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Epigenetics regulates gene expression and has been confirmed to play a critical role in a variety of metabolic diseases, such as
diabetes, obesity, non-alcoholic fatty liver disease (NAFLD), osteoporosis, gout, hyperthyroidism, hypothyroidism and others. The
term ‘epigenetics’ was firstly proposed in 1942 and with the development of technologies, the exploration of epigenetics has made
great progresses. There are four main epigenetic mechanisms, including DNA methylation, histone modification, chromatin
remodelling, and noncoding RNA (ncRNA), which exert different effects on metabolic diseases. Genetic and non-genetic factors,
including ageing, diet, and exercise, interact with epigenetics and jointly affect the formation of a phenotype. Understanding
epigenetics could be applied to diagnosing and treating metabolic diseases in the clinic, including epigenetic biomarkers,
epigenetic drugs, and epigenetic editing. In this review, we introduce the brief history of epigenetics as well as the milestone events
since the proposal of the term ‘epigenetics’. Moreover, we summarise the research methods of epigenetics and introduce four main
general mechanisms of epigenetic modulation. Furthermore, we summarise epigenetic mechanisms in metabolic diseases and
introduce the interaction between epigenetics and genetic or non-genetic factors. Finally, we introduce the clinical trials and

applications of epigenetics in metabolic diseases.
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INTRODUCTION

Metabolic diseases are a growing worldwide health challenge due
to their dramatically increasing incidence.'? These diseases
include obesity,? type 2 diabetes (T2D),* nonalcoholic fatty liver
disease (NAFLD),”> osteoporosis,® gout,” hyperthyroidism® and
hypothyroidism.® Diabetes has become the ninth major cause of
death worldwide. According to the statistics of the International
Diabetes Federation (IDF),'® 537 million adults had diabetes in
2021, of which more than 90% had T2D. The number is estimated
to increase to 783 million by 2045. Besides, obesity has become a
primary public health problem globally and a dramatically
increasing prevalence of overweight and obesity has also been
observed during the past decades. More than 1.9 billion adults
and over 650 million adults were obese or overweight,
respectively, around the world in 2016, which accounted for
approximately 39% of the global population."’ The most recent
national survey based on the Chinese population showed that
343% of adults were overweight and 16.4% of adults were
obese.? With a global prevalence of 25%, NAFLD has become the
most common chronic liver disease worldwide." It is estimated
that in 2019, the global prevalence of NAFLD in Asia was 29.62%."*
In addition, gout is the most common category of inflammatory
arthritis caused by the deposition of monosodium urate (MSU)
crystals in articular and non-articular structures, with a prevalence
of 1-4% and an incidence of 0.1%-0.3% worldwide.'> These data
indicate that metabolic diseases are a severe burden in human
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society owing to the ensuing high morbidity and mortality; hence,
uncovering the mechanisms and therapeutics of metabolic
diseases is essential.

The underlying mechanisms of metabolic diseases are multi-
faceted, and both genetic and non-genetic factors are critically
responsible for the initiation and development of metabolic
diseases."'® Emerging evidence indicates that epigenetic regula-
tion plays a crucial role in the occurrence and progression of
diverse metabolic diseases.'®™! Epigenetics is regarded as various
covalent modifications of nucleic acids and histone proteins which
regulate gene function and expression and the chromatin
structure cooperatively.>2* Epigenetic regulation can occur at
various levels, including through DNA methylation, histone
modifications, chromatin remodelling, and noncoding RNA
(ncRNA) modulation.?*® Epigenetics is fundamental to several
biological processes, such as cell differentiation, replication, and
adhesion.?’"?° Notably, multiple epigenetic modifications are
significantly correlated with metabolic disease-related gene
function and expression and often occur early in diseases, thus
exhibiting promising potential as clinical biomarkers for patients
with metabolic diseases.>°3? Epigenetic-based diagnostic and
therapeutic efficacy prediction and evaluation tools greatly
contribute to precision medicine in metabolic diseases.?'**3*
Moreover, epigenetic regulation is reversible and dynamically
modulated, meaning that epigenetic-related changes to genes
and proteins could serve as novel therapeutic targets in clinical
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settings.'” Therefore, deciphering the epigenetic regulation of
metabolic diseases is crucial to understand metabolic diseases
initiation and progression, and to develop novel preventive or
curative therapeutic strategies in clinical metabolic disease
management.

In this review, we introduce the history and four general
mechanisms of epigenetic modulation and systematically sum-
marise recent progress regarding the roles of epigenetic regula-
tion in metabolic diseases as well as the underlying mechanisms.
Besides, we discuss the clinical applications of epigenetic
regulation as promising epigenetic biomarkers and novel ther-
apeutic targets in metabolic disease treatment.

OVERVIEW OF EPIGENETICS

A brief history of epigenetics

In 1942, the English developmental biologist Conrad Hal
Waddington proposed the new term ‘epigenetics’ as the
processes by which the genotype brings the phenotype into
being.3> Moreover, in 1957, Waddington published his famous
drawing of the ‘epigenetic landscape’, which suggested that the
process of cellular differentiation may be regulated by changes in
the ‘epigenetic landscape’ instead of alterations in genetic
inheritance.>®* DNA modifications were discovered in 1948,” and
in 1975, Holliday et al.® illustrated that DNA methylation are
involved in gene regulation, particularly 5-methylcytosine (5mC).
Furthermore, in 1980, Razin et al.*® found that DNA methylation
represses gene function and differentiation. In 1964, histone
modifications, especially acetylation, were described for the first
time, and researchers discovered their close relationship with the
regulation of RNA synthesis.”® The currently model of the
nucleosomal organisation of chromatin was proposed in 1974.*'
The model describes that the basic unit of chromatin is the
nucleosome particle, which consists of four histones (histone
octamers) and 147 base pairs of DNA wrapped around them. In
1976, Sanger*? first discovered circular RNA (circRNA) molecules in
Viroids. H19 was identified as the first long ncRNA (IncRNA)
involved in epigenetic regulation in 1990.** In 1994, the first
microRNA (miRNA), lin-4, was discovered in the nematode
Caenorhabditis elegans by Lee and colleagues.** In 1997, the
crystallographic structure of the nucleosome core particle of
chromatin was visualised by X-ray.*> In 1996, the first nuclear
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histone acetyltransferase (HAT) and the first histone deacetylase
(HDAC) were discovered separately.*®*

Since the beginning of the 21st century, epigenetics has
developed rapidly, and there has been a tremendous amount of
research published. In 2000, SUV39H1 was discovered as the first
histone lysine methyltransferase (KMT), which selectively trimethy-
lates histone H3 lysine 9 (H3K9me3).*® In 2004, the first histone
lysine demethylase (KDM), LSD1, was discovered. In 2006, the first
wave of epigenetic drugs, including decitabine and vorinostat,
was approved by the U.S. Food and Drug Administration (FDA)
and was used to treat human cancers. In 2012, oncohistones were
first reported as mutations in histone genes, which were related to
cancer.***® In 2015, the U.S. National Institutes of Health (NIH)
Roadmap Epigenomics Consortium published 111 human refer-
ence epigenomes.”’

In less than 100 vyears, the concept of epigenetics has
developed rapidly. We summarise the milestone events related
to epigenetics in Fig. 1.

Methods to study epigenomic and epigenetic states

There are growing interests in the functions of epigenomics and
the related molecular mechanisms. Thus, the development of new
technologies contributes to providing a better understanding of
epigenomics (Table 1).

Chromatin immunoprecipitation followed by sequencing (ChlIP-
seq) analysis is a useful tool to study protein/DNA-binding and
histone-modification sites in a genome-wide manner, which
provides genome-wide and locus-specific modification profiles
and temporal factor occupancy. The general principle is to fix the
interaction in the DNA-protein complexes by using a crosslinking
agent such as formaldehyde, then cut the cross-linked chromatin
into fragments as small as 200-600 base pairs, and use a specific
antibody targeted to the protein to precipitate the DNA-protein
complex. After reversing the cross-linking, the immunoprecipi-
tated DNA fragments are purified, sequenced, and mapped to the
genome to locate the site of interaction relative to a gene’s
transcription start site (TSS).°>*> However, there are still some
drawbacks to ChIP-seq analysis. It does not provide single-cell
resolution in heterogeneous cell populations and lacks of spatial
resolution. In situ hybridisation and proximity ligation assays (ISH-
PLA) are used to detect histone modifications at specific gene loci
in single cells through proximity ligation assays and in situ
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hybridisation.>* However, ISH-PLA is highly antibody-dependent
and has not been widely used.

There are some methods to evaluate chromatin accessibility.
Deoxyribonuclease | (DNase I)-hypersensitive site sequencing
(DNase-seq) is a method to determine chromatin accessibility
and its underlying regulatory lexicon.>> However, the need for a
great number of cells, typically in the tens of millions, limits this
approach. Compared with DNase-seq, the assay for transposase-
accessible chromatin using sequencing (ATAC-seq) is a simple
method to map genome-wide chromatin accessibility or open
chromatin landscape, an approach that requires a relatively small
number of cells. However, ATAC-seq is difficult to detect
nucleosome as low read coverage beyond peaks is typical.
Moreover, the analysis of ATAC-seq results is limited by the
bioinformatics analysis.>® Besides, formaldehyde-assisted isolation
of regulatory elements (FAIRE) analysis coupled with deep
sequencing (FAIRE-Seq) is also a useful tool to identify open
chromatin regions.>’ But the result FAIRE-Seq is difficult to
interpret with the high background and low signal-to-noise ratio.
Micrococcal nuclease sequencing (MNase-seq) is an indirect
method to evaluate chromatin accessibility and has been used
for mapping nucleosome positions at individual genes.*® How-
ever, MNase sites might not account for the entire genome and
AT-dependent sequence bias may exist in MNase-seq.

Table 1. Methods to study epigenomic and epigenetic states

Methods  Purposes

ChiIP-seq  Studying protein/DNA-binding and histone-modification
sites in a genome-wide manner

ISH-PLA Detecting histone modifications at specific gene loci in

single cells
DNase-seq Mapping Deoxyribonuclease | hypersensitive sites (DHSs)

ATAC-seq Sequencing regions of loosely packaged chromatin

through transposition of markers
FAIRE-Seq

MNase-seq sequencing regions of DNA bound by histones or other
chromatin-bound proteins

Sequencing the DNA unbound by chromatin proteins

BS-Seq 5mC detection

oxBS-Seq  Quantitative mapping of 5hmC
fCAB-Seq  Sequencing 5fC

CAB-Seq Mapping 5caC

CUT&TAG  Analyzing protein interactions with DNA
CUT&RUN  Analyzing protein interactions with DNA

I
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Several high-throughput detection strategies have been devel-
oped to study DNA and RNA modifications. Different modifications
have different sequencing assays. Bisulfite sequencing (BS-Seq) is
commonly utilised for 5mC detection.>® However, BS-Seq is difficult
to discriminate between 5mC and 5-hydroxymethylcytosine
(5hmC). Oxidative bisulfite sequencing (oxBS-Seq) is developed
for quantitative mapping of 5hmC®® 5-Formylcytosine (5fC)
chemically assisted bisulfite sequencing (fCAB-Seq) was the first
quantitative method to sequence 5fCS%' while mapping
5-carboxylcytosine (5caC) uses chemical modification-assisted
bisulfite sequencing (CAB-Seq).®

Cleavage Under Targets and Tagmentation (CUT&TAG) and
Cleavage Under Targets and Release Using Nuclease (CUT&RUN)
are novel techniques based on antibodies. CUT&TAG offers high-
resolution sequencing libraries for small samples and single
cells.?® Single-cell CUT&TAG has been used to analysis transcrip-
tion factors and histone modifications in complex tissues.%*
CUT&RUN is a new strategy to map protein-DNA interactions
in situ, which is cost-effective and easy to perform.®®

In summary, the technologies associated with epigenetics have
progressed rapidly. As each approach has its pros and cons,
multiple methods are applied simultaneously to study epigenomic
and epigenetic states. Due to the need for epigenetic research, it is
necessary to develop simpler and more practical technologies.

EPIGENETIC REGULATORY MECHANISMS

We will discuss four epigenetic regulatory mechanisms: DNA
methylation, histone modification, chromatin remodelling, and
ncRNA. All of them can alter gene expression without changing its
sequence (Fig. 2).

DNA methylation
DNA methylation is a universal chemical modification by which
methyl groups are added to the DNA molecule. DNA methylation
most often happens on the cytosine phosphate guanine (CpG)
islands, a site in which a cytosine is located next to a guanidine.®®
Mainly noted within telomeres, centromeres, repeat sequences,
and inactive X-chromosomes, DNA methylation is involved in
several biological processes, such as genomic imprinting, regula-
tion of epigenetic gene expression, genome stability and
transposon silencing.®”® Studies have revealed multiple forms
of DNA methylation, including 5mC, 5hmC, 5fC, and 5caC.%*™"
5mC is the common epigenetic modification in the human
genome and has been well studied. In contrast, the other forms of
DNA methylation are relatively rare.

DNA methyltransferases (DNMTs) are responsible for DNA
methylation, which transfer a methyl group from the S-

Chromatin remodelling complex

Fig.2 Four different epigenetic regulatory mechanisms. The figure presented DNA methylation, histone modification, chromatin remodelling,
and ncRNAs. DNA methylation is a universal chemical modification by which methyl groups (Me) are added to the DNA molecule, usually
happening on the CpG islands. Histone undergoes several different post-translational modifications, including acetyl (Ac), Me, phosphate (P)
and ubiquitin (Ub). Chromatin remodelling complexes change the packaging state of chromatin by moving, sliding, disrupting, or
restructuring the nucleosome. ncRNAs are participated in multiple physiological and pathological process by targeting different molecules.
This figure was generated with Servier Medical Art (https://smart.servier.com/)
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adenosylmethionine (SAM) to the 5'-site of the cytosine ring in
DNA. In the human genome, five DNMTs have been identified,
including DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L.
Although DNMT2 and DNMT3L have sequence conservation with
the other three DNMTs, they do not possess catalytic activity.”?
DNMTs can be divided into two groups, namely de novo DNMTs
and maintenance DNMTs. Maintenance DNMTs only include
DNMT1, which is involved in maintaining already established
DNA methylation marks. DNMT3A and DNMT3B belong to de novo
DNMTs and they are involved in establishing a new DNA
methylation pattern at previously unmethylated sites.”®

Histone modification

As a component of octamer, histone undergoes several different
post-translational modifications through different histone-
modifying enzymes.*® There are various types of histone
modifications, such as acetylation, methylation, lactylation, phos-
phorylation, dopaminylation, and ubiquitination, among
others.**’#7% Histone modifications not only remove or add
binding sites in specific protein complexes, but also affect the
interactions of histone and DNA or various histones, thereby
regulating gene expression. Until now, most studies on histone
modification have focused on histone acetylation.

Histone acetylation. Histone acetylation mostly occurs at the
N-terminus of H3 and H4 of lysine. There are more than 40
different lysine sites modified by acetylation.”” Histone acetylation
is a reversible post-translational modification that has been well
researched. This modification is mainly modulated by HATs and
HDACs.”®

HATs promote histone acetylation by catalysing the transfer of
an acetyl group to a lysine site. HATs are mainly divided into three
families: including P300 and cyclic adenosine monophosphate
(AMP) response element-binding protein (CBP) complex, MYST
(namely MOZ, Ybf2/Sas3, Sas2, and Tip60), and GCN5-related N-
acetyltransferase (GNAT).”® The GNAT family includes HAT1, GCN5,
and PCAF. Notably, the CBP-P300 complex functions in concert
with other HATSs, such as PCAF 2°

On the other hand, HDACs inhibit histone acetylation by
catalysing acetyl group removal. HDACs have been classified into
four classes. There are four HDACs in Class |, including HDACT,
HDAC2, HDAC3, and HDACS8, which are RPD3-like proteins and
widely distributed in the nucleus of human cell lines and tissues.
There are two subclasses in Class Il HDACs with tissue-specific
expression, HDAC4, HDAC5, HDAC7, and HDAC9 belong to Class lla,
while Class llb includes HDAC6 and HDAC10. Class Il is nicotinamide
adenine dinucleotide (NAD + )-dependent and includes sirtuins
(SIRT1-7). Finally, Class IV only includes HDAC11.8'82

Histone acetylation readers, mainly including bromodomains
(BrDs), can read the acetylation marks on lysine residues. The first
histone modification readers BrDs were reported in 1999.8% BrDs
were evolutionarily conserved of approximately 110 amino acids. 61
BrDs were identified in 46 different human proteins in 2012, and
they were classified into eight families according to the structure
and sequence similarity.2* Present in different nuclear proteins, such
as chromatin remodelling complexes, BrDs were responsible for
chromatin remodelling and transcriptional regulation, thus, acting as
possible targets for epigenetic drugs.2>2°

Other histone modifications. Regulated by histone methyltrans-
ferases (HMTs) and histone demethylases (HDMs), histone
methylation mainly occurs at the N-terminus of H3 and H4 of
lysine or arginine residues.?” There is mono-, di-, or trimethylation
at lysine residues, while arginine residues could be monomethy-
lated or asymmetrically or symmetrically dimethylated. Methyla-
tion at different sites presents various effects — for example,
transcriptional activation-related methylations exhibited on his-
tone H3 on lysine 4 (H3K4), H3K36, H3K79, and arginine 17
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(H3R17).88°" On the contrary, transcriptional repression of histone
methylation is observed on H3K9/27 or H4K20.°%™°* Histone
methylation of lysine is regulated by KMTs and erased by KDMs,
while protein arginine methyltransferases (PRMTs) catalyse
histone arginine methylation.”

Histone ubiquitination is quite different from other histone
modifications due to the covalent binding of a 76-amino acid
protein, which is regulated by ubiquitination enzymes and
deubiquitinating enzymes (DUBs).”® Histone ubiquitination occurs
at H1, H2A, H2B, H3, and H4, which is involved in the process of
genotoxic stress, DNA damage response (DDR), and transcriptional
regulation.’”~° Histone phosphorylation usually occurs at H3 or
H2A of serine, threonine, and tyrosine, which is related to
centromere function, chromosome condensation, and transcrip-
tional activation,'®"102

Histone lysine B-hydroxybutyrylation (Kbhb) was first reported
in 2016, whose levels were significantly elevated under conditions
of diabetic ketosis or starvation.'®® Kbhb is catalysed by p300,
while SIRT1 to SIRT3 and HDAC1 to HDAC3 remove Kbhb.'** In
addition, p300 could catalyze lysine propionylation (Kpr), butyr-
ylation (Kbu), crotonylation (Kcr) in histones.'®% Histone lysine
lactylation (Kla) is a novel histone mark which was first reported in
2019. Kla is induced by lactate and p300 acts as a potential Kla
writer protein.'®”

Chromatin remodelling

Nucleosomes consist of histone protein octamers wrapped by
DNA.'® As a general gene repressor, a nucleosome inhibits the
initiation of transcription. Chromatin remodelling complexes can
regulate gene expression by utilising the energy of adenosine
triphosphate (ATP) hydrolysis to change the packaging state of
chromatin by moving, sliding, disrupting, or restructuring the
nucleosome. ™~ The remodelling process includes the dissociation
of genomic DNA at the edge of the nucleosome with the
formation of DNA protuberances on the surface of the histone
octamer, the wavy propagation of the DNA ring on the surface of
the nucleosome, and the repositioning of DNA without changing
the total number of histone-DNA contacts.

There are four families of chromatin remodelling complexes,
including the switching defective/sucrose nonfermenting (SWI/
SNF) family of remodellers,''° the imitation switch (ISWI) family of
remodellers,’'’ the chromodomain helicase DNA binding (CHD)
family of remodellers,''? and the inositol requiring 80 (INO8O)
family of remodellers."’® The SWI/SNF complex is composed of
ATPase, actin-related protein (ARP), and body modules, and the
three parts are separately associated with coupling ATP hydrolysis
to DNA translocation, helping and linking the ATPase and the
body module, and adding additional interactions with DNA- and
histone- interacting subunits."'* The ISWI family of remodellers,
also consist of three parts, including a regulatory auto-inhibition
domain, a C-terminal hand-sant-slide (HSS) domain and an
N-terminal RecA-like helicase domain. The RecA-like helicase
domains form the ATPase domain and the HSS domain is
responsible for nucleosome substrate binding. The CHD family
of remodellers bind to chromatin-modifying and elongation
factors, and histone acetylation inhibits the activity of the ISWI
and CHD remodelling complexes. Similar to SWI/SNF, INO8O is
composed of ATPase, ARP, and body modules. However, INO80
has a more extensive DNA-binding interface.''>''®

09

ncRNA

Numerous ncRNAs have been discovered as a result of the
marked progress in sequencing technology. Only approximately
2% of the human genome can be translated into proteins, and
the rest is transcribed into ncRNAs with diverse sizes and
functions.""”” According to their length, ncRNAs are mainly
classified into small ncRNAs (sncRNAs, 18~200 nucleotides),
IncRNAs (>200 nucleotides),'™® and circRNAs."'® Furthermore,
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Fig. 3 The roles of epigenetic regulation in metabolic diseases. The figure presented four main metabolic diseases where epigenetic
regulation is involved, including diabetes and its complications, obesity, NAFLD and osteoporosis. This figure was generated with Servier

Medical Art (https://smart.servier.com/)

sncRNAs can also be divided into miRNAs,'?® small nuclear
RNAs (snRNAs) and piwi-interacting RNAs (piRNAs). ncRNAs are
responsible for multiple biological processes, such as apoptosis,
autophagy'?' and cellular proliferation.'?> Moreover, ncRNAs
are good diagnostic and prognostic biomarkers in various
diseases, including metabolic diseases.'*

miRNA. miRNAs are a vital type of endogenous RNAs with
approximately 23 nucleotides in length, which originate from a
double-stranded or hairpin RNA precursor. RNA polymerase I
contributes to the biogenesis of miRNAs.">* miRNAs can inhibit
gene expression and suppress translation by incorporating RNA-
induced silencing complex (RISC) and paring to the 3’-untrans-
lated regions (3’-UTRs) of target mRNAs.'?> There is an interaction
between miRNA expression and epigenetic machinery, including a
feedback loop between them.'?® Different miRNAs are regulated
by epigenetic mechanisms, including DNA methylation and
histone modifications. Besides, miRNAs are involved in epigenetic
processes by modulating key enzymes of epigenetic modifica-
tions, such as HDACs and DNMTs.'*”"'2® miRNAs participate in
many metabolic diseases, such as obesity and diabetes.'?'3°

IncRNA.  IncRNAs are a family of ncRNAs longer than 200
nucleotides. Due to their different locations relative to protein-
coding genes, IncRNAs are grouped into five different classes: long
intergenic non-coding RNAs (lincRNAs), antisense RNA, sense
overlapping RNA, sense intronic RNA, and processed transcript
ncRNA."*' IncRNAs participate in several crucial biological
processes, such as regulating enzymatic activity and shaping
chromosome structure, by acting as scaffolds, decoys or signals.'?
Recently, IncRNAs is reported to act as miRNA sponges (in the
cytoplasm) or host genes for the transcription of miRNAs (in the
nucleus)."®® In addition, INcRNAs mediate DNA methylation and
act as modular scaffolds of histone modification complexes.'3*'3*
Several IncRNAs are responsible for metabolic diseases, such as
osteoporosis and diabetes mellitus.'3¢'3”

circRNA.  circRNAs, a new class of endogenous RNAs containing
covalently closed loop structures, are tissue and cell specific in
eukaryotes.'®® During the process of RNA splicing, circRNAs are
generated from introns (intronic circRNAs or ciRNAs), exons
(exonic circRNAs or ecircRNAs), or a combination of exons and
introns (EICiRNAs).">? Many circRNAs play important biological
roles in numerous metabolic diseases, including diabetes mellitus,
by functioning as protein or miRNA sponges, and translating
themselves.'*° Current studies indicate that circRNAs participate in
the regulation of DNA methylation and histone modification.*' '
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circRNAs are involved in the process of metabolic diseases and
have the potential to be as future therapeutics and disease
biomarkers.'*

EPIGENETIC REGULATORY MECHANISMS IN METABOLIC
DISEASES

Epigenetic regulation plays an indispensable role in numerous
metabolic diseases, including diabetes mellitus and its complica-
tions, obesity, NAFLD, and osteoporosis (Fig. 3). A better under-
standing of epigenetic regulatory mechanisms in metabolic
diseases helps us to know these diseases well, thereby providing
novel therapies.

The role of DNA methylation in metabolic disease

Diabetes mellitus and its complications. There are changes in DNA
methylation levels in organs and tissues related to the pathogen-
esis of T2D, such as pancreatic islets, adipose tissue, skeletal
muscle, and liver (Fig. 4). In 2008, the first epigenetic study on T2D
was conducted in pancreatic islets from patients with T2D. It is
revealed that DNA methylation levels in the peroxisome
proliferator-activated receptor gamma coactivator-1 a (PGC-1a)
gene promoter was increased twofold in pancreatic islets of
patients with T2D."** Only one year later, researchers reported
results on DNA methylation of the PGC-1a gene in skeletal muscle.
They suggested that the PGC-1a promoter shows increased DNA
methylation levels in patients with T2D, a finding consistent with
the previous research. Furthermore, they found that the DNA
methylation levels are negatively related to PGC-1a mRNA and
mitochondrial DNA (mtDNA) in skeletal muscle."* It has been
acknowledged that the DNA methylation levels in the insulin
promoter are elevated in patients with T2D;'*° nevertheless, there
are some hypomethylated CpG islands in these patients.'*” In
2014, Dayeh and colleagues'*® performed a genome-wide DNA
methylation analysis of human pancreatic islets in patients with
T2D. They revealed that regions further away from the TSS present
greater methylation, while areas near the TSS in human islets are
less methylated. Besides, the authors identified 1,649 CpG sites
and 853 genes in T2D islets with changes in the DNA methylation
level, including fat mass and obesity-associated (FTO), potassium
voltage-gated channel subfamily Q member 1 (KCNQT), and
transcription factor-7-like-2 (TCF7L2)."*® One study investigated
DNA methylation levels in subcutaneous abdominal adipose tissue
and identified 18 high-confidence candidate genes that are
associated with diabetes, including cytoplasmic polyadenylation
element-binding protein 4 (CPEB4) and fatty acid synthase
(FASN)."*® Krause et al.'*® found decreased insulin receptor
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Fig.4 The different influence of DNA methylation in five human tissues for patients with T2D. The figure presented different influence of DNA
methylation in patients with T2D in pancreatic islets, adipose tissue, skeletal muscle, liver and blood. This figure was generated with Servier

Medical Art (https://smart.servier.com/)

substrate 2 (IRS2) expression in the liver of patients with obesity
and diabetes compared with participants with obesity but not
diabetes. Decreased IRS2 expression is accompanied by DNA
methylation at CpG5 in IRS2 and increased miRNA hsa-let-7e-5p
(let-7e-5p) in liver.™°

As blood is easily accessible, there are large number of studies
highlighted DNA methylation levels changes in the blood cells. In
2020, Garcia-Calzén et al.">' used genome-wide DNA methylation
analysis in drug-naive patients with diabetes and found that
epigenetic markers in the blood cells can influence metformin
tolerance and response. There were changes in DNA methylation in
11 sites in glycaemic responders compared with non-responders,
while four sites showed different DNA methylation levels in
metformin-tolerant patients versus intolerant patients. Furthermore,
the risk of not responding to or not tolerating metformin increased
with the DNA methylation levels.'*' Recently, a large meta-analysis
of individual epigenome-wide association studies (EWAS) was
performed and explored DNA methylation in blood cells, including
leucocyte, lymphocytes, monocytes and granulocytes, in patients
with T2D. The authors identified three novel CpGs related to T2D in
Europeans, including ¢g00144180, cg24704287, and cg16765088.
They also discovered 77 T2D-associated differentially methylated
regions (DMRs), most of which were hypomethylated in patients
with T2D compared with the control groups.'

DNA methylation is also involved in diabetic complications. It is
suggested that by decreasing the methylation levels of transforming
growth factor-beta 1 (TGF-1), ten-eleven translocation enzyme-2
(TET2) upregulated the expression of TGFf1, which promoted the
pathogenesis of diabetic kidney disease (DKD).'>* The hypermethy-
lation of cg04026387 and cg12869254 was participated in the
progress of diabetic retinopathy (DR) and may act as new
biomarkers for diagnosis DR.'** In addition, the expression of
DNMT1 was upregulated induced by transient hyperglycemia, which
hypermethylated angiotensin-1 (Ang-1) and decreased the expres-
sion of Ang-1, thus activating NF-kB and inhibiting the diabetic
wound healing.'*
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Taken together, the upregulation or downregulation of DNA
methylation levels occurs in several tissues and organs, exhibiting
various impacts and resulting in the diabetes. In addition, it is
convenient to collect blood and to detect alterations in DNA
methylation levels.

Obesity. Body mass index (BMI) is widely used to measure the
degree of obesity, which is calculated with height and weight. The
relationship between DNA methylation and BMI has attracted
attention from scientists, and several studies have been conducted.
Sayols-Baixeras and his colleague performed an epigenome-wide
association study and they validated 49 CpGs sites related to waist
circumference and 94 CpGs related to BMI. Furthermore, they
found new 33 CpGs sites associated with waist circumference and
70 CpGs related to BML.'*® In 2017, a large-scale study utilised 450k
DNA methylation data from more than 10,000 whole blood
samples and identified 187 CpG sites related to BMI. Besides, the
result of genetic association analysis indicated that obesity is the
cause of the alterations in DNA methylation levels, rather than the
consequence.”” The lipid metabolism-related genes ATP-binding
cassette subfamily G (WHITE) member 1 (ABCG1), carnitine
palmitoyl-transferase 1 A (CPT1A), and sterol regulatory element-
binding transcription factor 1 (SREBF1) show altered DNA
methylation in obesity.'*®'¢!

Hypoxia develops in adipose tissue of patients with obesity.
Dick et al.'® explored the relationship between DNA methylation
levels and BMI by analysing whole-blood DNA. They identified five
CpG sites, and three of the five CpG sites in the hypoxia-inducible
factor 3 subunit alpha (HIF-3a) gene presented increased methyla-
tion, which is linked to increased BML'®* In another study, the
researchers analysed the relationship between obesity and DNA
methylation in Chinese children. They found higher methylation
levels in children with obesity at two sites, 46801699 and 46801642,
in the HIF-3a gene. Moreover, the methylation levels were positively
related to the alanine aminotransferase (ALT) levels, which is
associated with the development of NAFLD.'®®

162,163
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DNA methylation levels also reflect changes in weight. Bollepalli
et al."® found that the DNA methylation levels in subcutaneous
adipose tissue (SAT) of participants with obesity were influenced by
short- and long-term weight loss. They discovered that the
expression of seven genes decreased during both short- and long-
term weight loss, including BAG3, BHMT2, EPDR1, LEP, OSTM1, and
UCHL1."®® Moreover, a clinical trial indicated that a specific DNA
methylation signature in blood could reflect individual responsive-
ness to lifestyle intervention and methylation changes in the specific
genes could predict successful weight loss.'®” Besides, a randomised
controlled trial suggested that DNA methylation in human adipose
tissue could act as a predictor for weight increase during
overfeeding in humans.'®®

Overall, DNA methylation is associated with the initiation and
progression of obesity. It is not only associated with BMI, but
also linked to hypoxia, and acts as a marker to reflect alterations
in weight.

NAFLD. Diet plays a pivotal role in DNA methylation through
several ways, including regulating the activity of enzymes associated
with the one-carbon cycle and providing SAM as methyl donors.'®®
Recently, Chen et al.'”® revealed that maternal consumption of a
high-fat or high-cholesterol western diet can induce the pathogen-
esis of NAFLD in male offspring by modulating the expression of the
apolipoprotein B (ApoB) gene. Based on DNA methylation analysis,
they found that the ApoB gene promoter region presents increased
methylation of CpG dinucleotides.'”® Increased dipeptidyl peptidase
4 (DPP4) expression in the liver aggravates the development of
NAFLD by autocrine and paracrine effects on hepatic insulin
signalling and decreasing the levels of GLP-1."”" DNA methylation
is also involved in DPP4-induced NAFLD. After feeding mice a high-
fat diet (HFD) for 6 weeks, there was elevated DPP4 expression and
reduced methylation levels of four CpG sites. In addition, by
analysing human liver biopsy specimens from patients with obesity,
the researchers found that DPP4 expression is positively correlated
with the stages of hepatic steatosis and non-alcoholic steatohepa-
titis (NASH), while DNA methylation is negatively related to them.
Moreover, DPP4 demethylation increases DPP4 expression early in
life."”? Resveratrol (trans-3,5,4'-trihnydroxystilbene), an inhibitor of
glucose transporter 9 (GLUT9), regulates the methylation levels of
NF-E2-related factor 2 (Nrf2) gene promoter to affect the develop-
ment of NAFLD. Resveratrol can reverse Nrf2 promoter hypermethy-
lation induced by high glucose (HG) and alleviates methylation
levels of the Nrf2 promoter in the liver of mice induced by HFD,
which is related to decreased triglyceride (TG) levels and down-
regulated expression of lipogenic genes, including Fas cell surface
death receptor (FAS) and sterol regulatory element-binding protein
1 (SREBP-1c)."”® The fatty acid desaturase 2 (FADS2) gene encodes
delta-6 desaturase, and one study has confirmed that NASH is
positively related to the expression of the FADS2 in the liver.'* To
better understand the exact mechanism, Walle et al.'”® explored the
DNA methylation levels of FADS2 from liver biopsy samples of 95
patients with obesity by Infinium HumanMethylation450 BeadChip.
They revealed a negative correlation between DNA methylation
levels of cg06781209 and ¢g07999042 and hepatic FADS2 mRNA
expression. The results indicated that by modifying DNA methyla-
tion, FADS2 mutation participates in the development of NAFLD.'”®
By analysing liver biopsies from 47 patients with NAFLD and 18
control participants, the authors found significantly lower global
DNA methylation levels in the liver of patients with NAFLD. In
addition, there was a negative correlation between global DNA
methylation levels in the liver and hepatic inflammation grade and
disease progression. Furthermore, they found a significantly higher
serum homocysteine concentration in patients with NAFLD than in
the control group, which meant a reduction in SAM. Moreover, a
positive correlation was presented between the serum homocys-
teine concentration and the hepatic steatosis grade and disease
progression.'”®
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In conclusion, altered DNA methylation levels play a role in the
pathogenesis and development of NAFLD. This process is associated
with diet and offers a novel idea for improving the prognosis and
treatment of patients with NAFLD.

Osteoporosis. Some researches have concentrated on the asso-
ciation between osteoporosis and systemic (whole blood) DNA
methylation. Cheishvili et al.'”” explored the DNA methylation
signatures in whole blood samples of patients with postmeno-
pausal osteoporosis (PMOP) from the Canadian Multicenter
Osteoporosis Study (CaMos) cohort. They found 77 significantly
differentially methylated CpG sites, and among them, only five
genes may function in bone biology, including actin binding LIM
protein family member 2 (ABLIM2), cyclin-dependent kinase-like 5
(CDKLS5), Ras homolog family member J (RHOJ), programmed cell
death 1 (PDCD1), and zinc finger protein 267 (ZNF267). ABLIM2,
CDKL5, RHOJ, and PDCD1 displayed hypermethylation, while
ZNF267 showed hypomethylation in patients with osteoporo-
sis.'”” Whole blood analysis in individuals of Asian Indian origin
was performed to analyse CpG methylation in the bone
morphogenetic protein 2 (BMP2) promoter through bisulfite-
specific polymerase chain reaction (PCR) on the genomic DNA
(gDNA) samples. The authors reported a disproportionate allele
frequency of methylated ‘C’ between osteoporotic and healthy
individuals at the -267 position from the TSS and indicated that
BMP2 is hypermethylated in patients with osteoporosis.'”®
However, Fernandez-Rebollo et al.'’? explored genome-wide
DNA methylation profiles of peripheral blood from patients with
primary osteoporosis and controls. The results suggested that
primary osteoporosis is not affected by disease-specific DNA
methylation in peripheral blood. There is inconsistency in the
results from different studies, so more research is required on the
correlation between osteoporosis and DNA methylation in
peripheral blood to understand the mechanisms.

Several researches analysed DNA methylation in bone tissue in
patients with osteoporosis. The receptor activator of NF-«kB-ligand
(RANKL)-the receptor activator of NF-kB (RANK)-the soluble decoy
receptor osteoprotegerin (OPG) axis is pivotal for the differentia-
tion and activation of osteoclast.’® Wang et al.’®" explored the
implication of DNA methylation on the expression of OPG/RANKL
and found that in the osteoporotic fracture (OPF) group, the
RANKL gene promoter showed hypermethylation and the OPG
gene promoter showed greater methylation. Secreted by osteo-
cytes, sclerostin (SOST) negatively regulates the activity of
osteoblasts and osteoclasts on bone surfaces by suppressing the
WNT pathway.'®? Reppe et al."®® found that patients with PMOP
had elevated SOST promoter methylation, which may decrease
suppression of the WNT pathway and promote bone formation.
Increased SOST promoter methylation in patients with PMOP was
also found in another study. Chromatin immunoprecipitation
analysis revealed that increased SOST promoter methylation leads
to impairment of the transactivation function of osterix (SP7), runt-
related transcription factor 2 (RUNX2), and oestrogen receptor a
(ERa)."®* In addition, bisulfite sequencing revealed that both the
OPF group and the non-OPF group presented hypermethylation in
SOST gene promoter, while the SOST gene promoter was slightly
demethylated in the OPF group.'®”

The role of histone modification in metabolic diseases

The role of histone modification in metabolic diseases has
attracted great interest and there have been tremendous
advances in this field. Various histone modifications are involved
in the pathogenesis of metabolic diseases through multiple
mechanisms.

The role of histone acetylation in metabolic disease

Diabetes mellitus and its complications: Studies have revealed
the role of histone acetylation in diabetes mellitus and its
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complications. HDAC3 could interact with miR-296-5p to elevate
the expression of Bcl-xl, resulting in the enhancement of the anti-
apoptotic capacity in lymphocytes and thereby exacerbating type
1 diabetes (T1D)."®® As HATs and transcriptional co-activators, CBP
and its paralogue p300 play critical roles in the B cell identity and
functional maturity. By acetylating H3K27 and transcription
factors, including FOXO1 and Hnfla, CBP and p300 are
responsible for T2D by regulating transcription.'®”

HDACGS is significantly increased in renal glomeruli and tubular
cells of diabetic mice, which is participated in the high glucose-
induced epithelial-mesenchymal transition (EMT) of renal tubular
cells. Moreover, methyltransferase-like 14 (METTL14) could stimu-
late the expression of PTEN to inactivate the phosphoinositide
3-kinase (PI3K)/AKT signalling pathway, resulting in the down-
regulation of HDACS5, thus regulating the EMT of renal tubular cells
in patients with DKD.'® Du et al.'®® explored the mechanisms of
autophagy suppression in Schwann cells in diabetic peripheral
neuropathy (DPN). They suggested that under the influence of
hyperglycaemia, HDAC1 interacts with Atg3 to downregulate
autophagy markers, such as LC3-l and LC3-ll. The Janus kinase
(JAK)-signal transducer and activator of transcription 3 (STAT3)
signalling pathway is activated by hyperglycaemia, and STAT3
phosphorylation enhances HDAC1 and downregulates autophagy
markers, including P62." HDAC3 is highly expressed in the retina
tissues of DR mice. By interacting with miR-296-5p, HDAC3
upregulated the expression of GNAI2 in retina tissues, which
promoted apoptosis of retinal ganglion cells in DR models.'®
Macrophages are vital for the process of diabetic wound healing.
Males absent on the first (MOF), a HAT, serves as a coactivator of
tumor necrosis factor-alpha (TNF-a)/ NF-kB signalling. In 2020,
MOF was reported to inhibit diabetic wound healing by increasing
the expression of inflammatory genes associated with NF-«B via
promoting acetylation of H4K16 in wound macrophages.'®’

Obesity: Increasing evidence suggests that histone acetylation is
related to obesity. MOF is one of the lysine acetyltransferases
(KATs), which are involved in the acetylation of histone H4 at
lysine 16 (H4K16ac). H4K16ac induced by MOF acts as a regulator
to maintain glucose uptake and lipid storage in adipocytes by
interacting with peroxisome proliferator-activated receptor
gamma (PPARy), thereby exacerbating the progress of obesity.'
HDAC3 affects the differentiation of adipocytes by modulating
adipocyte phenotype. HDAC3 knockdown could not only regulate
adipocyte pro-inflammatory profile, but also promote the expres-
sion of transcriptional regulators related to adipogenesis, includ-
ing Cebpb, Cebpa, Srebflc, and PPARY.'”® There is low HDAC6
expression in adipose tissues of humans with obesity and animal
models of obesity. HDAC6 could regulate lipid storage by
acetylating cell death-inducing DFFA-like effector C (CIDEC), a
lipid droplet-binding protein.'®* Of interest, Lieber et al.'®®
observed increased weight gain in HDAC6-deficient male mice.
Further study indicated that loss of HDAC6 changes the gut
microbiota composition, with increased Bacteroides and Para-
bacteroides and decreased S24-7 family and Lactobacillus; these
changes may aggravate obesity by inhibiting the capacity of
regulatory T cells (Tregs)."”> HDAC11 is also involved in obesity
and obesity-related disease.'”® HDAC11 knockdown effectively
alleviates obesity-related disease by restraining hypercholester-
olemia, liver steatosis, and damage, and by increasing insulin
sensitivity and glucose tolerance. Exploration of the underlying
mechanisms indicated that loss of HDAC11 stimulates the
expression of UCP1 in brown adipose tissue (BAT) and increases
the thermogenic capacity. Besides, oxygen consumption and
metabolic activity are enhanced by HDAC11 deficiency, and
carnitine palmitoyltransferase 1 (CPT1), an important enzyme for
regulating mitochondrial long-chain fatty acid -oxidation (FAO),
is increased in HDAC11 knockdown mice. Furthermore, deletion of
HDAC11 promotes the adiponectin—adipoR-5" AMP-activated
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protein kinase (AMPK) signalling pathway by increasing the
adiponectin levels in the liver.'”® In the same year, the same
research team found that loss of HDAC11 promotes the formation
of BAT and beiging of white adipose tissue (WAT). By binding to
BRD2, HDAC11 inhibits the BAT transcriptional programme to
suppress the thermogenic potential of adipose tissue, contributing
to obesity.'”

NAFLD: According to recent studies, histone acetylation is
related to NAFLD. Lactate accumulation in the liver could
accelerate the pathogenesis of NASH. Acetylation of lactate
dehydrogenase B (LDHB) K82 mediated by PCAF induces the
accumulation of lactate by suppressing the LDHB activity and
inhibiting lactate clearance, which aggravates inflammatory
responses and lipid deposition in the liver.'”® Besides, H3K27
acetylation at the promoter of IncRNA NEAT1 facilitates its
transcription and exacerbates the development of NAFLD by
accelerating lipid accumulation in the liver through sponging miR-
212-5p and enhancing the expression of GRIA3.'”? Zhou et al.*®
suggested that nuclear receptor subfamily 2, group F, member 6
(NR2F6) plays a critical role in the pathogenesis of NAFLD.
Expressed highly in patients with NAFLD, NR2F6 interacts with and
upregulates the fatty acid (FA) translocase CD36 in hepatocytes,
and then facilitates histone acetylation at the promoter of nuclear
receptor coactivator 1, leading to elevated hepatic TG. Metformin
can reverse this effect and might serve as a potential treatment
strategy.”®® In addition, decreased production of reactive oxygen
species (ROS) induced by the loss of CD36 aggravates the
pathogenesis of NASH by upregulating monocyte chemotactic
protein-1 (MCP-1) in hepatocytes, which accelerates the inflam-
matory response and fibrosis in the liver by facilitating macro-
phage migration to the liverr HDAC2 could suppress
transcriptional activation of MCP-1 by inhibiting acetyl H3.
However, HDAC2 is reduced in CD36 deficiency mice due to the
decreased ROS production, thus aggravating NASH.°' $100
calcium binding protein A11 (S100A11) is induced by an HFD.
Acting as a deacetylase of FOXO1, HDAC6 is downregulated by
binding to S100A11, which increases the acetylation and activity
of FOXO1, leading to lipogenesis and activation of autophagy in
the liver, thus exacerbating liver steatosis.’*

Osteoporosis:  Histone acetylation has been implicated in the
development of osteoporosis. The zinc-finger transcription factor
ZEB1 is expressed at a low level in the skeletal endothelium of
patients with osteoporosis and mouse models of that disease.
ZEB1 deficiency decreases histone acetylation on Notch1 promo-
ters and inhibits the Notch signalling pathway, which is related to
osteogenesis.’®® In addition, histone acetylation is involved in
ameliorating osteoporosis via miR-29a. The underlying mechanism
is that miR-29a inhibits H3K27ac at CXCL12 promoters mediated
by the histone acetyltransferase PCAF, thus downregulating
CXCL12 and suppressing osteoclast differentiation.?®* In addition,
PCAF could facilitate osteogenic differentiation of mesenchymal
stem cells (MSCs) via BMP signalling pathway by promoting H3K9
acetylation.®

RUNX2 acts as an important regulator for the osteogenic
differentiation potential of bone marrow mesenchymal stem cells
(BMSCs). HDAC6 and androgen receptor (AR) interact with the
RUNX2 promoter competitively to regulate the expression of
RUNX2 in BMSCs. HDAC6 accumulation in the RUNX2 promoter
would deacetylate it and decrease the expression of RUNX2,
contributing to age-related bone loss.?°® Nucleosome assembly
protein 1-like 2 (NAP1L2) restrains osteogenic differentiation of
BMSCs. Acting as a histone chaperone, NAP1L2 inhibits acetylation
of lysine 14 in histone 3 (H3K14ac) on promoters of osteogenic
genes, including RUNX2 and SP7, by recruiting SIRT1, a Class I
HDAC?°” Mechanical stimulation accelerates the osteogenic
differentiation of BMSCs by downregulating HDAC1. Wang
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et al.*®® revealed that HDAC1 could suppress the transcription of

jagged 1 (JAG1), an important regulator of osteogenesis, and
inhibit the Notch signalling pathway mediated by JAG1. In
addition, general control nonderepressible 5 (GCN5), a HAT,
suppresses the osteogenic differentiation of MSCs through
preventing NF-kB transcription and blocking the NF-kB signalling
pathway.*%’

The role of other histone modifications in metabolic disease. Other
histone modifications, including methylation, demethylation,
phosphorylation, ubiquitination, and butyrylation, are involved in
the pathogenesis of metabolic disease. Kimball et al.2'® found that
methyltransferase Setdb2 is beneficial for wound healing. By
trimethylating lysine 9 on histone 3 (H3K9me3) at different gene
promoters, Setdb2 not only regulates macrophage polarity by
inhibiting the transcription of inflammatory cytokine genes,
including interleukin 1 beta (IL-18), nitric oxide synthase 2
(NOS2), and TNFaq, but also decreases uric acid (UA) production
by restraining the activity of xanthine oxo-reductase (XOR).
However, with interferon beta (IFN) modulation Setdb2 expres-
sion in wound macrophages is decreased under diabetic condi-
tions, thereby resulting in a persistent inflammatory phenotype of
macrophage in diabetic wounds.?'® In addition, DOT1L, an HMT,
alleviates osteoporosis by suppressing osteoclastogenesis. DOT1L
interference enhances the expression of CD9 and matrix metallo-
peptidase 9 (MMP9), proteins associated with osteoclast fusion and
resorption, but also promotes cell migration, autophagy activity,
and ROS production in pre-osteoclasts.?'' It is reported that the
HDM plant homeodomain finger 2 (Phf2) could retard the
progression of NAFLD by promoting H3K9me2 demethylation at
specific gene promoters. Acting as a transcriptional co-activator of
carbohydrate-responsive element binding protein (ChREBP), Phf2
enhances the expression of stearoyl-CoA desaturase 1(SCD1) and
promotes the conversion of saturated fatty acids (SFA) into mono-
unsaturated fatty acids (MUFA), reducing insulin resistance and
hepatic inflammation. Furthermore, Phf2 could protect the liver
against oxidative stress by activating Nrf2.2'2

A few studies have focused on histone phosphorylation,
ubiquitination, butyrylation, histone ADP-ribosylation, and histone
crotonylation in metabolic diseases. Alghamdi and colleagues®'®
found elevated phosphorylation of histone H3 on serine residue 10
(phospho-histone H3Ser10) in the glomeruli of patients with
diabetic kidney disease. They indicated that increased glomerular
endothelial vascular cell adhesion protein 1 (VCAM-1) is induced by
CCL2/CCR2 signalling via phosphorylation of H3Ser10 at the
promoter of VCAM-1. Besides, inhibition of mitogen- and stress-
activated protein kinases 1/2 (MSK1/2) would decrease the level of
H3Ser10 phosphorylation.?'® Histone 2B ubiquitin ligase RNF40 is
critical for bone formation and remodelling. By modulating the
expression of RANKL, RNF40 promotes osteoblast differentiation in
early stages.”™ Kbhb acts as a novel histone mark. Further study
revealed that elevated Kbhb on histone H3 lysine 9 (H3K9bhb)
induced by starvation is related to diabetes through the PPAR
signalling pathway.'®® By transferring ADP-ribose to target proteins
via using NAD + as substrate, Poly (ADP-Ribose) polymerases
(PARPs) are participated in several biological processes. By ADP-
ribosylating histone H2B at serine 7 of the NFATc1 promoter,
PARP1 downregulated the expression of NFATc1, which is crucial
for the macrophage differentiation into osteoclasts.?'> A recent
study reported that in patients with T2D, histone H3K27
crotonylation in the GLUT4 promoter region was regulated by
IncRNA EPB41L4A-AST /GCN5 complex, which decreased the
expression levels of GLUT4 and prevented glucose uptake by
muscle cells.'®

The role of chromatin remodelling in metabolic disease

Diabetes mellitus and its complications. BRD7 and BRD9 can
recognise acetylated lysine?'” BRD7 is a component of
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polybromo-associated BRG1-associated factor (PBAF)-specific
SWI/SNF, while BRD9 belongs to the BAF complex.>'®2'® In 2018,
Wei et al.>*° explored the role of vitamin D receptor (VDR) in T2D
and found that the balance between PBAF-BRD7 and BAF-BRD9 is
important for the VDR-induced pro-survival and anti-inflammatory
response. Moreover, BRD9 alleviates hyperglycaemia by promot-
ing VDR association with PBAF to change chromatin accessibility,
thus restoring B cell function.?® Pdx1 is a diabetes-linked
transcription factor, and SWI/SNF is essential for Pdx1 to interact
with the Ins gene enhancer and then regulate the function of
mature islet B cell and pancreatic progenitor cell proliferation.??'
As a linker between transcription factors and the SWI/SNF core
complex, BAF subunits, including BAF60a, BAF60b, and BAF60c,
play a vital important role in diabetes. Recently, researchers found
that BAF60a is participated in the pathogenesis of T2D. Kong
et al.?*2 proved that BAF60a interacts with the transcription factor
Atf3 to regulate adipose tissue macrophages (ATMs) inflammation
activation and insulin resistance in WAT through chromatin
remodelling-mediated epigenetic mechanisms.?>?> BAF60c, also
called Smarcds3, is a transcriptional cofactor enriched in fast-twitch
muscles. One study suggested that transgenic expression of
BAF60c can activate the glycolytic pathway in muscles to protect
mice from diet-induced insulin resistance.”?> The CHD family of
remodellers is also associated with diabetes. CHD4 interacts with
transcription factor 19 (TCF19), which is involved in the
maintenance of pancreatic 3 cells via regulation of cell prolifera-
tion and apoptosis.>?*

NAFLD. The BAF subunit is also vital in NAFLD. Li et al.*** found
that by interacting with PPARa and PGC-1a, BAF60a induces the
transcriptional activation of peroxisomal and mitochondrial fat-
oxidation genes and regulates hepatic FAO. In addition, BAF60a
acts as a diet-sensitive subunit and promotes the expression of
genes related to hepatic bile acid metabolism and cholesterol
absorption.?® Wang et al.??” found that BAF60c is an important
chromatin remodelling component for lipogenic gene transcrip-
tion in the liver, which interacts with upstream stimulating factor-1
(USF-1), leading to USF-1 phosphorylation by DNA-PK and
acetylation by PCAF.

Osteoporosis. One study suggested that INO80 is essential for
osteogenic differentiation of human bone marrow-derived
human mesenchymal stem cells (hBMSCs), which interact with
Wdr5 in MSC and positively regulate the WNT signalling
transduction, contributing to changes in the expression of
osteoblast-specific genes, including RUNX2, Col1al, Osx, and
OCNb.>*® SWI/SNF controls lineage selection in MSCs - for
example, SWI/SNF can redirect the adipogenic potential of bone
marrow-derived MSCs to osteoblasts, which may provide a new
treatment to protect against age-related osteoporosis.??° In
addition, expression of nuclear receptor binding SET domain
protein 2 (NSD2) was induced by melatonin, which may prevent
ageing-associated bone loss by the rebalancing of H3K27me3 and
H3K36me2 modifications to remodel chromatin of the osteogenic
genes.?3°

The role of ncRNA regulation in metabolic disease

There is an abundance of research on the relationship between
ncRNAs, including miRNA, IncRNA, and circRNA, and metabolic
disease. We summarise this content separately in Table 2 (miRNA),
Table 3 (IncRNA), and Table 4 (circRNA).

The role of miRNAs in metabolic disease

Diabetes mellitus and its complications: miRNAs are involved in
the pathogenesis of both T1D and T2D. NF-kB prevents the
occurrence of T1D by increasing the expression of miR-150, which
downregulates the expression of p53 upregulated modulator of
apoptosis (PUMA) to suppress T1D-induced inflammation and (3
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Table 2. Regulation of miRNA in metabolic disease

Diseases Major regulator Target gene Effect References
TID miR-150 PUMA i 1
T2D miR-200c ETV5 1 232
GDM miR-423-5p IGF1R/GYS1 1 234
GDM miR-122-5p G6PC3/FDFT1 ! 234
GDM miR-199a-5p Trpc3, MeCP2 1 235
DKD miR-146a-5p TRAF6, STAT1 1 236
diabetic wound healing miR-129 TRAF6 1 237
diabetic vascular damage miR-142-5p IL-1p 1 238
Obesity miR-342-3p Snap25 1 239
Obesity miR-7, miR-17-92 FOXO1 1 240
Obesity miR-155 PPARG, GLUT4 1 241
Obesity miR-690 Nadk l 242
Obesity miR-34a KLF4 1 243
Obesity miR-122 VDR, SREBF1 1 244
NAFLD miR-122 Sirt1 1 246
NAFLD miR-20b PPARA 1 247
NAFLD miR-223 TAZ i 248
NAFLD miR-378 NF-xB 1 249
NAFLD miR-214-3p Ulk1 1 250
NAFLD miR-26a eukaryotic initiation factor 2a 1 251
Osteoporosis miR-100 AKT 1 252
Osteoporosis miR-152-5p ATG14 1 253
Osteoporosis miR-34a-5p TGF-p-induced factor homeobox 2, Notch?1 ! 254
Osteoporosis miR-214-3p tensin homolog, transcription factor 4 1 254
Osteoporosis miR-1224-5p ADCY2 ! 255
Osteoporosis miR-26a-5p HDAC4 1 256
Osteoporosis miR-150 FNDCS5, irisin 1 257
Osteoporosis miR-21-5p KLF3 l 238
Osteoporosis miR-214-5p ITGA7 0 259

cell apoptosis.®' miR-200c presents higher expression in islets

from patients with T2D. Further research indicated that miR-200c
decreases the secretion of insulin by targeting transcription factor
ETV5.2%2

Gestational diabetes mellitus (GDM) is a special type of diabetes
mellitus in a mother develops hyperglycaemia during pregnancy
that is ameliorated after she gives birth.>>* Ye and colleagues®**
explored the miRNA expression profile of plasma exosomes in
women with GDM. By using high-throughput small RNA sequen-
cing in 12 pregnant women with normal glucose tolerance (NGT)
and 12 women with GDM, they identified 22 differentially
expressed exosomal miRNAs and verified five of them by real-
time reverse transcription-PCR (qRT-PCR), including upregulated
miR-423-5p, and downregulated miR-99a-5p, miR-122-5p, miR-
148a-3p, and miR-192-5p. miR-423-5p and miR-122-5p are
participated in the regulation of metabolism in GDM by targeting
IGF1R/GYS1 and G6PC3/FDFT1; these effects are related to AMPK
signalling pathways.>** In addition, miR-199a-5p is increased in
the placenta and placental villi of women with GDM compared
with normal pregnant women. miR-199a-5p can reduce the
expression of canonical transient receptor potential 3 (Trpc3)
and methyl CpG-binding protein 2 (MeCP2) to modulate
methylation levels and the glucose pathway.”*

Diabetes can affect several organs and cause diverse complica-
tions. miRNAs are participated in the complications, such as DKD,
diabetic wounds, and diabetic vascular damage. Zhang et al.>*®
revealed that exosomal miR-146a-5p from the human umbilical
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cord-derived MSCs (UC-MSCs) protects against DKD in rats
through targeting tumor necrosis factor receptor-associated
factor-6 (TRAF6) and STAT1 to induce M2 macrophage polarisa-
tion.>>® Resveratrol promotes diabetic wound healing. Hu et al.**’
explored the molecular mechanism of resveratrol in diabetic
wound healing and found that it promotes the transportation of
extracellular vesicles (EVs) containing miR-129derived from MSCs.
By binding to TRAF6, miR-129 improves the proliferative,
migratory, and tube formation potentials of human umbilical vein
endothelial cells (HUVECs), thus contributing to diabetic wound
healing in T1D. A recent study revealed that exosomes derived
from high glucose-induced monocytes cause vascular damage by
reducing migration and increasing ROS production in HUVECs.
Moreover, researchers revealed that exosomal miR-142-5p is
partic;g?ted in the pathogenesis of vascular damage by targeting
IL-1pB.

Obesity: miRNA can be a vital regulator for the pathogenesis of
obesity. Zhang et al.?*° performed RNA sequencing and found
that miR-342-3p and its host gene Evl, which are co-expressed in
the hypothalamic arcuate nucleus neurons, are increased in the
brain and adipose tissues of mice with diet-induced obesity. By
targeting Snap25, miR-342-3p overexpression regulates NPYp-
STAT3 and POMCpSTAT3 neurons, thereby leading to functional
impairment in hypothalamic neurons and excess food intake.?3°
Similarly, miR-7 and miR-17-92, which are expressed in proopio-
melanocortin (POMC)-expressing neurons in the arcuate nucleus
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(ARC) of the hypothalamus, are partially responsible for diet-
induced obesity. Moreover, body weight regulation mediated by
miR-7 and miR-17-92 present sexual dimorphism, and altered
expression of genes differentially expressed in the sexes in the
ARC, such as FOXO1, may contribute to the characteristics.*

As a common content of exosomes, exosomal miRNA derived
from different cells and tissues are revealed to be participated in
the pathogenesis of obesity. miR-155 expression is elevated 6.7-
fold in ATMs of people with obesity. Exosomal miR-155 derived
from ATM could be absorbed by neighbouring adipocytes and
regulate adipocyte metabolism by targeting PPARy and GLUT4.**'
M2 polarised bone marrow-derived macrophages (BMDMs)
secrete exosomes containing miR-690, which improves insulin
sensitivity and glucose tolerance in obese mice by targeting
Nadk.2*? In addition, Pan et al?** found upregulated miR-34a
expression in adipose tissues of obese mice. miR-34a derived from
adipocyte exosomes is delivered to macrophages and inhibits the
expression of Krippel-like factor 4 (KLF4) to prevent M2
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pathogenesis of obesity.**

In general, miRNAs, including exosomal miRNA, are participated
in the development of obesity by regulating the expression of
genes related to obesity, which will offer new insights into the
prognoses and treatment for obesity.

NAFLD: Several miRNAs regulate hepatic lipid metabolism. miR-
122 accounts for nearly 70% of all miRNA expressed in the liver.?**
miR-122 is upregulated in hepatocytes of patients with NAFLD and
plays a pivotal role in the pathogenesis of NAFLD. miR-122
aggravates hepatic lipogenesis by targeting SIRT1 and activating
the LKB1-AMPK cascade.”*® Lee et al.**’ revealed that hepatic miR-
20b exacerbates the development of NAFLD by suppressing
PPARa, which prevents mitochondrial biogenesis and FAO.
miRNAs have also been implicated in NAFLD-associated fibrosis.
Many cytokines, particularly IL-6, play critical roles in NAFLD. A
recent study suggested that myeloid cell-specific IL-6 increases
the expression of exosome biogenesis-related genes and facili-
tated the production of miR-223-enriched exosomes derived from
macrophages. Exosomes containing miR-223 are transported to
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Table 3. Regulation of IncRNA in metabolic disease Table 4. Regulation of circRNA in metabolic disease
Diseases Major regulator Target gene Effect References Diseases Major regulator ~ Target gene  Effect References
TID IncRNA SRAs miR-146b 1 260 T2D circ_0071336 miR-93-5p 1 290
T2D INcRNA MALAT1  Nrf2, JNK, Akt, | 261 TID circPPM1F HuR, 1 1
IRS-1 FUS, EIF4A3
GDM INcRNA HOTTIP ~ WNT7A ! 262 GDM circMAP3K4 miR-6795-5p 1 292
DKD INcRNA MALATT  LIN28A 1 263 DR CireNNT miR-320b ! 293
DR INcRNA ZNF503-  TGF- 1 264 DC circHIPK3 PTEN ! 294
AS1 diabetic GircARHGAP12  miR-301b-3p 1 295
diabetic IncH19 p53, GDF15 1 265 wounds
wound healing
healing Obesity CircSAMDA4A miR-138-5p | 296
. s 266
Obesity IncRNA RP11- miR-587 t Obesity CircFLT1 miR-93 ! 297
142A22.4 . . . 208
. 267 Obesity circPPARy miR-92a-3p l
Obesity Inc13728 ZBED3 T . . 209
i Rk 268 Obesity circFUT10 let-7¢ 1
Obesity IncH19 miR-30a 1 X i K 300
. 269 Obesity circOgdh miR-34a-5p |
Obesity IncFR332443 RUNX1, MAPK | . . ) 302
) . 270 Obesity circARF3 miR-103 l
Obesity IncRNA miR-29b-3p t . . 303
MIR99AHG NAFLD CIrCRNA_0001 805 mlR-106a-5p, l.
. 271 miR-320a
Obesity IncRNA U90926 PPARy, PPARy2 | . X 304
, - NAFLD circ_0057558 miR-206 1
Obesity IncRNA XIST C/EBPa | . . 305
. 573 NAFLD circ_0048179 miR-188-3p l
Obesity FOXC2-AS1 UCP1 1 . 306
_ 274 NAFLD CircRNA SCAR  PGC-la )
NAFLD LncRNA Gm15622 miR-742-3p T . . 307
. 575 NAFLD circRNA_002581  miR-122 l
NAFLD Hilnc IGF2BP2 1 ) i ) 208
276 Osteoporosis  circlGSF11 miR-199b-5p |
NAFLD INcRNA MALAT1  CXCL5 1 ) i ) 300
. 577 Osteoporosis  circ_0074834 miR-942-5p l
NAFLD IncRNA NEAT1 miR-122 1 ) ) ) 310
578 Osteoporosis ~ circRNA_0016624 miR-98 l
NAFLD INcRNA HULC MAPK 1 ) i ) 11
579 Osteoporosis ~ circRNA_0048211 miR-93-5p l
NAFLD INcRNA-Gm9795  TNF, IL-6, and 1 , , 12
IL-1 Osteoporosis circStag1 HuR 1
NAFLD IncRNA Platr4 NF-kB 1 280 Osteoporosis circRNA AFF4 miR-7223-5p | 313
Osteoporosis  IncRNA MIAT miR-150-5p 1 281 Osteoporosis  circHIPK3 miR-124 ! M
Osteoporosis  IncRNA RAD51- YBX1 1 282 Osteoporosis circRNA_28313 miR-195a T 315
AS1 Osteoporosis  circBBS9 miR-423-3p | 316
Osteoporosis  IncRNA caspase 8 1 283
TCONS_00072128
Osteoporosis  IncRNA TUG1 Hippo i) 284 polarisation, thus aggravating metabolic inflammation and insulin
Osteoporosis  LncDIF miR-489-3p 1 285 resistance induced by obesity.243 Of interest, exosomes from
Osteoporosis  LncNEAT1 Smurfl ! 286 adipose tissue could promote adipogenesis and exacerbate
. . 287 obesity. miR-122 is enriched in adipose tissue-derived exosomes;
OSteOporosfs IncRNA LIOCE Osterix ! . it can target VDR and interact with the BS1 region of the sterol
Osteoporosis  IncRNA NRON NFATc1 1 regulatory element-binding transcription factor 1 (SREBF1) pro-
Osteoporosis  IncAK077216 NIP45 1 289 moter to suppress VDR and SREBF1 expression, thus leading to the
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hepatocytes and miR-223 suppresses the expression of transcrip-
tional activator with PDZ-binding motif (TAZ), which has been
acknowledged to exacerbate NASH fibrosis.**® Besides, by
regulating the NF-kB-TNFa signalling pathway, miR-378 aggra-
vates inflammation and fibrosis in the liver.?*

Studies have shown that autophagy is involved in NAFLD. In
both patients and mice with fatty liver, there is decreased
expression of Ulk1, an autophagy-related gene. Further
research found that in hepatocytes, miR-214-3p decreased
the expression of Ulk1, thus inhibiting autophagic activity to
promote fatty liver disease.>*® Moreover, stress-activated path-
ways are participated in the pathogenesis of NAFLD. miR-26a
expression is induced by endoplasmic reticulum (ER) stress in
liver cells and is reported to decrease in the liver of patients
with NAFLD. Furthermore, miR-26a downregulates the expres-
sion of the eukaryotic initiation factor 2a, which acts as an
important ER stress effector and regulates cellular translation.
ER stress—evoked miR-26a upregulation could offer a novel
therapeutic strategy for NAFLD.>*'

In general, miRNA is widely involved in the development of
NAFLD by multiple mechanisms, including regulating hepatic lipid
metabolism, autophagy, and ER stress.

Osteoporosis:  Several stem cells have the potential for osteo-
genic differentiation, such as BMSCs and mesenchymal stem cells
from the mandible (MMSCs-M). Researchers found significantly
increased miR-100 expression in bone tissues and BMSCs of
osteoporotic mice. Moreover, miR-100 reduction accelerates bone
regeneration defects of BMSCs in osteoporotic mice by the
AKT-mammalian target of rapamycin (mTOR) pathway.*? Li
et al.®>® revealed that miR-152-5p is increased in MMSCs-M, and
they observed autophagy-related genes, proteins, and autopha-
gosomes in the ovariectomy (OVX) group. They found that
downregulating miR-152-5p facilitates the osteogenic differentia-
tion of MMSCs-M through accelerating autophagy-related protein
homologue 14 (ATG14)-mediated autophagy with reduced
accumulation of endogenous ROS.>>

The balance between osteoblasts and osteoclasts is crucial
for bone metabolism. A recent study indicated that delivering
recombinant adeno-associated viral (rAAV) vectors to bone and
modulating the expression of miR-214-3p and miR-34a-5p can
influence both osteoblasts and osteoclasts to treat osteoporo-
sis. Increasing the expression of miR-34a-5p could decrease
TGF-B-induced factor homeobox 2 in osteoclasts and Notch1 in
osteoblasts, while downregulating miR-214-3p elevates tensin
homologue in osteoclasts and activates transcription factor 4 in
osteoblasts.?>* miR-1224-5p is a vital bone osteogenic regulator
and alleviates osteoporosis by targeting ADCY2 to promote
osteoblast differentiation through the Rap1 signalling pathway
and inhibiting RANKL-induced osteoclast differentiation.?*>
miR-26a-5p is enriched in urine-derived stem cell extracellular
vesicles (USCs-EVs).2> By inhibiting HDAC4, miR-26a-5p derived
from USCs-EVs can activate the HIF-1a and vascular endothelial
growth factor A (VEGFA) pathway to facilitate the differentiation
of osteogenic precursor cells, thus alleviating diabetic osteo-
porosis (DOP).>>® miR-150 expression is elevated in patients
with diabetes via oxidative stress and by interacting with 3’-UTR
of FNDC5 and irisin. miR-150 downregulates FNDC5 and irisin
expression, which induces pyroptosis in diabetic bone tissue.
Irisin, induced by physical exercise or administered directly, can
help to reverse FNDC5 and irisin downregulation to facilitate
osteoblast function and bone formation.?>” Exosomal miR-21-
5p from BMSCs could promote osteoblastic differentiation and
ameliorate osteoporosis by interacting with KLF3.2°® In osteo-
clasts, activating transcription factor 1 (ATF1) can activate miR-
214-5p transcriptionally and reduce the expression of ITGA7,
thus contributing to osteoclastogenesis and altering OVX-
induced bone absorption.>>°
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The role of IncRNAs in metabolic disease

Diabetes mellitus and its complications: IncRNAs are implicated
in various types of diabetes mellitus. INncRNA steroid receptor RNA
activators (SRAs) are highly expressed in peripheral blood mono-
nuclear cells (PBMCs) and plasma samples from patients with T1D.
IncRNA SRAs regulate the functional genes of Tregs and inhibit the
expression of miR-146b in 3 cells to activate the interleukin-1
receptor-associated kinase 1 (IRAK1)-lactate dehydrogenase A
(LDHA)-phosphorylated LDHA (pLDHA) signalling pathway, which
induces apoptosis of B cells and facilitates TID pathogenesis.’*°
Reduction of the IncRNA metastasis-associated lung adenocarci-
noma transcript 1 (MALAT1) was reported to decrease ROS by
targeting Nrf2. Besides, downregulated MALAT1 inhibits JNK activity,
AKT phosphorylation, and insulin receptor substrate 1 (IRS1)
activation induced by insulin, thereby regulating the sensitivity to
insulin in T2D.*°' Cao et al.?®? observed increased miR-423-5p and
decreased IncRNA HOTTIP and wingless-type MMTV integration site
family member 7 A (WNT7A) in GDM mice. By sponging miR-423-5p,
HOTTIP elevates the levels of WNT7A to relieve hepatic gluconeo-
genesis and insulin resistance in GDM mice.?®?

IncRNAs also function in the complications of diabetes mellitus,
such as DKD, DR, and diabetic wound healing. MALAT1 are
involved in DKD. It not only interacts with LIN28A directly, but also
promotes the interaction between LIN28A and Nox4 to activate
the AMPK-mTOR signalling pathway and to increase the stability
of Nox4. These actions would allow MALAT1 to exacerbate high
glucose-induced renal tubular epithelial injury.?%> ZNF503-AS1 is a
novel IncRNA with higher expression in patients with DR than in
control patients. By activating TGF- signalling, ZNF503-AS1
overexpression promotes apoptosis and suppresses prolifera-
tion.?®* Yu et al?®® found that there is low expression of the
IncH19 in the wound-healing cutaneous tissue of patients and
mice with T2D; this state can facilitate macrophage infiltration as
well as dermal fibroblast proliferation in injured skin by
suppressing the activity of p53 and GDF15 releasement. Besides,
exosomes derived from adipocyte progenitor cells deliver IncH19
to injured tissue, thereby accelerating diabetic wound healing.%®

Obesity: IncRNAs are participated in the pathogenesis of obesity
by regulating adipogenesis and promoting adipocyte differentia-
tion. The IncRNA RP11-142A22.4 is increased in visceral adipose
tissue. A study suggested that RP11-142A22.4 interacts with miR-
587 and then regulates the expression of WNT5, thus contributing
to adipogenesis.?®® After human adipose-derived MSCs (hADSCs)
adipogenic differentiation, there is significantly increased Inc13728
expression that is positively correlated with adipogenesis-related
gene expression. Inc13728 facilitates adipogenic differentiation in
hADSCs by inhibiting the WNT-f3-catenin pathway through ZBED3
upregulation.?®” Similarly, IncH19 promotes hADSC adipogenic
differentiation by sponging miR-30a to enhance C8orf4 expres-
sion.2%® On the contrary, IncFR332443 suppresses preadipocyte
differentiation by increasing RUNX1 expression and inhibiting the
mitogen-activate protein kinase (MAPK)-extracellular signal-
regulated kinase 1/2 (ERK1/2) and MAPK-p38 signalling path-
ways.”® Besides, INcRNA MIR99AHG promotes adipocyte differ-
entiation by binding to miR-29b-3p to regulate PPARy, while
IncRNA U90926 inhibits 3T3-L1 adipocyte differentiation by
preventing the transactivation of PPARy or PPARy2.’>?”" Based
on recent reports, the IncRNA XIST could act as a novel target to
treat obesity. XIST expression in adipose tissue is higher in female
than in male individuals and XIST expression is increased during
brown adipocyte differentiation. Investigation of the underlying
mechanisms indicates that XIST resists obesity by activating BAT
and by binding to CCAAT enhancer-binding protein a (C/EBPa).*”?
FOXC2-AS1 is a IncRNA that is upregulated in human adipocytes.
Nevertheless, FOXC2-AS1 is reduced during white adipocyte
differentiation. Further study revealed that FOXC2-AS1 decreases
the UCP1 protein level and thermogenic capacity via the
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autophagy signalling pathway to promote white adipocyte
browning, which may provide a novel strategy to treat obesity.?”*

NAFLD: IncRNAs are also participated in the regulation of lipid
metabolism. The IncRNA Gm15622 is highly expressed in the liver of
obese mice. During the exploration of the role of Gm15622 in the
development of NAFLD, Ma et al?* found that Gm15622
upregulates the transcriptional regulator SREBP-1c and stimulates
hepatic lipid accumulation in the liver by sequestering miR-742-
3p.2”* The Hedgehog signalling pathway has been reported to be
responsible for hepatic lipid metabolism. Recently, researchers found
that a novel IncRNA, Hedgehog signalling—induced IncRNA (Hilnc),
regulates hepatic lipid metabolism by binding to IGF2BP2 to stabilise
PPARy mRNA. This action may facilitate the progress of hepatic
steatosis. Moreover, this effect can be reversed by metformin.?”>

By exacerbating the progress of liver fibrosis, MALAT1 plays a
crucial role in the pathogenesis of NAFLD. MALAT1 expression is
modulated by insulin and hyperglycaemia in HepG2 cells, but only
regulated by insulin in hepatic stellate cells. By increasing CXCL5
expression, MALAT1 is responsible for inflammation and fibrosis in
NASH.?”® Besides, expression of the INcRNA NEAT1 is elevated in
carbon tetrachloride (CCl4)-induced mouse liver fibrosis models
and activated hepatic stellate cells (HSCs).”’”” The underlying
mechanism is that NEAT1 increases KLF6 expression by sponging
miR-122, thus contributing to the activation of HSCs and
facilitating the progress of liver fibrosis. Thereby, NEAT1 inhibition
could offer a novel therapy to treat NASH.>’” In addition, by
inhibiting the MAPK signalling pathway, the IncRNA HULC may
exacerbate the pathogenesis of NAFLD by promoting the
progression of hepatic fibrosis and hepatocyte apoptosis.2’®

IncRNAs are also participated in the pathogenesis of NAFLD by
activating the inflammatory response. Ye et al.?’® found that the
INcRNA Gm9795 accelerates the pathogenesis of NAFLD by
stimulating the expression of inflammatory mediators in NASH,
including TNF, IL-6, and IL-1, instead of increasing fat accumula-
tion. The expression of inflammatory mediators is induced by the
elevation of critical molecules in ER stress, which regulate the JNK
and NF-kB pathways.?’® In addition, Platr4, an oscillating and NF-
KB-related IncRNA, mitigates NASH by suppressing the NF-kB
signalling pathway; this action suppresses transcription of the
inflammasome components apoptosis-associated speck-like pro-
tein containing a CARD (ASC) and NOD-like receptor family pyrin
domain containing 3 (NLRP3).2%°

Osteoporosis:  BMSCs could be a good choice to treat osteo-
porosis given their great osteogenic potential, IncRNAs function in
BMSC differentiation by acting as miRNA sponges. In patients with
osteoporosis, expression of the IncRNA MIAT is increased
significantly when miR-150-5p is downregulated, and the serum
indicators of osteogenic differentiation are decreased.?®' In
addition, IncRNAs can help regulate BMSCs by binding to other
molecules. RAD51-AS1, which is mainly located in the nucleus,
presents low expression in BMSCs of patients with osteoporosis.
RAD51-AS1 can bind YBX1 and prevent the translation of Smurf2
and SMAD7 and increase the transcription of SIVA1 and PCNA,
thus activating the TGF-f signalling pathway and promoting the
proliferation, osteogenic differentiation, and ectopic bone forma-
tion of BMSCs.?®? Exosomes have always been a major focus of
this research. The IncRNA TCONS_00072128 derived from serum
of patients with PMOP downregulates caspase-8 expression and
inhibits BMSC osteogenic differentiation.?%

The role of IncRNAs in osteoblasts is also worth exploring.
Recently, Han et al.®®* revealed that epigallocatechin gallate
(EGCG) can ameliorate the suppression of osteoblastic differentia-
tion induced by TNF-a and treat osteoporosis. Specifically, EGCG
enhances the expression of the IncRNA TUG1 and prevents the
Hippo/YAP signalling pathway.”®* IncDIF suppresses osteoblast
differentiation. It contains several 53 nucleotide repeats at the
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trailing end, which may sponge miR-489-3p and upregulate the
expression of SMAD2, an inhibitor of osteoblast differentiation.?®
NEAT1 is a mechanosensitive IncRNA that is downregulated under
mechanical stimulation, such as simulated microgravity. NEAT1
deficiency in osteoblasts decreases their sensitivity to mechanical
stimulation. NEAT1 promotes osteoblast function by upregulating
paraspeckles, which promote E3 ubiquitin ligase Smurfl mRNA
retention, thus preventing RUNX2 degradation.?®® A recent study
suggested that exosomes derived from osteoclasts target
osteoblasts through ephrinA2/EphA2, and exosomes containing
the IncRNA LIOCE facilitate bone formation by upregulating the
osteogenic transcription factor Osterix.2%”

Derived from the monocyte/macrophage hematopoietic line-
age, osteoclasts are involved in bone resorption. Yang et al.*%®
constructed bioactive glass nanoparticles (BGN) containing EVs
derived from BMSCs, which are rich in the IncRNA NRON. NRON
suppresses osteoclast differentiation by interacting with the
nuclear factor of activated T cells transcription factors and
preventing the nuclear translocation of nuclear factor of activated
T cell cytoplasmic 1 (NFATc1), a pivotal transcription factor for
osteoclastogenesis.’®® Besides, NFATc1 can be regulated by
IncAK077216, which enhances NFATc1 expression and accelerates
RANKL-induced osteoclastogenesis and bone resorption by down-
regulating NIP45.2%°

The role of circRNAs in metabolic disease

Diabetes mellitus and its complications: circRNAs are implicated
in diabetes mellitus and its complications. Recently, Yan et al.*®°
revealed that by sponging miR-93-5p, circ_0071336 increases GLUT4
expression and contributes to the development of T2D. Macro-
phages are participated in the pathogenesis of T1D, and circPPM1F,
a novel circRNA mainly expressed in monocytes, has been reported
to act as a positive regulator to activate M1 macrophages, which
may exacerbate pancreatic islet injury. circPPM1F expression is
elevated in patients with T1D, and circPPM1F overexpression
ameliorates the inhibitory effect of protein phosphatase, Mg>"/
Mn?>" dependent 1F (PPM1F) on the NF-kB pathway by binding to
human antigen R (HuR). Besides, fused in sarcoma (FUS) and
eukaryotic initiation factor 4A-lll (EIF4A3) also participate in the
process of M1 macrophage activation regulated by circPPM1F."
circRNAs are also responsible for the pathogenesis of GDM.
circMAP3K4 and PTPN1 are upregulated in the placentas of patients
with GDM, while miR-6795-5p is reduced. Besides, the levels of
circMAP3K4 in the placenta of patients with GDM are positively
correlated with weight gain during pregnancy. By sequestering miR-
6795-5p, circMAP3K4 increases the expression of PTPN1 and inhibits
the insulin-PI3K/AKT signalling pathway to regulate insulin resistance
in trophoblasts.>*?

Regarding the role of circRNA in complications related to
diabetes, Liu et al?** found decreased expression of circNNT and
tissue inhibitor of metalloproteinase 3 (TIMP3) and elevated
expression of miR-320b in the human retinal pigment epithelial
cell line ARPE-19 treated with high glucose. circNNT reportedly
prevents the development of DR by protecting ARPE-19 cells against
high glucose-induced inflammation and apoptosis through spong-
ing miR-320b and increasing TIMP3.>*®> A study has shown that
circHIPK3 is decreased in diabetes and decreased more in diabetic
cardiomyopathy (DCM). circHIPK3 overexpression can protect
cardiomyocytes from apoptosis evoked by high glucose by down-
regulating PTEN.?** Recently, Meng and colleagues®®® revealed that
circARHGAP12 facilitates diabetic wound healing by promoting the
survival of MSCs in diabetic wounds. circARHGAP12 modulates the
expression of ATG16L1 and ULK2 by sponging miR-301b-3p, thus
accelerating diabetic wound healing.**®

Obesity: circRNAs have been implicated in adipogenesis and

adipocyte metabolism. circSAMD4A acts as a regulator of
adipogenesis. In obese mice, circSAMD4A interference decreases
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food intake; restores weight gain; and enhances energy expen-
diture, glucose tolerance, and insulin sensitivity. By serving as a
competitive endogenous RNAs (ceRNA) for miR-138-5p, cir-
cSAMDA4A elevates enhancer of zeste homolog 2 (EZH2) expres-
sion to regulate preadipocyte differentiation.?®® Besides,
circFLT1 serves as an miR-93 sponge and enhances the expression
of IncSLC30A9, which binds the FOS protein to the PPARy
promoter to facilitate adipocyte differentiation and suppresses
adipocyte proliferation by inactivating the AKT signalling path-
way.>®” Similarly, circPPARy accelerates adipocyte differentiation
and restrains adipocyte proliferation and apoptosis by sponging
miR-92a-3p.*® On the contrary, a study of cattle adipocytes
indicated that circFUT10 facilitates adipocyte proliferation and
suppresses adipocyte differentiation by increasing the expression
of PGC-1B by interacting with let-7c.*?® Liu et al3% found that
circOgdh is upregulated in BAT, which stimulates the expression
of Atgl by acting as a sponge for miR-34a-5p, thus contributing to
lipolysis of brown adipocytes and reducing the accumulation of
lipid droplets. circTshz2-1 and circArhgap5-2 are increased
significantly during adipocyte differentiation. Moreover, knock-
down of both these circRNAs suppresses adipocyte differentiation.
The results of gene set enrichment analysis suggested that
circArhgap5-2 is associated with lipid metabolism and adipocyte
differentiation. However, circArhgap5-2 neither encodes new
peptides nor sequesters miRNAs, so the mechanism is still
unknown*®!

Adipose inflammation is one of the features of obesity. Zhang
et al.**? showed that by sponging miR-103, circARF3, also called
ADP-ribosylation factor 3, stimulates the expression of TRAF3,
which inhibits the NF-kB signalling pathway and promotes
mitophagy, thereby restraining the activation of NLRP3 and
ameliorating inflammation in adipose tissue.

Taken together, circRNA is not only participated in adipogenesis
and adipocyte differentiation, but also responsible for the
inflammation in adipose tissue, thereby being a critical regulator
in the development of obesity.

NAFLD: Lipid metabolism can also be influenced by circRNAs. Li
et al3® constructed a nanodrug system to upregulate cir-
cRNA_0001805 in hepatocytes, which contributed to treating NAFLD
by sponging miR-106a-5p and miR-320a. These miRNAs separately
suppress ATP-binding cassette transporter A1 (ABCA1) and carnitine
palmitoyl transferase 1 (CPT1), collaboratively inhibiting inflamma-
tion and the accumulation of lipids, thus ameliorating NAFLD.3% In
addition, circ_0057558 is upregulated in NAFLD models, and the
study revealed that circ_0057558 sequesters miR-206, which restores
the Rho-associated kinase 1 (ROCK1)-AMPK signalling pathway and
stimulated lipogenesis and TG secretion, thereby exacerbating
NAFLD.>** Besides, by sponging miR-188-3p, circ_0048179 increases
GPX4 levels and decelerates lipid accumulation.3®®

circRNAs play a pivotal role in liver fibrosis. Zhao et a
revealed that circRNAs in mitochondria account for the majority of
downregulated circRNAs in fibroblasts of patients with NASH.
Among these downregulated mitochondrial circRNAs, circRNA
ATP5B regulator ameliorates NASH by suppressing fibroblast
activation and the output of mitochondrial ROS, which is
mediated by PGC-1a and interacted with ATP5B. In addition, lipid
overload downregulates PGC-1a by ER stress—induced CHOP.3%®

Regulation of autophagy is also associated with NAFLD. Authors
have shown that downregulation of circRNA_002581 significantly
decreases the accumulation of lipids and pro-inflammatory
cytokines, aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) in NASH models, while ATP levels are enhanced.
Furthermore, inhibition of circRNA_002581 mitigates NASH by
targeting miR-122 and restoring CPEB1, thus promoting autop-
hagy through the CPEB1-PTEN-AMPK-mTOR pathway.>®”

Overall, circRNAs are involved in NAFLD by regulating lipid
metabolism and autophagy and by influencing the progression of
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liver fibrosis. These studies provide a better understanding of
mechanisms for NAFLD, but also offer new therapies to treat this
condition.

Osteoporosis: BMSCs, osteoclasts, and osteoblasts are three vital
cells for the process of bone formation and the pathogenesis of
osteoporosis. It is widely acknowledged that circRNAs participate
in the differentiation of BMSCs. In 2019, Zhang and his
colleague®®® used a microarray to analyse the expression profiles
of circRNAs during osteoblast differentiation. They found that
3,938 circRNAs are increased and 1505 are decreased in BMSCs at
day 7. Besides, downregulating circlGSF11 can upregulate miR-
199b-5p to promote osteoblast differentiation.>®® Hsa_-
circ_0074834 can promote osteogenesis—angiogenesis coupling
in BMSCs by serving as a sponge for miR-942-5p to increase the
expression of VEGF and ZEB1.3%° BMP2 participates in inducing
osteogenic differentiation and BMP2 expression could be upre-
gulated by circRNA_0016624 by sponging miR-98, thus preventing
PMOP.2'° Similarly, circRNA_0048211 prevents PMOP by enhan-
cing BMP2 expression by targeting miR-93-5p.'" Recently,
circStag1 has been reported to stimulate BMSC osteogenic
differentiation. circStag1 interacts with HUR and helps transport
this protein to the cytoplasm, which increases the expression of
(-catenin and low-density lipoprotein receptor-related protein 5/6
(Lrp5/6), and activates the WNT signalling pathway.>'?

Several studies have explored the role of circRNAs in
osteoblasts. circRNA AFF4 serves as a ceRNA for miR-7223-5p
and increases the expression of PIK3R1, thus preventing MC3T3-
E1-mediated cell apoptosis and promoting osteoblast prolifera-
tion.3'® Liang et al3' increased the expression of circHIPK3 by
lentivirus and found that the oxidative injury to human
osteoblasts induced by hydrogen peroxide (H,0,) is decreased.
Moreover, by using targeted small hairpin RNA (shRNA), they
silenced circHIPK3 and found increased cytotoxicity induced by
H,0, and miR-124 in primary human osteoblasts.

A few researches concentrated on the function of circRNAs in
osteoclasts. circRNA_28313 relieves the suppression on CSF1 by
targeting miR-195a, therefore affecting OVX-induced bone absorp-
tion in mice. Besides, circRNA_28313 knockdown prevents osteo-
clast differentiation.'> Wang and his colleague recently revealed
that a novel circRNA, circBBS9, is involved in the development of
osteoporosis.>'® circBBS9 serves as a natural endogenous sponge of
miR-423-3p and thus enhances the expression of TRAF6, which can
regulate osteoclasts multinucleation.

Overall, circRNAs are participated in osteoporosis by modulating
the differentiation of BMSCs, osteoclasts, and osteoblasts. Given
the limited amount of research on the role of circRNAs in
osteoporosis, more studies need to be conducted.

The role of epigenetic regulation in other metabolic diseases

Gout. Gout is a common chronic disease that presents with
intermittent episodes. Gout is caused by the deposition of MSU
crystals; hence, the serum urate concentration is a risk factor to
develop the disease'” A study reported that the DNMT1
rs2228611 polymorphism may function in the development of
gout, which is increased in patients with gout.3'® Besides, Wang
et al.2" explored gout-associated enrichment of differential DNA
methylation in adaptive immunity, including pathways for B and T
cell receptor signalling, IL-17 signalling, and Th17 development. In
another study, researchers found seven DNA methylation sites in
patients with gout that map to seven genes, name!)y PGGT1B,
UBAP1, RAPTOR, INSIG1, ANGPTL2, CNTN5, and JNK1.3%° In a study
of gout risk in the male Chinese Han population, authors found
that the CCL2 promoter is hypomethylated.*?' Conversely, the
UMOD gene, which encodes the uromodulin glycoprotein, is
significantly methylated in patients with gout3%? Zhu et al3*
indicated that the gout risk gene nuclear receptor binding protein
1 (NRBP1) is overexpressed due to hypomethylation of its
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promoter region and inhibition of transcription factor AP-2 alpha
(TFAP2A) binding. Romidepsin, a dual HDAC1/2 inhibitor, upregu-
lates transcription of suppressor of cytokine signalling 1 (SOCS1),
thus contributing to decrease MSU crystal-induced cytokine
production** High UA concentrations can promote IL-18
production in PBMCs; and one of the mechanisms is histone
methylation-mediated downregulation of IL-1Ra.3*

ncRNAs are also involved in the development of gout. Li et al.3%°
revealed that miR-221-5p may relieve acute gouty arthritis (GA) by
inhibiting IL-1B expression. Similarly, miR-488 and miR-920
prevent the expression of IL-1f in THP-1 cells by targeting the
3’-UTR of IL-1B and may act as novel potential therapeutic targets
for GA.>?’ Liu et al.>?® knocked down HOTAIR, a IncRNA, and found
decreased inflammatory cytokine production via miR-20b upre-
gulation and NLRP3 downregulation. IncRNA-MM2P, a regulator of
M2 polarisation, decreases pro-inflammatory cytokines and
participates in AGA.>?° circHIPK3 sponges miR-192 and miR-561
and upregulates the expression of TLR4 and NLRP3, thereby
contributing to the inflammatory response in GA.>** Meng et al.>*'
revealed that total glucosides of paeony (TGP) may be a potential
ingredient to treat GA by regulating the MALAT1-miR-876-
5p-NLRP3 signalling pathway and the TLR4-MyD88-NF-kB axis.

Hyperthyroidism. Hyperthyroidism is characterised by increased
thyroid hormone synthesis and secretion which is usually caused by
Graves' disease (GD) and toxic nodular goitre.>*? Limbach et al.**?
revealed that dysregulated DNA methylation and histone modifica-
tions of T cell signalling genes are involved in the development of
GD. Furthermore, newly diagnosed patients with GD have
hypomethylation and lower DNMT1 expression in B and T
lymphocytes. One study suggested that radioiodine and antithyroid
drug treatment would increase DNA methylation and DNMT1
expression to alleviate hyperthyroidism.>** In addition, methylation
of the IFNG gene is associated with the development of
autoimmune thyroid diseases.>*> Besides, methyltransferase-like 3
(METTL3) is participated in the pathogenesis of GD by inducing m6A
modification of SOCS family mRNA.*3*® As a common complication of
GD, Graves’ ophthalmopathy (GO) involves hypermethylation genes
associated with inflammation and hypomethylated genes related to
autoimmunity in orbital fibroblasts.>*”33® HDAC4 is participated in
the pathogenesis of GO by facilitating proliferation and extracellular
matrix production in orbital fibroblasts.3*°

There have been several studies regarding the role of ncRNAs in
hyperthyroidism and associated disorders. The miRNA let-7b is
increased in the serum of patients with untreated GD, which
stimulates the expression of thyroid-stimulating hormone receptor
(TSHR) in thyroid cells and suppresses the expression of promye-
locytic leukaemia zinc finger (PLZF).>*° The IncRNA LPAL2 activates
orbital fibroblasts in patients with thyroid eye disease (TED). LPAL2
interacts with miR-1287-5p and regulates the epidermal growth
factor receptor (EGFR)-AKT signalling pathway to increase cell
adhesion factor levels3*' circRNA_000102 is increased significantly
in plasma exosomes of patients with GD. Moreover, circRNA_000102
is involved in the progress of GD via IFNB signalling and viral
infection to activate the immune system.>*

Hypothyroidism. Hypothyroidism is characterised by the deficiency
of thyroid hormone; common symptoms are fatigue, weight gain,
and cold intolerance**® Luo et al.*** performed RNA sequencing
and analysed genome-wide DNA methylation. They found that DNA
methylation of cell proliferation-associated signalling pathways,
such as MAPK, Ras, and WNT, may participate in diabetes-related
hypothyroidism. In 2014, Kim et al.>* were the first group to show
that HDAC inhibitors (HDACi) effectively relieve hypothyroidism.
Moreover, the HDAC3 inhibitor could promote histone acetylation
and transcription to ameliorate hypothyroidism-induced cerebellar
defects.>*® Hypothyroidism can develop from the evolution of
Hashimoto's thyroiditis (HT), and chronic inflammation mediated by
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T cells is involved in the process. There is reduced miR-29a-3p in
T cells of patients with HT, and the reduction in miR-29a-3p is related
to thyroid injury by targeting T-bet, a T helper 1/CD8 T cell
transcription factor.>*” miR-224-5p may be involved in the develop-
ment of hypothyroidism by targeting deiodinases, which are
implicated in the transition of T4 to r73.3% miR-224-5p directly
binds to DIO1 and indirectly modulates DIO3 through phosphoryla-
tion of the MAPK/ERK pathway.>*® Besides, miR-125b-5p inhibits the
pathogenesis of hypothyroidism by targeting STAT3.3* Wang
et al>*° found that NEAT1 is involved in the impaired endothelial
functions in subclinical hypothyroidism (SCH). NEAT1 serves as a
sponge for miR-126, disinhibiting the expression of TRAF7, thus
exacerbating endothelial apoptosis and impairing vascular function
in patients with SCH.3*°

INTERACTIONS BETWEEN NON-GENETIC RISK FACTORS,
GENETICS, AND EPIGENETICS IN METABOLIC DISEASES

The phenotype is influenced by multiple factors, including
nongenetic risk factors, genetics, and epigenetics. These factors
work together and interact with each other. Both non-genetic risk
factors and genetics could affect epigenetics, leading to the
development of metabolic diseases (Fig. 5).

Interactions between nongenetic risk factors and epigenetics in
metabolic diseases

Growing evidence has confirmed that non-genetic risk factors,
including ageing, diet, and exercise, can affect epigenetics in
metabolic diseases. The concept of the ‘epigenetic clock’ was
proposed for the first time in 2013, and the epigenetics of ageing
has attracted increased attention since that time.?®" As a complex
process, ageing is related to a decline in physiological functions
and usually leads to the elevated prevalence of chronic metabolic
diseases, such as osteoporosis and T2D. NDUFB6, a respiratory
chain component related to insulin sensitivity, is decreased in
skeletal muscle of patients with diabetes. Elderly people present
lower NDUFB6 expression and higher DNA methylation levels
compared with younger people*? Similarly, COX7A1, another
respiratory chain component, is downregulated in skeletal muscle
of patients with diabetes. Age affects the expression of COX7A1
and DNA methylation in human skeletal muscle.*** In addition,
Bacos et al.3** indicated that DNA methylation alterations linked
to age in human islets are related to T2D. Besides, HOX and RUNX2
present high methylation levels in aged MSCs, which may result in
age-related bone loss.>**

Diet regulates epigenetic alterations and is also a critical factor
participated in the pathogenesis of metabolic diseases, such as
T2D, NAFLD, and gout. An HFD facilitates the progression of DR by
hypermethylating mtDNA and the Rac1 promoter in T2D mice
model.3*® Chen et al.'”® revealed that maternal consumption of a
western-type diet could lead to NAFLD in male offspring by
increasing methylation levels of ApoB. In patients with gout,
genistein and resveratrol may change DNA methylation levels,
whereas curcumin affects miRNA expression.>*’

Exercise and environmental pollution could also result in
epigenetic alterations. After first-degree relatives of patients with
T2D had exercised, there was decreased expression of several genes,
such as MEF2A, NDUFC2, and RUNX1, due to increased methylation
levels in skeletal muscle*® In addition, air pollution may lead to
metabolic syndrome through DNA methylation changes.3>°

Interactions between genetics and epigenetics in metabolic
diseases

Genetics is a pivotal factor in the development of metabolic
diseases. Twin and adoption studies and linkage analyses have
provided an abundance of evidence on the role of genetics.
Genetics and epigenetics act together on metabolic diseases. In
2013, Dayeh and his colleague®®° revealed that in patients with
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Fig. 5 The interactions between nongenetic risk factors, genetics, and epigenetics in metabolic diseases. Both nongenetic risk factors and
genetics could affect epigenetics leading to the development of metabolic diseases. This figure was generated with Servier Medical Art

(https://smart.servier.com/)

T2D, 19 of 40 single nucleotide polymorphisms (SNPs) associated
with T2D could affect diabetes-related gene expression through
the introduction or removal of a CpG site. In 2014, Olsson et al.>®'
conducted the first genome-wide DNA methylation quantitative
trait locus (mQTL) analysis in human pancreatic islets. They
identified several methylated SNP-CpG pairs in cis or in trans
which are related to insulin secretion. Besides, Shah et al.?
revealed that altered methylation levels of SNP rs231840 could
change the methylation levels of T2D-related locus KCNQ1, thus
influencing insulin sensitivity. By assessing methylation levels
changes in adipose tissue from twins, Grundberg et al.*®* revealed
that the BMI SNP rs713586 overlaps an enhancer upstream of
adenylate cyclase 3 (ADCY3) and may contribute to obesity. Of
interest, compared with unrelated people or same-sex dizygotic
twins, genome-wide DNA methylation levels of adipose tissue
present a stronger correlation in monozygotic twins3%* In
addition, there are different DNA methylation levels in skeletal
muscle between individuals with and without a family history of
T2D.*® Taken together, gene expression is modulated by
epigenetic mechanisms and contributes to the development of
metabolic diseases.

CLINICAL APPLICATIONS OF EPIGENETICS IN METABOLIC
DISEASES

Epigenetic biomarkers

Epigenetic biomarkers play a vital role in the early diagnosis and
prognosis of metabolic diseases (Table 5). DNA methylation
biomarkers have been well studied. The methylation level of
PHOSPHO1 is negatively correlated with the risk of T2D, while the
methylation level of ABCG1 is associated with an elevated risk of
T2D.**® In addition, methylation in TXNIP, SREBF1, and SOCS3 is
related to the incidence of T2D.>%® Johnson et al.>*” identified seven
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CpG sites, including cg09822959 and cg19686543, which are related
to liver fibrosis and could act as promising biomarkers for liver
fibrosis. Besides, methylation levels of the mitochondrially encoded
NADH dehydrogenase 6 (MT-ND6) are closely associated with the
severity of NAFLD3®® For patients with obesity, the beta-3
adrenoceptor (ADRB3) gene presents high methylation levels in
WAT and it contributes to the susceptibility to obesity.>®° In patients
with PMOP, researchers identified 77 significantly differentially
methylated CpG sites, including ZNF267 and ABLIM2, and they
may act as biomarkers for the diagnosis of osteoporosis.'””
ncRNAs, especially miRNAs, could also act as epigenetic
biomarkers in metabolic diseases. This potentiality is attributed to
the availability of acquisition and quantitative analyses, as well as
stability in biofluids and exosomes. For example, Pezzolesi et al.>”°
indicated that circulating miRNAs regulated by TGF-B1, including
miR-21-5p, miR-29a-3p, let-7b-5p, and let-7c-5p, could act as
biomarkers for rapid progression of end-stage renal disease (ESRD)
in patients with T1D. After controlling other covariates, they found
that miR-21-5p and let-7b-5p contributed to a more than 2.5-fold
increase in the risk of ESRD (p < 0.005), whereas miR-29a-3p and let-
7¢c-5p were related to a marked decrease in the risk of rapid
progression (p<0.001)3’° The receiver operating characteristic
(ROQ) curve of patients with T1D indicated that miR-155 could
serve as a biomarker for patients with T1D; the area under the ROC
(AUC) of miR-155 was 0.733”" In addition, miR-21 presented a
predictive value for impaired glucose tolerance (IGT) and prediabetic
status, as the AUC of miR-21 was 0.8 (p = 0.0004) in discriminating
IGT from normal glucose tolerance (NGT).3”2 In patients with obesity,
circulating miR-3659 may act as a possible biomarker of dyslipidae-
mia with an AUC of 0.806.”% Besides, circulating miR-135a-3p in
serum EVs and circulating miR-33a are potential biomarkers for
NAFLD3"#37>  Other biomarkers of osteoporosis may include
hsa_circ_0076690, miR-148a, and miR-122-5p.37%37”
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Table 5. Epigenetic biomarkers in the clinical setting

Epigenetic biomarkers Related epigenetic regulation Disease Reference
PHOSPHO1 DNA methylation T2D 365
ABCG1 DNA methylation T2D 366
TXNIP, SREBF1, and SOCS3 DNA methylation T2D 366
€g09822959, cg19686543 DNA methylation NAFLD 367
MT-ND6 DNA methylation NAFLD 368
ADRB3 DNA methylation obesity 369
ZNF267, ABLIM2 DNA methylation osteoporosis 177
miR-21-5p, miR-29a-3p, let-7b-5p, and let-7c-5p miRNA ESRD in patients with T1D 370
miR-155 miRNA TID 31
miR-21 miRNA IGT and prediabetic status 372
miR-3659 miRNA Dyslipidaemia and obesity 373
miR-135a-3p miRNA NAFLD 375
miR-33a miRNA NAFLD 374
miR-148a and miR-122-5p miRNA osteoporosis 376
hsa_circ_0076690 circRNA osteoporosis 377

diabetes \

Fig. 6 Therapeutic application of epigenetics. The figure presented epigenetics-related targets and drugs. This figure was generated with

Servier Medical Art (https://smart.servier.com/)

Epigenetic therapy

As the study of epigenetics has advanced, a series of epigenetic
therapies targeted to different epigenetic mechanisms have been
developed (Fig. 6). Currently, no epigenetic drug has been
approved by the U.S. FDA for the treatment of metabolic diseases.
Meanwhile, several epigenetic drugs approved for other diseases
have been reported to be involved in metabolic diseases. In Table
6 and Table 7, we separately summarise potential epigenetic
drugs for metabolic diseases and several clinical trials extracted
from https:/clinicaltrials.gov, respectively.

DNA methylation. DNA methyltransferase inhibitors (DNMTi)
modulate the methylation levels of specific genes, providing a
strategy for the treatment of metabolic diseases. The U.S. FDA has
approved some epigenetic drugs acting as DNMTi, including
azacytidine and guadecitabine. However, none of them have been
approved for application in metabolic diseases. Notably, several
DNMTi approved for other diseases may also function in metabolic
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diseases, including hydralazine, procainamide, and decitabine.
Acting as a smooth muscle relaxant, hydralazine is applied for
the treatment of hypertension. Hydralazine could play a protective
role in DKD in patients with diabetes by preventing ROS
production via xanthine oxidase (XO) inhibition and activating
Nrf2-mediated haem oxygenase 1 (HO-1).3"® Besides, low-dose
hydralazine alleviates obesity-related chronic kidney disease; the
potential mechanism is by reducing the obesity-induced methyla-
tion levels in the whole kidney.>”? Procainamide is an antiar-
rhythmic drug and partial competitive inhibitor of DNMT1.38°
Procainamide protects against diabetes in unconventional pre-
foldin RPB5 interactor (URI) deficiency mice by restoring PDX1
expression via a decrease in its methylation levels.>®' Decitabine,
also called 5-aza-2-deoxycytidine, is the strongest known DNMTi.
It specifically works during the S-phase of the cell cycle and is
approved for the treatment of myelodysplastic syndromes (MDS).
Decitabine could accelerate M1 to M2 macrophage polarisation by
targeting PPARy, which enhances the anti-diabetic effect of UC-
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Table 6. Potential epigenetic drugs for the treatment of metabolic
disease
Drugs Target gene Diseases References
DNMTi
hydralazine Nrf2 diabetic 378
nephropathy
procainamide  PDX1 diabetes 38
decitabine PPARy diabetes 382
5-aza-2'- PPARy1 obesity 383
deoxycytidine
5-aza-2'- PPAR-a NAFLD 384
deoxycytidine
5-aza-2"- OPN, RUNX2 diabetic 383
deoxycytidine osteoporosis
HDACi
VPA STAT5 T1D 387
VPA RUNX2 osteoporosis 388
vorinostat OPG diabetes 389
vorinostat EGFR diabetic 390,391
nephropathy
SAHA Zfp719 obesity 392
SAHA insulin receptor f, osteoporosis 393
Akt, and FoxO1
Givinostat Gata3, FOXP3, IL- diabetes 397
6, IL-12, TNF-a
Givinostat IL-1p, IL-6 and diabetes 398
TNF-a
Givinostat IL-6, IL-18, TNF-oc  nonalcoholic 399
steatohepatitis
Dacinostat UCP1, Ppargcla  obesity 400
TSA AMPK obesity 401
Puerarin HDAC1/HDAC3 diabetic 403
osteoporosis
HATI
Curcumin FOXO1 DCM 405
Curcumin HSP-27, p38 DN 406
C66 CTGF, PAI-1 and DN 407
FN-1
C646 IRS1/2 diabetes, obesity 408
STAC
resveratrol SIRT1, NF-kB-p65  cardiac oxidative 409
stress in diabetes
resveratrol SIRT1, PGC-1a Obesity, diabetic 410411
cardiomyopathy
resveratrol SIRT1, FOXO3a DN 412
resveratrol SIRT1, FOXO 1 osteoporosis 413
HPE SIRT1, NF-kB, p53 DN 414
ASO
IONIS-GCGRRx ~ GCGR T2D 416
Vupanorsen ANGPTL3 hepatic steatosis, a7
diabetes

MSCs.382 Decitabine also suppresses PPARyl promoter DNA
methylation to facilitate macrophage activation and to restrain
insulin resistance in obesity.>®*> Moreover, decitabine increases the
expression of PPARa mRNA by regulating DNA methylation levels
and reducing lipid accumulation, thereby alleviating NAFLD.>®*
Another study revealed that DNA methylation may act as a
promising target for treating diabetic osteoporosis. Decitabine
could decrease the methylation levels of osteogenic genes,
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including OPN and RUNX2, and suppress WNT-B-catenin signal-
ling pathway to facilitate the osteogenic differentiation of
adipose-derived stromal cells (ASCs).3%>

Histone modifications. Histone modification is an attractive
strategy for possible clinical interventions and several related
drugs have been developed, including HDACi, HAT inhibitors
(HATI), and sirtuin-activating compounds (STAC).

HDACi: There has been rapid development of HDACi over the
years. Several HDACi have been approved by U.S. FDA, including
valproic acid (VPA), vorinostat, and sodium phenylbutyrate. VPA is an
antiepileptic drug that is reported to be involved in diabetes. VPA
promotes diabetes-associated reduced acetylation of H3 in the
pancreas and suppress B cell apoptosis.>& Besides, VPA increases the
expression of STAT5 and H3 acetylation to promote Treg differentia-
tion, thereby inhibiting autoimmune reactions in islet transplantation
and contributing to the treatment for T1D.3®” VPA could promote the
differentiation of osteoblasts and bone formation by elevating the
expression of RUNX2 through hyperacetylation of histone H3.3%8
Vorinostat, also known as suberoylanilide hydroxamic acid (SAHA), is
approved for the treatment of cutaneous T cell lymphoma. Vorinostat
increases histone acetylation of the OPG locus in osteoblasts and
promotes OPG transcription, thus increasing systemic insulin
sensitivity.® Studies have revealed that vorinostat alleviates renal
damage in a mouse model of diabetes by decreasing EGFR or
endothelial nitric oxide synthase (eNOS).>***°! Vorinostat enhances
histone H3 acetylation at the zinc finger protein 719 (Zfp719)
promoter and increases the expression of Zfp719 and UCP1, which
promotes white fat browning and lipid catabolism in adipocytes.*
By increasing the acetylation of histone H4, vorinostat upregulates
insulin signalling regulators and reduces the phosphorylation of
insulin receptor 3, AKT, and FOXO1. These changes facilitate the
differentiation of terminal osteoblasts.3** Sodium phenylbutyrate or
4-phenyl butyric acid (PBA) acts as an HDACi and chemical
chaperone associated with ER stress; it is approved for the treatment
for urea cycle disorders. PBA attenuates {3 cell dysfunction and insulin
resistance by decreasing ER stress, providing a potential treatment
strategy for diabetes39%%

There are other HDACi could also serve as potential drugs to treat
metabolic diseases, although they have not yet received US. FDA
approval. Givinostat is a lysine deacetylase inhibitor (KDACi).
Givinostat could prevent diabetes by protecting B cells against from
inflammatory damage.®*® Givinostat increases Treg subsets, upregu-
lates the transcription factors Gata3 and FOXP3, and reduces
inflammatory dendritic cell subsets and the cytokines IL-6, IL-12,
and TNF-a, thereby ameliorating diabetes3®” Furthermore, the
combination of givinostat and low-dose CD3 antibodies can
effectively alleviate diabetes by downregulating IL-1f3, IL-6, and
TNF-a.>® Similarly, givinostat ameliorates NASH by suppressing the
inflammatory cytokines IL-6, IL-1B, and TNF-0.>*° By activating UCP1
and PGC-1a transcription in adipose tissue via acetylation of histone
3 lysine 27, dacinostat promotes adipose thermogenesis and may act
as a potential strategy for treating obesity.*® Trichostatin A (TSA) is a
novel HDACi and reportedly inhibits adipogenesis in 3T3-L1
preadipocytes through the AMPK signalling pathway.*®" By inhibiting
HDAC and increasing insulin sensitivity, sodium acetate alleviates
hepatic lipotoxicity related to diabetes."*? Puerarin may attenuate
diabetic osteoporosis by preventing inflammation and apoptosis
through HDAC1 and HDAC3 inhibition,*%3

HATi and STAC: A few HATi have been studied in metabolic
diseases, but none of them have been approved by the U.S. FDA.
Curcumin is isolated from turmeric, a traditional Chinese medicine.***
Curcumin suppresses FOXO1 acetylation and ameliorates DCM by
reducing oxidative stress and inhibiting cardiomyocyte apoptosis.*®
Besides, curcumin decelerates the development of DKD by increasing
acetylation of histone H3 and decreasing the expression of HSP-27
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Table 7. Clinical trials with epigenetics drugs in metabolic disease
Drug Disease Study type Number of participants Recruitment status/phase NCT number
DNMTi
Hydralazine T2D Interventional 10251 Phase 3 NCT00000620
HDACi
Valproic acid Obesity Interventional 22 Phase 4 NCT00298857
sodium phenylbutyrate Diabetes Interventional 10 Phase 4 NCT00533559
sodium phenylbutyrate Diabetes, obesity Interventional 101 Not Applicable NCT00771901
sodium phenylbutyrate Obese non diabetic Interventional 6 Not Applicable NCT05028803
ricolinostat Painful Diabetic Peripheral Neuropathy Interventional 282 Phase 2 NCT03176472
HATi
Curcumin T2D Interventional 200 Phase 4 NCT01052597
Curcumin T2D Interventional 60 Phase 4 NCT04528212
Curcumin T2D Interventional 50 Phase 2/3 NCT02529969
Curcumin T2D Interventional 44 Not Applicable NCT02529982
Curcumin T2D, obeisty Interventional 15 Not Applicable NCT03542240
Curcumin T2D, NAFLD Interventional 50 Phase 2/3 NCT02908152
Curcumin Prediabetes Interventional 142 Phase 4 NCT03917784
Curcumin Obesity, NAFLD Interventional 39 Not Applicable NCT03864783
Curcumin NAFLD Interventional 24 Not Applicable NCT04315350
STAC
Resveratrol Prediabetes Interventional 42 Not Applicable NCT02565979
Resveratrol T2D Interventional 20 Phase 2 NCT01354977
Resveratrol T2D Interventional 22 Phase 2 NCT02549924
Resveratrol Prediabetes Interventional 15 Not Applicable NCT02129595
Resveratrol Gestational diabetes Interventional 112 Phase 4 NCT01997762
Resveratrol Diabetic nephropathy Interventional 60 Early phase 1 NCT02704494
Resveratrol Obesity, NAFLD Interventional 26 Not Applicable NCT01446276
Resveratrol Obesity, osteoporosis Interventional 76 Not Applicable NCT01412645
Resveratrol NAFLD Interventional 50 Phase 2/3 NCT02030977
antisense oligonucleotide
ISIS-GCGRRx T2D Interventional 77 Phase 2 NCT01885260
ISIS-GCGRRx T2D Interventional 79 Phase 2 NCT02583919
ISIS-GCGRRx Diabetes Interventional 10 Phase 4 NCT02824003
ISIS 703802 T2D, NAFLD Interventional 105 Phase 2 NCT03371355

and p38.%° Moreover, the curcumin analogue C66 decreases the
acetylation levels of H3K9/14 at the CTGF, PAI-1, and FN-1 gene
promoters to prevent DKD.*%” €646 is a specific inhibitor of P300
acetyltransferase; it suppresses the acetylation of IRS1/2 and
promotes IRS1/2 membrane translocation, resulting in insulin
signalling pathway activation.**®

Resveratrol is a natural polyphenolic compound and could be
used to treat metabolic diseases by activating SIRT1. Bagul et al.*®®
indicated that resveratrol alleviates cardiac oxidative stress in
diabetes by activating SIRT1, which deacetylates H3 at lysine 9 and
NF-kB-p65 at lysine 310. Besides, resveratrol promotes the
deacetylation of PGC-1a mediated by SIRT1 to improve mitochon-
drial function and mitigate metabolic diseases, such as obesity
and DCM.*'%*!" Resveratrol could alleviate renal tubular damage
induced by hyperglycaemia by deacetylating FOXO3a through
SIRT1.*'2 By activating the SIRT1-FOXO1 signalling pathway,
resveratrol attenuates bone loss and facilitates osteogenesis in
osteoporosis mice.*’*> Hawthorn polyphenol extract (HPE) also
activates SIRT1 and ameliorates hyperglycaemia-induced retinal
damage by suppressing inflammation and apoptosis in ARPE-19
cells via AMPK-SIRT1-NF-kB pathway activation and miR-
34a-SIRT1-p53 pathway suppression.*’® Of note, in 2007 Milne
et al.*’® identified small molecule activators of SIRT1, including
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SRT1720, which improve insulin sensitivity and decrease plasma
glucose, providing a potential treatment for T2D. These small
molecule activators of SIRT1 are not structurally similar to
resveratrol and are 1,000-fold more potent.*'®

ncRNA. Given their pivotal role in epigenetics, ncRNAs are also
interesting targets for treating metabolic diseases. Several
treatment strategies have been developed, such as small
interfering RNA (siRNA), antisense oligonucleotides (ASO), and
analogues or inhibitors of ncRNAs. However, there are few related
drugs that have been developed and applied.

IONIS-GCGRRx is a 2’-O-methoxyethyl ASO. Clinical trials
(NCT01885260, NCT02583919, and NCT02824003) have confirmed
that IONIS-GCGRRx is beneficial for glycaemic control when
combined with low weekly doses of metformin. It targets the
glucagon receptor (GCGR) in the liver, thus contributing to
ameliorating T2D.*'® Vupanorsen is an N-acetyl galactosamine-
conjugated ASO that selectively reduces production of
angiopoietin-like 3 (ANGPTL3) in the liver by targeting its mRNA.
Further studies reported that vupanorsen decreases atherogenic
lipoproteins and TG in patients with hepatic steatosis and
diabetes.”’” Berberine (BBR), a constituent of traditional Chinese
medicine, presents a promising therapeutic potential for NAFLD.
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Yuan et al*'® revealed that BBR alters the expression of 881
mMRNAs and 538 IncRNAs in the steatotic liver, including
IncRNAMLAK052686, which is associated with Nrf2.

Epigenetic editing

Epigenetic editing is used to reprogramme transcription by rewriting
the local epigenetic landscape of an endogenous genomic site.*'”
With the progress made in CRISPR/Cas9 and other epigenetic editing
tools, epigenetic editing has advanced markedly.*?° Researchers have
reported on epigenetic editing in metabolic diseases. Imprinting
control region 2 (ICR2) regulates the cell cycle inhibitor p57 encoded
by the CDKN1C gene. Ou et al.**' used transcription activator-like
effector (TALE) epigenome editing to downregulate the methylation
levels of the ICR2 in 8 cells of human islets. This approach suppresses
p57 expression and promotes B cell proliferation and may represent
a treatment for diabetes. In addition, Lia and colleagues**? increased
the levels of pancreatic and duodenal homeobox gene 1 (Pdx1) in
liver cells through the CRISPR/Cas9 TGA system, thereby inducing the
generation of insulin-producing cells transformed from liver cells.
Transient neonatal diabetes mellitus type 1 (TNDM) is a rare disease
caused by the overexpression of pleomorphic adenoma gene-like 1
(PLAGL1T) and untranslated HYMAI mRNA. By upregulating methyla-
tion levels of the HYMA1 promoter through dCas9-DNMT3A, HYMAI
expression could be reduced to normal levels and alleviate TNDM.*?3
Claussnitzer et al.*** edited rs1421085 using CRISPR-Cas9 to repair
the ARID5B motif in primary adipocytes. This editing activated
adipocyte browning and promoted thermogenesis. Taken together,
there is great therapeutic potential for epigenetic editing as it
modulates the expression of genes associated with disease by
reprogramming stable epigenetic marks.

PERSPECTIVES AND CONCLUSIONS

In the review, we highlighted the role of epigenetics in metabolic
diseases. First, we reviewed the history of epigenetics and briefly
introduce some methods and common techniques for the study of
epigenetics. Then, we introduced the mechanisms of DNA methyla-
tion, histone modification, chromatin remodelling, and ncRNA and
their roles in metabolic diseases. It is well known that phenotype is
influenced by heredity, epigenetics, and the environment, so we also
discussed the interaction between epigenetics and genetics or non-
genetic factors in metabolic diseases. Unlike genetics, epigenetic
alterations are mostly reversible; hence, epigenetics has great
potential clinical application. Several epigenetic biomarkers have
been discovered; at the same time, some epigenetic drugs have
been developed and epigenetic editing could contribute substan-
tially to treat metabolic diseases. In addition, we summarised the
associated clinical trials.

With the application of bioinformatics and rich publicly
available datasets, as well as the progress in the available
technologies, such as gene editing and high-throughput sequen-
cing, the study of epigenetics has progressed rapidly. Although
there have been many studies on epigenetics in metabolic
diseases in recent years, there are still many challenges worth
exploring. Although chromatin remodelling is a major form of
epigenetic regulations, few studies have focused on its role in
metabolic diseases. A series of drugs have been developed for
DNA methylation and histone acetylation. Though there are
multiple studies for ncRNAs and other histone modifications, few
of them have been applied in clinical medicine. Till now, none of
epigenetic drugs have been approved for metabolic diseases.
Furthermore, these epigenetic drugs may have negative effects by
altering off-target genes.**®> So, it is important for us to further
study the role of epigenetic drugs in metabolic diseases. Besides,
histone modifications are different in various tissues, more
researches are needed to explore it. Moreover, the interaction
between epigenetics and other non-genetic risk factors or
genetics are worth studying.

SPRINGERNATURE

An in-depth understanding of the epigenetic mechanisms in
metabolic diseases is crucial to offer novel ideas and programmes for
the prevention, diagnosis, and treatment of metabolic diseases.
There are great differences between individuals and small alterations
could accumulate to make a big difference due to the heterogeneity
of metabolic diseases. There is a great need to develop more
epigenetic drugs and related technologies for metabolic diseases,
endeavours that require broader cooperation. This is an area with
great potential, and many problems still need to be explored.
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