4-fold higher in the artery that was partially ligated and
exposed to disturbed flow than in the contralateral exposed to
normal flow. In vivo validation was performed in EC culture
with unidirectional laminar shear stress exposure. Inhibition of
DNMT1 by 5-aza-2′-deoxycytidine or by DNMT1 small interfer-
ing RNA prevented disturbed flow-induced monocyte adhesion,
demonstrating the functional importance of DNMT1 in endothe-

lial inflammation.[72] Chromatin condensation has also an impor-
tant role in ECs flow adaptation. Examining immunostaining of
H3K9ac, H3K27me3, and H3K9me3 showed the impact of SS in
histone 3 methylation and acetylation. EC exposed to SS (athero-
protective) have histones which are more acetylated and less
methylated, suggesting amore decondensed chromatin structure
in this hemodynamic environment.[80] The chromatin remodel-
ing in HUVEC´s resulted in increased expression of genes im-
portant to the endothelial inflammatory response, such as TNF𝛼,
ICAM-1, and MCP-1.[71] SS-induced histone H3 serine phospho-
rylation and lysine acetylation.[71] Another example of flow distur-
bance relation with epigeneticsmanifestations could be observed
in close proximity to branch openings compared with areas of
undisturbed flow. The effects of both wall-adjacent branches, as
well as out-of-wall branches were compared with areas of undis-
turbed flow. Findings suggest that the presence of open branches
causes an increase in the local velocity of the flow, with the mag-
nitude of the increase depending on the size and the location
of the branch opening. Histone deacetylase 3 (HDAC3) expres-
sion was increased in close proximity to the branch openings.[81]

The mechanism behind this expression increase is thought to be
due to the activation of KLF2. Upon activation, KLF2 binds to
the promoter of the HDAC3 gene and causes an increase in ex-
pression. HDAC3 had a negative effect on vascular homeostasis,
leading to reduced vascular smooth muscle relaxation.[82] NcR-
NAs also have a role in controlling molecular events associated
with vascular remodeling.[83] In conjunction, ncRNAs can regu-
late the synthesis and trafficking of cytokines and chemokines,
which modulate the responses of endothelial cells and vascular
smooth muscle cells to various stimuli.[84] Dysregulated miRNA
expression has been implicated in the pathogenesis of atheroscle-
rosis, hypertension, and other cardiovascular diseases.[85] For ex-
ample, miR-21 was first identified to be significantly increased
in rat carotid arteries following balloon injury.[86] miR-21 expres-
sion has also been shown to be upregulated in diabetic vascula-
ture decreasing nitric oxide production when overexpressed in
endothelial progenitor cells. The participation of miR-21 in arte-
rial flow type has also been observed.[87] Oscillatory SS-induced
miR-21 inhibited the translation, but not transcription of PPAR𝛼,
which, in turn, reduced the inhibition of the transcription fac-
tor activator protein-1 pathway by PPAR𝛼. Positive feedback was
observed increasing the transcription of miR-21 and inflamma-
tion in ECs.[88] miR-21 has also been demonstrated to attenu-
ate EC apoptosis and NO production in the PI3K/Akt pathway
modulating the atheroprotective effects of SS.[89] Understanding
the cell type-specific functions and precise targets is important
for potential clinical application.[90] Adipocytes, endothelial cells,
and macrophages, for example, may each contain unique epige-
netic information that is translated into particular transcriptional
processes related to cell development. The epigenetic landscape
of individual cells has been demonstrated to vary as a result of
micro- and macroenvironmental influences.[91]

Studies about OxLDL-induced endothelial cell proliferation
approach DNA methylation associated with inflammation and
plaque growth in atherosclerosis.[92] It is present in several genes
involved in inflammation and human atherosclerotic lesions.
LncRNA smooth muscle-induced lncRNA (SMILR) as well

as metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) have been reported to be overexpressed in
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atherosclerotic patients.[93,94] SMILR is a critical mediator of
vascular smooth muscle cell (SMC) proliferation via direct
regulation of mitotic progression. Increased SMILR levels were
detected in unstable compared with stable human atheroscle-
rotic plaques.[95] MALAT1 expression in human atherosclerotic
plaque was downregulated in comparison to healthy vessel
and moreover decreased in symptomatic versus asymptomatic
patients.[96] MiR-21 has been found to target and reduce the
expression of sirtuin 1 (SIRT1), a transcriptional corepressor
that can modulate intracellular responses to oxidative stress and
inflammatory signals.[97] Downregulation of SIRT1 by miR-21
has been suggested to mediate a proinflammatory phenotype
in human vascular smooth muscle cells and thus contribute to
vascular inflammation and atherosclerosis.[98]

2.3. Systemic Inflammation

Pathogenic infection and tissue injury usually course with in-
flammation. Epigenetic dysregulation can be used to explain in-
flammation to the onset of several diseases.[99] The inflammatory
signaling results in changes in the epigenetics of an individual
modulating the expression of proinflammatory cytokines, inter-
leukins, and tumor suppressor genes.[100]

DNA methylation has a key role in the regulation of inflam-
matory genes. Recently, a DNA methylation signature could be
applied to understand the influence of low-grade inflammation
in existing or novel epigenome-wide association studies.[101] The
association between C-Reactive protein (CRP) DNA methyla-
tion signatures and clinically relevant phenotypes were evalu-
ated, where CRPDNAmethylation was positively associated with
several inflammation markers including IL1RA, IL6, and TNF
receptor.[101] Methylation levels of TNFexon 1 showed a signifi-
cant correlation with specific fatty acids in a gender-specificman-
ner suggesting that one way that fatty acids interact with the in-
flammation is through altered methylation profiles of cytokine
genes.[102] Another DNA methylation example related to inflam-
mation is observed in Helicobacter pylori infection. Helicobacter
pylori infection of epithelial cells is associated with the activa-
tion of several intracellular pathways. These pathways include the
MAPK/ERK, PI3K/Akt, and NF-𝜅B pathways and are activated by
H. pylori through the binding of its flagellin to the Toll-like recep-
tor 5 (TLR5).[103]

The disruption of immune cell transcriptional pathways is
also facilitated by histone alterations. H3K4me1, H3K4me3, and
H3K27ac are unique epigenetic markers that trigger the differ-
entiation of monocytes into macrophages.[104] Macrophages play
an important role in tissue remodeling and angiogenesis. In-
flammatory responses to bacterial or viral infection are medi-
ated by macrophages called M1. The macrophage M1 produces
proinflammatory cytokines, such as TNF. It is well known that
M1 macrophages produce NO by expressing induced NO syn-
thase and are crucial to clearing bacterial, viral, and fungal in-
fections. In contrast, alternatively activated macrophages or M2
macrophages contribute to parasite infection, tissue remodeling,
angiogenesis, and tumor progression.[105] The histone H3 Lys
27 (H3K27) demethylase JMJD3 is a transcription factor that is
also involved in the regulation of inflammatory responses. It is

induced by macrophages exposed to bacterial products and in-
flammatory cytokines, such as TNF-𝛼, IL-1𝛽, and IL-6. JMJD3
is thought to play a role in the regulation of the inflammatory
response by modulating the expression of genes involved in in-
flammation, such as those encoding proinflammatory cytokines,
chemokines, and adhesion molecules. JMJD3 is involved in the
regulation of macrophage polarization, with its expression are
higher in M1-polarized macrophages compared to M2-polarized
macrophages.[106] HDAC3 controls the regulation of inflamma-
tory genes inmacrophages, while histone deacetylase 2 (HDAC2)
contributes to the resolution of inflammation.[107] In monocytes
isolated from T1DM and T2DM patients, acetylation of H3 at
the promoter of TNF and COX2 genes was increased, whereas
H3K4mono-methylation contributes tomonocyte dysfunction in
T2DMpatients by inducing transcription of NF-kBp65 and proin-
flammatory genes like VCAM-1, ICAM-1, and MCP-1.[108,109] A
critical role is also played by inflammation in increasing fatty acid
accumulation.[110] The accumulation of body fat, or adiposity, is
a condition that is influenced by a range of circumstances. En-
vironmental factors, diet, and sedentary behavior can interfere
with hormone signaling pathways and alter metabolism, thus,
contributing to adipose tissue accumulation in the body.[111] In
recent years, various epigenetic modifications have been impli-
cated in the development of different metabolic diseases and
also of adiposity and related metabolic disorders.[112] The grow-
ing studies in the field have hypothesized that this condition is
companied with changes in DNA methylation patterns. In par-
ticular, this contributes to alterations in genes that are involved
in metabolic pathways related to obesity and its diseases.[113] For
instance, in obese patients, DNAmethylation changes have been
observed in genes involved in glucose metabolism, insulin sig-
naling, and adipogenesis.[114] Some in vitro and in vivo models
have shown that DNMT3A impairs insulin tolerance via DNA
methylation in the Fg21 gene, while carnitine palmitoyltrans-
ferase 1A (CPT1A) gene DNA methylation changes were asso-
ciated with obesity and T2DM.[115,116] The specific mechanisms
by which adiposity leads to changes in DNA methylation are
not fully understood, but may involve both, alterations in the
availability of methyl donors and modifications in the DNMT
enzyme activity. Histone modifications are also known to be
associated with this condition. Due to histone changes are af-
fected genes that are involved in lipid metabolism and adipocyte
differentiation.[117] PPAR𝛾 is the master regulator of adipocyte
differentiation. Histone modifications play a crucial role in the
regulation of the expression of this gene. Hence, acetylation and
methylation lead to either increased or decreased expression re-
spectively, contributing so to the governance of adipogenesis.[118]

Similarly, Sterol regulatory element-binding protein 1 (SREBP-
1c) and Fatty acid binding protein 4 (FABP4) which are both
involved in lipid metabolism and fatty acid transportation, are
strongly regulated by histone and noncoding RNA alterations.
For instance, SREBP-1c is dependent by the acetyltransferase ac-
tivity of coactivators p300 and CREB-binding protein (CBP). On
the other hand, a recent study showed the FABP4 gene is strongly
regulated by the lncRNA MIR31HG.[119–121] Changes in the sta-
tus of histones, DNA methylation, or RNA-based mechanism of
key genes involved in adiposity can significantly contribute to the
development and maintenance of this trait.
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2.4. Type 2 Diabetes Mellitus

T2DM is a chronic metabolic disorder which is associated with
high blood glucose levels. The contribution of genetic and envi-
ronmental factors, such as diet, lack of physical activity, smok-
ing, stress, BMI, waist circumference as well as aging are associ-
ated and play a crucial role in the occurrence and development of
T2DM. Maternal malnutrition has been linked to altered epige-
netic modifications and increased susceptibility to T2DM devel-
opment in children.[122] Chronic hyperglycemia occurs in T2DM
as a result of impaired insulin secretion from pancreatic 𝛽-cells
and insulin resistance in target tissues.[123] The duration of expo-
sure to elevated glucose levels affects insulin secretion differently.
Both in vivo and in vitro, hyperglycemia stimulates insulin secre-
tion while long-term hyperglycemia impairs it.[124,125] An individ-
ual’s response to chronic hyperglycemia can be rated on a contin-
uum. Desensitization occurs first, followed by exhaustion and fi-
nally glucotoxicity, which is irreversible.[126]High lipid levels have
also been reported to impair 𝛽-cell function. Human pancreatic
islets exposed to high palmitate levels for 48 h showed decreased
glucose-stimulated insulin secretion and altered global gene ex-
pression and DNA methylation patterns.[127]

Initial studies analyzed DNA methylation of candidate genes
for T2DM, such as encoding insulin (INS), encoding hepatocyte
nuclear factor 1-alpha (HNF1A), and encoding zinc transporter
8 (SLC30A8).[128] DNA methylation in the context of T2DM is
believed to be a key factor in the disrupted glucoregulation as-
sociated with the disease. In particular an association between
increased INS gene methylation and reduced insulin secretion,
ultimately leading to T2DM.[129] Overnutrition of rat insulin-1
(Ins1) cells and Zucker diabetic fatty rats were used to determine
the effects of overnutrition on DNA methylation at the promoter
of the insulin-1 gene. A high glucose concentration seemed to in-
crease Dnmt1mRNA expression levels and activity. By increasing
DNAmethylation at five CpG sites within the Ins1 promoter and
suppressing Ins1 mRNA expression, glucose concentration, and
time were positively correlated, conversely metformin, the first
line of T2DM treatment, has been shown to significantly sup-
press insulin promoter DNA methylation and upregulate Ins1
mRNA expression.[130]

Hepatocyte nuclear factor 1𝛼 (HNF1𝛼), also known as the
Maturity-onset diabetes of the young (MODY) type 3 gene, is a
gene associated with the regulation of glucose homeostasis and
insulin production and is the pathogenic gene forMODY3. Com-
mon types of HNF1𝛼mutations causeMODY3. Other mutations
are not associated with MODY3 but increase the risk of T2DM
significantly. Hyperglycemia in MODY3 is caused by single-gene
abnormalities. T2DM, in contrast to MODY, has genetic and en-
vironmental causes.[131]

To maintain cellular function, zinc levels are regulated in
the body. Diabetes may be caused by dysregulation of zinc
metabolism. Insulin synthesis, storage, and secretion are facil-
itated by zinc, which acts as a second messenger in insulin sig-
naling pathways and glucose homeostasis. Pancreatic islets have
the highest zinc concentration. Cell granules accumulate zinc
through ZnT8, a zinc transporter expressed primarily in pancre-
atic 𝛼 and 𝛽 cells. ZnT8 gene (SLC30A8) polymorphisms are asso-
ciated with type 2 diabetesmellitus (T2DM), and somemutations
may protect against it.[132,133]

H3K4me1/2/3, H3K36me2/3, and H3K79me2 are correlated
with transcriptional activation and play critical roles in the spe-
cific promoters and enhancers of the islet and pathogenesis of
diabetes.[134] Diabetic nephropathy is associated with dysregu-
lation of H3K4me1/2/3.[135]Transient hyperglycemia endothelial
cells were found to have increased H3K4me1 level at the proxi-
mal promoter of p65 as well as sustained activation of the NF-𝜅B
subunit p65.[136]

2.5. Nonalcoholic Fatty Liver Disease

NAFLD is a disease in which extra fat is accumulated in liver cells
without being caused by alcohol consumption.[137] Nonalcoholic
steatohepatitis (NASH) is a subgroup of NAFLD that causes hep-
atocellular injury and inflammation, which may progress to irre-
versible cirrhosis and hepatocellular carcinoma.[138] The patho-
genesis of NAFLD considers the “two-hit” theory, to explain the
NAFLD presentation (steatosis, NASH, and cirrhosis).[139] The
first hit consists of a “trigger” event, such as an increase in the
rate of lipogenesis, an increase in the rate of fatty acid uptake,
or an accumulation of toxic lipids. This initial event leads to
the accumulation of the lipids in the hepatocytes, resulting in
the development of simple steatosis. The second hit is a result
of various predisposing factors, such as obesity, diabetes, hyper-
lipidemia, and oxidative stress, which culminate in the activa-
tion of proinflammatory cytokines and the recruitment of im-
mune cells to the liver.[140] Studies suggest that the progression
of NASH to cirrhosis is driven by oxidative stress, mitochon-
drial dysfunction, endoplasmic reticulum stress, and dysregu-
lation of the innate immune system.[141–143] Oxidative stress re-
sults in the production of reactive oxygen species such as su-
peroxide and hydrogen peroxide, which damage the hepatocytes,
thus exacerbating the lipid accumulation and causing inflam-
mation. Mitochondrial dysfunction leads to decreased fatty acid
oxidation, resulting in an accumulation of lipids in the hepato-
cytes, followed by inflammation and further damage.[144] Endo-
plasmic reticulum (ER) stress is an accumulation of unfolded or
misfolded proteins in the ER, which leads to the activation of
proinflammatory pathways and the development of fibrosis.[145]

The methyl-group donors from foods, such as folate, betaine,
and choline, are required for S-Adenosyl methionine synthe-
sis (SAM). SAM is the methyl donor of the DNA methylation
reaction catalyzed by DNA methyltransferases. Tryndyak et al.
showed that diets depleted of methyl donors decreased the level
of hepatic SAM and caused CpG island demethylation of 164
genes in mouse livers.[146] These genes were shown to be in-
volved in DNA damage/repair, lipid and glucose metabolism,
and fibrogenesis. A recent study showed a predisposition of off-
spring to NAFLD induced bymaternal hypercholesterolemia.[147]

Mice were offered a high-fat and high-cholesterol Western diet
(WD) during pregnancy and the lactation period. Their off-
spring were fed with chow diet after birth. Offspring exposed
to this high-cholesterol environment showed insulin resistance
and hepatic steatosis at 4 months of age. Increased methylation
of CpG sites in the ApoB gene promoter region in the livers of
male mice born to WD-fed mice was observed. Human studies
have also shown that an unfavorable environment during preg-
nancy and lactation has long-term effects on the development of

Adv. Biology 2024, 8, 2300211 © 2023 The Authors. Advanced Biology published by Wiley-VCH GmbH2300211 (7 of 15)

 2
7

0
1

0
1

9
8

, 2
0

2
4

, 1
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/ad

b
i.2

0
2

3
0

0
2

1
1

 b
y

 U
n

iv
ersitaet Z

u
erich

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
8

/0
2

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o
n

s L
icen

se



www.advancedsciencenews.com www.advanced-bio.com

NAFLD-related clinical disorders.[148] DNA methylation profiles
in liver biopsy samples from patients with NAFLD were com-
pared to healthy controls.[149] There were significant differences
when it came to the level of global DNAmethylation in the liver of
overweight participants with NAFLD. As hepatic inflammation
grade and disease progression increased, hepatic global DNA
methylation level decreased. Furthermore, Murphy et al., showed
that NAFLDpatients withmild disease can be distinguished from
those with advanced NAFLD based on their DNA methylation
profiles.[150] HDACs are considered to play an important role in
the development of NAFLD. A liver-specific deletion of HDAC3
leads to advanced fibrotic NAFLD and hepatocellular carcinoma.
Inflammation-induced obesity and fatty liver disease were im-
proved by liver-specific deletion of SIRT1, whereas overexpres-
sion of SIRT1 was beneficial in preventing IR and steatohep-
atitis. As a result of suppressing protein tyrosine phosphatase
1B (PTP1B) at the chromatin level, SIRT1 enhances insulin re-
sponse under IR conditions. Increased expression of the SIRT1-
binding macroH2A1.1 metabolite, a variant of histone H2A, pro-
tects hepatocytes from lipid accumulation.[151] During oxidative
stress, SIRT3 is required to maintain mitochondrial integrity.
SIRT3 knockout mice were documented to exhibit NASH, and
disruption of SIRT3 function in mice correlated with metabolic
syndrome and NAFLD-like abnormalities.[152]Circulating miR-
NAs have been identified as promising noninvasive biomarkers
of NAFLD. Overexpression of miR-34a results in hepatocellular
apoptosis. A major target of miR-34a is SIRT1.[153] Silencing of
miR-34a restores the expression of SIRT1 and PPAR𝛼, resulting
in activation of AMPK and the activation of various PPAR𝛼 target
genes, suggesting a fundamental role of miR-34a in the deregu-
lation of lipid metabolism associated with NAFLD.[154] The most
abundant miRNA in the liver is miR-122. It is highly expressed
in the liver and is involved in the regulation of cholesterol and
lipidmetabolism. The predicted targets ofmiR-122 include genes
regulating cholesterol and lipid metabolism, such as HMGCR,
NPC1, ABCA1, and LDLR.[155] MiR-122 is involved in several
steps during the evolution of NAFLD. Mice deficient for miR-
122 results in steatohepatitis. Csak et al. showed that decreased
hepatocyte expression of miR-122 has a causal role in increased
HIF-1𝛼, vimentin and MAP3K3 mRNA expression in steatohep-
atitis and fibrosis.[156]

2.6. Metabolic Cardiomyopathy

The term “metabolic cardiomyopathy” (MC) has been used more
frequently in recent years and occurs in patients with obesity
and T2DM unrelated to hypertension, valve disease, or my-
ocardial ischemia.[157,158] MC is characterized by heart failure
with preserved ejection fraction in obese patients with IR and
diabetes.[159] A state of chronic metabolic inflammation pro-
motes the structural and functional changes found in MC re-
sulting from metabolic processes involving systemic inflamma-
tory cytokines, circulating metabolic substrates, and immune
dysregulation.[160] In terms ofmolecularmechanisms, there is of-
ten an insufficient differentiation between diabetic cardiomyopa-
thy, obesity-related cardiomyopathy, and MC.[161] DNA methy-
lation is increased in the promoter region of the sarcoplasmic
reticulum Ca2+-ATPase (SERCA2a) in diabetic hyperglycemia.

SERCA2a is responsible for the myocardium relaxation. Down-
regulation of SERCA2 attends myocardium relaxation and dias-
tolic dysfunction.[162] IR is significantly increased by DNAmethy-
lation. It decreases the heart’s cardiac contractility causing my-
ocardial remodeling and cardiac hypertrophy.[163–165] HDAC1,
SIRT1 plays a significant role in the prevention and treatment of
cardiac dysfunction. SIRT1 activated by Resveratrol prevent car-
diomyocyte apoptosis and endoplasmic reticulum stress. SIRT1-
dependent H3 deacetylation is pivotal in the response to my-
ocardial injury and involves PERK/eIF2𝛼, ATF6/CHOP, and
IRE1𝛼/JNK.[166] We have recently shown that diabetes-induced
SIRT1 and DNMT3b downregulation fosters H3 acetylation and
DNA demethylation on the p66Shc promoter, leading to myocar-
dial damage.[167] A recent study in obese mice could show that
cardiac deregulation of mitochondrial aldehyde dehydrogenase
(ALDH2) orchestrates a SUV39H-SIRT1 epigenetic loop lead-
ing to altered transcriptional programs involved in myocardial
metabolism.[168]

2.7. Epidrugs in Immunometabolic Diseases

Generally, immunometabolic diseases are characterized by in-
sulin resistance and chronic inflammation and usually result
from the interaction between the immune system and metabolic
pathways.[1] Based on the individuals and the specific disease,
their treatment involves a combination of lifestyle adjustments
(diet and exercise) and medical treatments (hypoglycemic and
anti-inflammatory drugs).[169] As broadly described in the previ-
ous sections, these diseases, are recently associated with epige-
netic alterations. It is necessary to explore novel therapies that
aim to reverse epigenetic modifications (Figure 2). Currently,
no drugs are specifically designed to target epigenetic changes
in metabolic diseases, however, some existing ones were been
found to have an impact on epigenetic regulation.[170,171] Some
drugs that have shown to have positive effects in this setting
are either tested in clinical trials or are still in the exploratory
phase.[172] Still, further research is needed to fully elucidate their
potential in the treatment of immunometabolic diseases.

2.8. Already Used Drugs Capable to Reverse Epigenetic
Modifications in Immunometabolic Diseases

T2DM is a complex metabolic disorder that arises from the inter-
play of genetic, environmental, and lifestyle factors and is charac-
terized by epigenetic modifications that contribute to the devel-
opment and progression of the disease.[173] Recent advances in
the field of epigenetics have expanded our understanding of the
underlying mechanisms of T2DM and its associated complica-
tions. Metformin, a commonly used drug for T2DM, has demon-
strated therapeutic potential beyond glycemic control, includ-
ing its efficacy in treating diabetes-related complications such
as liver disease, cardiovascular conditions, and obesity.[174] This
biguanide has also been found to impact DNA methylation and
histone modification, which may contribute to its ability to re-
duce oxidative stress and improve epigenetic modifications in
liver cells.[175,176] In T2DM it alters cell energy metabolism by
reducing hepatic glucose production through AMPK-dependent
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Figure 2. Epigenetic modifications, regulated by specific enzymes and proteins, can be selectively influenced by epidrugs. Existing drugs such as met-
formin and statins, as well as emerging agents like APA and JQ1, hold significant potential for-fine-tuning gene expression, therefore, paving the way for
addressing metabolic disorders.

or independent pathways. Modulation of the AMPK activity it-
self influences epigenetic processes. Through this pathway, hi-
stone modifications are present. For example, HAT expression,
HMT inhibition, and histone ubiquitination occur.[177] Studies
have shown that AMPK activation by metformin can enhance ac-
tivity of some HATs and decrease of others. The biguanide indi-
rectly contributes to the phosphorylation of HATs p300 and the
CREB-binding protein through AMPK pathway modulation. In
mouse embryonic fibroblasts, metformin-AMPK activation in-
creased HAT1 activity through phosphorylation.[178,179] The in-
volved epigenetic mechanisms due to metformin contribute to
either an increase or decrease in gene expression. The drug can
interact with epigenetic-modifying enzymes such as SIRT1 by in-
creasing its activity through NAD+ generation.[180] This was ob-
served in an increase of the NAD+/NADH ratio inmyotubes due
to AMPK activation but also increasing SIRT1mRNAand protein
levels in peripheral blood mononuclear cells.[181,182] HDACs of
class II inhibition, HATs phosphorylation, and additional phos-
phorylation of gene residues are other typical epigenetic mod-
ifications caused by metformin.[183,184] This drug can also cause
hypo- and hypermethylation of DNA at the promoters of different
genes. The AMPK modulation still contributes to this additional
epigenetic change due to metformin.[185] At the insulin gene pro-
moter in a 𝛽 cell line exposed to high glucose levels, a reduction in

DNA methylation was observed after metformin treatment.[186]

In addition to these modifications, metformin can also induce
miRNA alterations. Santovito and colleagues reported at least
25 miRNAs were altered in diabetes, whereas metformin treat-
ment could help in the restoration of let-7a and let-7f, both found
downregulated in diabetes.[187] Metformin exhibits pleiotropic
effects on lipid metabolism, potentially mediated by its abil-
ity to modulate DNA methylation.[188] Additionally, it may mit-
igate oxidative stress and promote angiogenesis in diabetic vas-
cular disease via its regulatory effects onmiR-34a.[188,189] Sodium-
glucose co-transporter-2 inhibitors (SGLT2I) are another antidi-
abetic class which contributes to reversing epigenetic changes
not only in diabetes but also in cardiac and/or renal diseases.
Modulation of miRNAs like miR199a-3p and miR30e-5p helps
in mitochondrial fatty acid oxidation, therefore, having an im-
pact on cardiac disorders. In a mouse model of myocardial in-
farction SGLT2I were found to attenuate myocardial oxidative
stress and fibrosis.[190,191] Additionally, clinical data highlight
the potential therapeutic benefit of SGLT2I Dapagliflozin in di-
abetic cardiomyopathy.[192] Recent studies have suggested that
statins, drugs commonly used to lower cholesterol and prevent
cardiovascular disease, may have additional effects on gene ex-
pression through epigenetic mechanisms. Specifically, statins
have been found to alter gene expression patterns by affecting
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DNA methylation and histone modification, which are known
to play a role in the development of atherosclerosis, insulin sig-
naling, and cell-cycle progression.[193,194] Additionally, emerging
evidence suggests that statins may act as inhibitors of histone
deacetylases (HDACs) andDNAmethyltransferases (DNMTs), as
well as agents thatmodifymiRNAs. These novel findings suggest
that statins have potential therapeutic applications beyond their
traditional use as cholesterol-lowering agents.[195,196] T Through
the alterations of DNA methylation patterns, statins may cause
a hypo- or hypermethylation in DNA at specific promoter genes.
A recent study conducted on diabetic patients undergoing statin
treatment showed that these drugs have epigenetic effects that
can modulate gene expression. Specifically, the study found that
statins were able to cause methylation at four out of five iden-
tified CpGs associated with glycemic traits, type 2 diabetes, and
blood lipids. These CpGs were located in genes implicated in in-
sulin signaling, suggesting that the epigenetic effects of statins
may contribute to their therapeutic benefits beyond their known
cholesterol-lowering effects.[197] Additionally, they are attributed
to antiatherogenic properties. In a rabbit model of atherosclero-
sis, it was observed that atorvastatin modulates the epigenetic
up-regulation of ACE2 through histone H3 acetylation.[196,198] A
growing body of evidence suggests that statins can be suitable
for the treatment of metabolic disorders, such as obesity and
metabolic syndrome due to their ability to modulate the expres-
sion of proinflammatory genes.[199,200] However, the exact mech-
anisms by which statins exert their epigenetic effects and how
they may be optimized for therapeutic use require further inves-
tigation. Nonsteroidal anti-inflammatory drugs (NSAIDs) are a
class of drugs that reduce inflammation by inhibiting the activity
of cyclooxygenase. NSAIDs, like other anti-inflammatory agents
such as JAK inhibitors, may act at the epigenetic level altering the
epigenome and regulating gene expression involved in inflam-
mation, oxidative stress, and apoptosis. Also, they can alter DNA
methylation patterns in various tissues.[201–203] Although the evi-
dence is consistent, additional investigations are required to bet-
ter elucidate the exact mechanism of action of these drugs and
their real role in attenuating metabolic diseases through epige-
netic alterations.

2.9. New Drugs for Altering Epigenetic Modifications in
Immunometabolic Disease

Epigenetic modifications play a crucial role in the develop-
ment and progression of immunometabolic diseases. The grow-
ing understanding of the epigenetic changes that occur in
these diseases has led to the need for the development of new
drugs that specifically target these changes in immunometabolic
diseases.[204] Epidrugs can easily contribute to this causing epi-
genetic changes by targeting at least one of the three main epi-
genetic mechanisms. This alters the activity of specific genes
that contribute to pathological changes occurring in metabolic
disorders.[26] Worth noting that while these drugs have been
shown to have epigenetic effects in laboratory and/or animal
studies, further investigation is needed to determine their exact
mechanisms of action and clinical efficacy in humans.
Sirtuin activators (Sirt activators) are involved in regulating var-

ious cellular processes, including gene expression, metabolism,

and aging. Some of these activators have been shown to have epi-
genetic effects, meaning they can modify the activity of certain
genes without changing the underlying DNA sequence.[205] Early
investigations in this class of drugs showed they are successful
in improving the glucose and lipid metabolism in metabolic dis-
eases, such as T2DM and obesity.[206–208]

Epidrugs targeting microRNAs have emerged as a promising
new approach for treatingmetabolic diseases bymodulating gene
expression and regulating metabolic pathways. Preclinical stud-
ies have shown that microRNA-targeted epidrugs have therapeu-
tic potential for improving glucose and lipid metabolism, and
reducing inflammation in metabolic diseases.[209] For instance,
Remlarsen was found promising results for the treatment of fi-
brotic disorders and osteoarthritis via miR-29 mimicking.[210,211]

While, MRX34, a liposomal miR-34a mimic, is currently be-
ing developed for the treatment of liver diseases.[212] On the
other hand, miR-33 antagonists are under investigation for
the treatment of lipid disorders, including hyperlipidemia and
atherosclerosis.[213]

Additional epigenetic modulators are also being studied for
potential effects in the treatment of fatty liver disease (FLD)
as it is associated and attributed to obesity and metabolic
syndrome.[214] In animal models of FLD, HDAC inhibitors have
been shown to have an impact in this setting as HDAC1 can limit
adipogenesis.[215] Recent insights on a novel HDAC inhibitor,
Givinostat, have promoted it as an epidrug with a high poten-
tial use in immunometabolic disorders. It is known to have anti-
inflammatory properties. Additionally, clinical trials evidence has
shown this epidrug can be effective in the treatment of systemic
juvenile idiopathic arthritis.[216]

Bromodomain and extra terminal motif (BET) proteins in-
hibitors (BETi) are a new class of drugs that target specific epi-
genetic modifications to regulate gene expression. Inhibitors of
BET proteins lead to changes in gene expression and cellular
behavior by blocking the interaction between BET proteins and
histones.[217] BET proteins are involved in many cellular pro-
cesses, including cell division, differentiation, and survival, there-
fore, by disrupting the activity of these proteins, BETi have been
shown to have anti-inflammatory, antiproliferative, and proangio-
genic effects.[172,218] JQ1 is a small inhibitory molecule of bro-
modomain and extra-terminal proteins, specifically BRD4.[219]

Although this drug is in the very early stages of research, it
has shown to have a potential in regulating glucose and lipid
metabolism.[220–222]

Apabetalone (APA) is another recently-developed drug that
falls under BETi class. This newly discovered drug binds to spe-
cific acetylated histone proteins and leads to gene expression
changes. Specifically, it targets BRD2, BRD3, and BRD4.[172] By
inhibiting these proteins, APA contributes to various cellular pro-
cesses, making thismolecule to be considered as a potential treat-
ment for a range of diseases; inflammatory, metabolic, and im-
munometabolic ones.[223] BET inhibitors, like APA, target spe-
cific bromodomains within BET proteins that bind to specific
acetylated histone proteins, leading to changes in gene expres-
sion and cellular processes.[172] Apabetalone has been investi-
gated in clinical trials for the treatment of various diseases, in-
cluding cardiovascular diseases, vascular inflammatory condi-
tions, and diabetes.[223–225] Based on the current evidence, this
class is still in the early stages of development. Further research
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is needed to thoroughly understand their mechanisms of action
and/or determine their safety and efficacy.

3. Conclusion

The evidence presented in this review shows that epigenetics
plays a crucial role in the pathophysiology of immunometabolic
diseases. A better understanding of the affected organs and their
inter-relations is of fundamental importance for a better ap-
proach and prevention of adipose tissue inflammation and im-
munometabolic processes. Some of the presented drugs have al-
ready been approved for treating cardiovascular disease and can-
cer. The challenge still lies in achieving tissue-specific modula-
tion of chromatin remodelers since the activation or inhibition
of these factors systemically has resulted in several side effects.
In the evolving landscape od epigenetics and its application

to immunometabolic disorders, several pressing challenges are
faced. There is an unmet need for advanced tissue-specific epige-
nomic profiling methods, addressing ethical and regulatory con-
siderations, and at the same time ensuring the long-term safety
and effectiveness of epigenetic interventions. Effectively address-
ing these challenges is paramount for unlocking the full potential
of epigenetics in preventing and treating this spectrum of dis-
eases, ultimately enhancing the quality of life for those impacted
by these conditions.
In other words, epigenetic information accessed may lead to a

more specific and personalized treatment for each tissue affected.
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