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Review

Epigenetic regulation of energy metabolism in
obesity
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Edited by Feng Liu

Obesity has reached epidemic proportions globally. Although modern adoption of a sedentary lifestyle coupled with energy-
dense nutrition is considered to be the main cause of obesity epidemic, genetic preposition contributes significantly to the
imbalanced energy metabolism in obesity. However, the variants of genetic loci identified from large-scale genetic studies do not
appear to fully explain the rapid increase in obesity epidemic in the last four to five decades. Recent advancements of next-
generation sequencing technologies and studies of tissue-specific effects of epigenetic factors in metabolic organs have signifi-
cantly advanced our understanding of epigenetic regulation of energy metabolism in obesity. The epigenome, including DNA
methylation, histone modifications, and RNA-mediated processes, is characterized as mitotically or meiotically heritable changes
in gene function without alteration of DNA sequence. Importantly, epigenetic modifications are reversible. Therefore, comprehen-
sively understanding the landscape of epigenetic regulation of energy metabolism could unravel novel molecular targets for obe-
sity treatment. In this review, we summarize the current knowledge on the roles of DNA methylation, histone modifications such
as methylation and acetylation, and RNA-mediated processes in regulating energy metabolism. We also discuss the effects of
lifestyle modifications and therapeutic agents on epigenetic regulation of energy metabolism in obesity.

Keywords: obesity, epigenetics, energy metabolism, treatment

Introduction
The rising prevalence of obesity and related metabolic dis-

eases has become a major public health concern worldwide
(Engin, 2017). Excess weight confers significant risk for devel-
oping numerous chronic disorders, including type 2 diabetes
(T2DM), cardiovascular diseases, cancer, and aging (Lennon et
al., 2016; Shapses et al., 2017; Yang et al., 2018; Oh et al.,
2019). Studies from ongoing coronavirus disease-19 (COVID-
19) pandemic indicate that obesity and its related disorders
are also the major risk factors for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection (Abu-Farha et al.,
2020). When these patients have COVID-19, the disease is usu-
ally more severe, and the mortality rate is higher comparing to

patients without these conditions (Abdi et al., 2020; O’Rourke
and Lumeng, 2021). It is therefore critically important to eluci-
date the underlying mechanisms and identify the therapeutic
targets for obesity.

Genetic preposition contributes significantly to the obesity ep-
idemic as the heritability estimates for body mass index (BMI)
are up to 40%–70% (Yang et al., 2015; Young et al., 2018).
Large-scale genetic studies such as genome-wide association
analysis (GWAS) have identified several hundred genetic loci
where sequence variations are statistically associated with the
BMI at the population level. However, these associations collec-
tively explain <3%–5% of the variation in adult BMI (Locke et
al., 2015; Yengo et al., 2018). Moreover, most obesity-
predisposing gene variants are not associated with weight loss
or regain via interactions with lifestyle (Locke et al., 2015; Yengo
et al., 2018). Consistently, only few specific gene(s) and path-
way(s) have been identified to play a causative role in the devel-
opment of obesity (Rohde et al., 2019). Therefore, despite the
known genetic predisposition of obesity, a large portion of the
heritability remains unexplained.
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In recent years, advancements of next-generation sequenc-
ing technologies have significantly advanced epigenetics re-
search, which allows scientists to look beyond genomic DNA
and study the roles of epigenomic machinery in the develop-
ment of obesity. Epigenome, including DNA methylation, his-
tone modifications, chromatin remodeling, RNA methylation,
and noncoding RNAs (ncRNAs), is characterized as mitotically
or meiotically heritable changes in gene function that take
place in the absence of a change in the DNA sequence
(Pagiatakis et al., 2021). In contrast to the genome, which is
largely static, the epigenome is much more dynamic and dis-
plays variation across cell types (Loh et al., 2019). Epigenetic
modifications are crucial for several key biological processes,
including cell differentiation, imprinting, and inactivation of the
X chromosome (Pagiatakis et al., 2021). Mounting evidence
indicates that obesity may arise from the complex interaction
of environmental (‘obesogenic’) changes and the epigenome
(Ling and Ronn, 2019). It has been proposed that the epige-
nome may represent the flexible interface of gene–environment
interactions and could help explain the ‘missing heritability’ for
obesity (van Dijk et al., 2015; Figure 1). In this review, we sum-
marize the roles of epigenetic regulation in energy metabolism
and provide an overview of the complex and bidirectional inter-
play between epigenetics and energy imbalance and conse-
quent obesity.

Epigenetic regulation in energy metabolism
Obesity prevalence is rapidly increased over the past 40–50

years. The duration is not long enough to generate significant
amount of new DNA variants that cause obesity. It is conceiv-
able that epigenetic regulation, which is dynamic and enables
control over gene expression for the cell to respond to various
signaling pathways and environmental stimuli, is a prime can-
didate mechanism to explain the so-called ‘developmental pro-
gramming’ of body weight regulation (Waterland, 2014). The
whole-body energy homeostasis is maintained by the balance
between energy intake/absorption and energy expenditure/
loss. When energy intake/absorption are higher than energy ex-
penditure/loss, as in the modern adoption of a sedentary life-
style coupled with energy-dense nutrition (Hochberg, 2018),
the excessive energy would be stored in adipose tissue, lead-
ing to obesity. Many genes are activated or reduced to regulate
energy metabolism, and epigenetic factors are the primary
mechanisms for modulating gene expression. Accordingly,
there has recently been extraordinary interest in the roles of
epigenetic modifications in modulating energy metabolism.

DNA methylation
To date, DNA methylation, at either genome-wide or site-

specific level, is by far the most extensively studied epigenetic
mark for human diseases (Tzika et al., 2018). DNA methylation
takes place on a cytosine, mainly in CG context or the so-called

CpG sites and to a less extent in non-CG context. The methyla-
tion of CpG in promoter regions is often associated with tran-
scriptional silencing achieved by repressing the binding of
transcription factors or by recruiting 5-methylcytosine (5mC)-
binding proteins (MBD1, MBD2, and MBD3) that initiate the for-
mation of compact heterochromatin in part by interacting with
histone-modifying enzymes (Samblas et al., 2019). The devel-
opment of Illumina Infinium HumanMethylation450 (450K) ar-
ray allows ‘epigenetic-wide association studies (EWAS)’ to
identify methylated loci that are associated with obesity. The
landscape of DNA methylation associated with obesity and its
related disorders in humans has been summarized in the excel-
lent review articles published recently (Ling and Ronn, 2019;
Loh et al., 2019; Hyun and Jung, 2020). These human studies
reveal several genes with altered DNA methylation that are in-
volved in energy metabolism. For example, CpG promoter meth-
ylation of peroxisome proliferator-activated receptor gamma
(PPARc) coactivator-1alpha (PGC-1a), a transcriptional coactiva-
tor for mitochondrial biogenesis, is increased in subcutaneous
adipose tissue (SAT) of obese women and in the muscle of
monozygotic twins discordant for T2DM (Ribel-Madsen et al.,
2012; Arner et al., 2015). Adiponectin, an adipokine that regu-
lates systemic energy expenditure and insulin sensitivity, is re-
duced in adipose tissue in obesity (Liu and Liu, 2014). DNA
methylation levels at the adiponectin gene locus in SAT was
positively associated with BMI and waist girth in severely
obese patients (Houde et al., 2015). Pro-opiomelanocortin
(POMC) gene in hypothalamus controls food intake and energy
expenditure. Methylation in a variably methylated region in
POMC gene in postmortem human laser-microdissected mela-
nocyte-stimulating hormone-positive neurons, is strongly asso-
ciated with individual BMI (Kuhnen et al., 2016). It has to be
noted that many studies of DNA methylation in obesity used
DNA from blood samples (Rohde et al., 2019). The significance
of blood DNA methylation of metabolism-related genes is
unclear (Aslibekyan et al., 2015). Furthermore, the commonly
used 450K arrays for EWAS cover �3% of >28 million CpG sites
in the human genome (Stirzaker et al., 2014; Ling and Ronn,
2019). The whole-genome bisulfite sequencing (WGBS) has
been developed and has the capacity to detect �95% of all
CpG sites in the human genome. However, WGBS is technically
challenging and not yet widely used (Stirzaker et al., 2014;
Ling and Ronn, 2019). It is conceivable that much more DNA
methylation will be identified to be associated with energy me-
tabolism in obesity when the WGBS technologies are improved.
Finally, the successful generation of epigenetic disease model
mice by targeted demethylation of the epigenome using the
CRISPR system will help differentiate the cause vs. conse-
quence of the DNA methylation identified in obesity (Horii et
al., 2020).

DNA methylation is dynamically regulated by DNA methyl-
transferases (DNMTs) and DNA demethylases, the ten–eleven
translocation (TET) proteins (Horvath and Raj, 2018). In mam-
mals, five family members of the DNMTs, DNMT1, DNMT2,
DNMT3a, DNMT3b, and DNMT3L, have been characterized, but
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only DNMT1, DNMT3a, and DNMT3b possess DNMT activity.
DNMT1 is responsible for maintaining DNA methylation, while
DNMT3a and DNMT3b are referred as de novo DNMTs as they
can establish new DNA methylation. Removal of DNA methyla-
tion is also an active process mediated by three TET proteins
(TET1, TET2, and TET3). Both DNMTs and TETs have been shown
to regulate metabolic genes at the cellular level. Recent reports
on tissue-specific knockout of DNMTs and TETs provide novel
insights into the roles of DNMTs and TETs in energy metabolism
in obesity (Table 1).

Brown adipose tissue (BAT) is characterized by high expres-
sion of the uncoupling protein-1 (UCP1), which allows the pro-
duction of heat through non-shivering thermogenesis. Brown
adipocytes share the same developmental origin with the skel-
etal muscle. PR domain containing 16 (PRDM16) determines
brown adipocyte fate, while myoblast determination protein 1

(MYOD1) controls muscle development (Kajimura et al., 2015;
Rui, 2017). A recent new study shows that PRDM16 recruits
DNMT1 to the MYOD1 promoter, causing MYOD1 promoter
hypermethylation and suppressing its expression (Li et al.,

2020). Brown adipocytes with DNMT1 deficiency driven by
UCP1-Cre lose the BAT identity and express higher levels of
myogenic genes. Due to the reduced BAT activity, mice with
DNMT1 deficiency in BAT exhibit reduced energy expenditure,
increased body weight and adiposity on chow diet, and suscep-
tibility to diet-induced obesity (DIO) when fed a high-fat diet
(HFD) (Li et al., 2020). It is generally believed that DNMT3

establishes DNA methylation and DNMT1 maintains it.
However, recent data also suggest that DNMT1 may coordinate
with DNMT3a and DNMT3b to regulate de novo DNA methyla-
tion (Okano et al., 1999; Fatemi et al., 2002; Kim et al., 2002;
FeNg et al., 2010; Jeltsch and Jurkowska, 2014). It is thus not
surprising that BAT-specific DNMT3A knockout mice exhibit
similar metabolic phenotype as the BAT-specific DNMT1 knock-
out mice (Li et al., 2020). Interestingly, human exome sequenc-
ing studies have recently identified de novo mutations in
DNMT3A in individuals with autism spectrum disorder (Sanders
et al., 2015; Feliciano et al., 2019; Satterstrom et al., 2019).
Furthermore, mice with whole-body DNMT3A haploinsufficiency
show heavier body weight in mature adults, in addition to the

Stress

Sedentary

lifestyle Histone 

modification

DNA 

methylation
Noncoding

RNA

Obesity

Energy metabolism

Epigenetic 

modification

Environment Genome

Heritability

Lipid accumulation Chronic inflammation 

Insulin resistance

Unhealthy 

diet

T2DM CVD Cancer Aging

Family history

Genetic 

variations

Energy 

metabolism

Figure 1 Relationship between environment, genome, and epigenetic modification in obesity. Genetic preposition and environmental fac-
tors such as sedentary lifestyle and energy-dense nutrition are established etiology for the development of obesity, which confers a higher
risk for T2DM, cardiovascular diseases, cancer, and aging. Both genetic proposition and environmental factors may alter epigenetic modifi-
cations, including DNA methylation, histone modification, and ncRNA, to modulate energy metabolism in obesity. Obesity may in turn af-
fect epigenetic modifications to regulate energy metabolism.
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autism phenotype (ChrisTian et al., 2020). These results indi-
cate that DNMT3A may play an important role in regulating
body weight. Of note, a separate adipocyte-specific DNMT3A
knockout mice driven by adiponectin-Cre exhibit no changes in
body weight and energy metabolism but insulin resistance due
to suppressed fibroblast growth factor-21 (FGF21) expression
(You et al., 2017).

DNA methylation can be removed by three TET family
enzymes (TET1–3) that have different expression patterns and
genomic localizations (Wu and Zhang, 2017). Adipose-
selective TET1 knockout mice generated by using Fabp4-Cre im-
prove cold tolerance, increase energy expenditure, and protect
against DIO and insulin resistance (Damal Villivalam et al.,
2020). For unknown reasons, adiponectin-Cre was not suffi-
cient to delete TET1 in adipocytes. Interestingly, TET1 sup-
presses thermogenic gene transcription in a DNA demethylase-
independent manner. Rather, TET1 coordinates with histone
deacetylase 1 (HDAC1) to mediate the epigenetic changes to
suppress thermogenic gene transcription (Damal Villivalam et
al., 2020). TET2 expression is reduced in DIO. In mature adipo-
cytes, TET2 facilitates the transcriptional activity of PPARc and
insulin-sensitizing efficacy of PPARc agonist by sustaining DNA
binding of PPARc at certain target loci (Bian et al., 2018).
Although TET2 knockout in metabolic organs has not been
reported, TET2 loss-of-function-driven clonal hematopoiesis
aggravates age- and obesity-related insulin resistance in mice.
This metabolic dysfunction is paralleled by increased expres-
sion of the pro-inflammatory cytokine IL-1b in white adipose
tissue (WAT) (Fuster et al., 2020).

Histone modification
Histones are well-conserved proteins that organize and pack-

age DNA into chromatin (Hammond et al., 2017). Histones are
prone to various post-translational modifications such as acety-
lation, methylation, phosphorylation, adenosine diphosphate
(ADP) ribosylation, O-GlcNAcylation, and lactylation (Hammond
et al., 2017). Modifications to the histone protein tails change
the chromatin structure to regulate enhancer and promoter ac-
tivities. In metabolic organs, histone modifications play key
roles in regulating metabolic genes in response to environmen-
tal cues.

Histone acetylation. Histone acetylation is associated with a
more open chromatin configuration that is permissive for tran-
scription, while histone deacetylation is usually associated
with condensed and compacted chromatin causing transcrip-
tional repression (Kaelin and McKnight, 2013). Histone acetyla-
tion and deacetylation are catalyzed by histone
acetyltransferases (HATs) and HDACs, respectively. HATs cata-
lyze the transfer of the acetyl group from acetyl-CoA onto a ly-
sine residue, which can be reversed by HDACs (Kaelin and
McKnight, 2013).

HATs can be classified into three major families: the
general control non-derepressible 5 (GCN5)-related

N-acetyltransferases (GNAT), Moz–Ybf2/Sas3–Sas2–Tip60

(MYST), and p300/cyclic adenosine monophosphate-
response element-binding protein-binding protein (CBP)
(Berndsen and Denu, 2008). GCN5, also known as lysine ace-
tyltransferase 2A (KAT2A), has been shown to play a major
role in regulating the expression of metabolic genes through
acetylating not only histone but also PGC-1a. For example,
overexpression of GCN5 in C2C12 myotubes leads to repres-
sion of PGC-1a-mediated induction of mitochondrial and
fatty acid metabolism genes (Gerhart-Hines et al., 2007;
Mutlu and Puigserver, 2021). Interestingly, however, muscle-
specific knockout of GCN5 using the creatine kinase pro-
moter Cre does not alter whole-body energy expenditure as
well as skeletal muscle mitochondrial abundance (Dent et
al., 2017). The underlying mechanism for the discrepancy
between in vitro and in vivo studies is unclear. It is possible
that P300/CBP-associated factor (PCAF, also known as
KAT2B), which shares �73% homology with the GCN5 gene,
is sufficient to compensate the effects of GCN5 deletion
(Dent et al., 2017). GCN5 has also been shown to facilitate
brown adipogenesis and beige adipocyte differentiation
in vitro (Jin et al., 2014; Kawabe et al., 2019). The in vivo
roles of adipose GCN5 in regulating energy metabolism re-
main to be investigated.

CBP and p300 are functionally related KAT3 family members.
In addition to their HAT activity, CPB and p300 interact with at
least 400 proteins, thereby acting as hubs in gene regulatory
networks (Bedford et al., 2010). The initial evidence for the im-
portance of CBP in regulating energy homeostasis is from the
study of CBP heterozygous-null mice, which show improved
DIO and glucose intolerance (Yamauchi et al., 2002).
Furthermore, disrupting the CH1 domain, which is important for
protein interactions in the CBP and p300, results in lean mice
with improved insulin sensitivity and glucose metabolism
(Bedford et al., 2011). However, defining the organ-specific
effects of CBP and p300 has not been conclusive. Liver CBP
knockout in adult mice using the AAV-medicated Cre does not
alter glucose levels (Bedford et al., 2011). Muscle-specific loss
of either p300 or CBP, either in germline or in adulthood, does
not impact energy expenditure, glucose tolerance, or skeletal
muscle insulin action (Martins et al., 2019). Adipose-specific
CBP and p300 knockout mice are recently reported (Namwanje
et al., 2019). CBP knockout mice exhibit marked brown remod-
eling of inguinal WAT (iWAT) but not epididymal WAT (eWAT) af-
ter cold exposure, although loss of CBP is insufficient to impact
body weight or glucose tolerance. In contrast, ablation of p300

in adipose tissues has minimal effects on fat remodeling and
adiposity. Double knockout of CBP and p300 causes severe lip-
odystrophy along with marked hepatic steatosis, hyperglyce-
mia, and hyperlipidemia. One difference between CBP
heterozygous-null mice and tissue-specific knockout mice
could be the gene deletion time (Namwanje et al., 2019).
Conditional knockout is achieved by Cre recombinase driven by
tissue-specific promoter, which is activated after the initiation
of differentiation. It is possible that CBP and p300 are essential

484 | Gao et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

cb/article/13/7/480/6325029 by guest on 05 February 2024



for cellular development rather than have direct effects on met-
abolic genes involved in energy expenditure.

HDACs are categorized into four different classes. Class I
(HDAC1–3 and HDAC8) are located in the nucleus and predomi-
nantly act as HDACs. Class IIa (HDAC4, HDAC5, HDAC7, and
HDAC9) and class IIb (HDAC6 and HDAC10) shuttle from cyto-
plasm to nucleus and modify chromatin in a signal-responsive
manner. Class III HDACs are sirtuins (Sirt1–7) that use nicotin-
amide adenine dinucleotide (NADþ) as a cofactor (Li and Sun,
2019). HDAC11 is the only member in the class IV. The critical
roles of sirtuins in regulating energy metabolism have been
well documented (Canto et al., 2015; Covarrubias et al., 2021).
Here, we will focus on other classes of HDACs.

The link between HDACs and energy metabolism was initially
studied using HDAC inhibitors. Treatment of obese mice with
sodium butyrate, an HDAC pan-inhibitor, markedly reduces adi-
posity with increased brown fat thermogenesis and oxidative
fibers in the muscle (Gao et al., 2009). Further studies show
that class I but not class II HDAC inhibitors enhance whole-
body energy expenditure through increased mitochondrial bio-
genesis in the skeletal muscle and adipose tissues (Galmozzi
et al., 2013). Li et al. (2016) used short interfering RNA to
knockdown all 11 HDACs in cultured brown adipocytes to inves-
tigate which HDAC is involved in cellular energy metabolism. It
was found that only HDAC1 deletion markedly enhances ther-
mogenic gene expression (Li et al., 2016). Mechanistically,
HDAC1 knockdown increases acetylation and decreases meth-
ylation of histone H3 lysine 27 (H3K27), thereby switching the
transcriptional repressive state to the active state at the pro-
moters of thermogenic genes such as UCP1 and PGC-1a (Li et
al., 2016). It has to be noted that HDAC1 and HDAC2 have re-
dundant effects on cardiac and skeletal muscle functions
(Montgomery et al., 2007; Moresi et al., 2012). For example,
single deletion of either HDAC1 or HDAC2 does not evoke a
phenotype whereas cardiac-specific deletion of both genes
results in neonatal lethality, accompanied by cardiac arrhyth-
mias and dilated cardiomyopathy (Montgomery et al., 2007).
Future studies of adipose HDAC1 and HDAC2 knockout mice
will provide insights into the in vivo roles of these two class I
HDACs in regulating systemic energy metabolism.

HDAC3 has been extensively studied for its roles in regulat-
ing energy metabolism. BAT-specific knockout of HDAC3 using
UCP1-Cre depletes UCP1 and reduces mitochondrial and oxida-
tive phosphorylation genes required for non-shivering thermo-
genesis and cold survival (Emmett et al., 2017; Emmett and
Lazar, 2019). Interestingly, a separate HDAC3 knockout mice
driven by adiponectin-Cre exhibit normal BAT identity but en-
hanced browning of white fat (Ferrari et al., 2017). Of note, nei-
ther adipose HDAC3 knockout mouse line shows body weight
changes even with HFD challenges. The significance of HDAC3

in regulating energy metabolism is also manifested by liver and
muscle HDAC3 knockout mice. Deletion of HDAC3 in adult hep-
atocytes causes continuous lipid synthesis, leading to severe
hepatosteatosis, yet these mice are more sensitive to insulin,
perhaps owing to the limited availability of gluconeogenic

substrates (Feng et al., 2011; Sun et al., 2012). By contrast,
mice with a muscle-specific deletion of HDAC3 are insulin resis-
tant, yet have greater endurance and resistance to muscle fa-
tigue than wild-type mice, as the HDAC3-deficient muscle
undergoes a fuel source switch favoring protein catabolism and
lipid oxidation over glucose utilization (Hong et al., 2017). In
addition to modulating histone acetylation such as H3K27ac
and H3K9ac, HDAC3 also forms complexes with many transcrip-
tional regulators such as REV-ERBa, NCoR, ERRa, and PGC-1a,
which may contribute to the different roles of HDAC3 in regulat-
ing substrate metabolism in different metabolic organs
(Emmett and Lazar, 2019).

Although inhibitors of class II HDACs do not show metabolic
phenotype (Galmozzi et al., 2013), studies of genetic mouse
models suggest that these HDACs may also play a role in regu-
lating energy, lipid, and glucose metabolism. For example,
overexpression of HDAC4 in adipocytes leads to beige adipo-
cyte expansion and reduced adiposity (PauLo et al., 2018).
Global knockout of HDAC5 mice exhibit increased food intake
and obesity when fed HFD due to the enhanced STAT3 acetyla-
tion, which impairs the leptin signaling in hypothalamus (Kabra
et al., 2016). Interestingly, HDAC5 knockout animals demon-
strate normal glucose and insulin tolerance despite elevated
body adiposity and increased hepatic fat deposition owing to
H3K9ac-mediated interleukin-6 production in the muscle
(Kabra et al., 2016; Klymenko et al., 2020). Finally, HDAC9

knockout mice show upregulated expression of beige adipo-
cyte marker genes, particularly during an HFD, in association
with increased energy expenditure and adaptive thermogenesis
(Chatterjee et al., 2014). Protein levels of class IIb HDACs
(HDAC6 and HDAC10) are markedly reduced in both WAT and
BAT of HFD-fed obese mice (Qian et al., 2017). Mice with an
adipose-specific depletion of HDAC6 display increased fat stor-
age due to enhanced acetylation of cell death-inducing DFFA-
like effector C (CIDEC) (Qian et al., 2017). HDAC6 may also af-
fect energy metabolism by altering intestinal microbiota.
Feeding HDAC6-deficient mice with HFD causes depletion in
representatives of the S24-7 family and Lactobacillus but en-
richment with Bacteroides and Parabacteroides, changes of
which contribute to the development of obesity (Lieber et al.,
2019).

HDAC11 is the only member of class IV HDAC. HDAC11 dele-
tion enhances brown and beige fat activity, leading to en-
hanced energy expenditure and leanness (Bagchi et al., 2018;
Sun et al., 2018). HDAC11 is also highly expressed in the skele-
ton muscle. HDAC11 deficiency induces a glycolytic to oxidative
muscle fiber switch in vivo, providing a mechanistic explana-
tion for the improved muscle strength and fatigue resistance
(Hurtado et al., 2021).

Overall, extensive studies of HATs and HDACs have empha-
sized the crucial role of histone acetylation and deacetylation
in bridging epigenetic, transcriptional, and signaling phenom-
ena to metabolism in obesity (Figure 2). Interestingly, it does
not appear to have a clear pattern for the different classes of
HDACs in regulating energy metabolism (Table 1). Substrate
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specificity, tissue distribution, and interacting partners may de-
termine their roles in regulating energy metabolism. The selec-
tivity, on the other hand, may provide an opportunity to identify
inhibitors and activators of HDACs for treatment of obesity.

Histone methylation. Histone methylation occurs on basic resi-
dues lysine and arginine that can be mono- (me1), di- (me2), or
tri-methylated (me3) on their E-amine group. Different from his-
tone acetylation, which is associated with active chromatin
states, histone methylations may confer either active or repres-
sive transcription depending on their positions and methyla-
tion states (Figure 2). For example, H3K4, H3K36, and H3K79

methylations are markers of active transcription, whereas
H3K9, H3K27, and H4K20 methylations are associated with
suppressive transcription. These histone methylations are dy-
namically regulated by histone methyltransferases (HMTs, ‘writ-
ers’) and histone demethylases (HDMs, ‘erasers’) (Han et al.,
2019). HMTs, except the H3K79 methyltransferase DOT1, con-
tain a defined SET-domain with an intrinsic histone lysine-
specific methyltransferase activity. Most methyltransferases
show a strong preference for specific sites. For example, the
SETD1/mixed-lineage leukemia (MLL) family methylates H3K4

gene-activating marks, whereas polycomb repressive complex 2

(PRC2) promotes H3K27 methylation, a repressive mark.
Histone methylation was considered stable until the report of
lysine-specific demethylase 1 (LSD1) in 2004 (Shi et al., 2004).
LSD1 primarily demethylates H3K4 monomethylation/dimethy-
lation (H3K4me1/me2) and may also remove methylation from
H3K9me1/me2. Subsequently, 18 HDMs containing Jumonji do-
main with selective substrate specificity were identified (Han et
al., 2019). It is important to note that one specific lysine

residue of histone protein may be modulated by multiple HMTs
and HDMs. Therefore, the alteration of histone methylation oc-
cupancy on target gene promoters/enhancers is locus-specific
and context-dependent. The dynamics of histone methylation
regulated by HMTs and HDMs provide innovative tools to repro-
gram histone methylation and gene expression profiles.
Several HMT and HDM inhibitors are currently in clinical trials
for cancer treatment (Cheng et al., 2019). Multiple HMTs and
HDMs have also been shown to regulate energy metabolism.

H3K4 can be methylated by six members of the MLL family,
among which MLL4/KMT2D is associated with Kabuki syn-
drome, a rare genetic disease. Mutations of MLL4/KMT2D in
Kabuki syndrome exhibit endocrine system-related conditions
such as premature thelarche, precocious puberty, diabetes in-
sipidus, thyroid dysfunction, obesity, and growth hormone defi-
ciency (Ng et al., 2010; Moon et al., 2018). Interestingly,
however, MLL4 heterozygous mice exhibit low body fat mass,
improved hepatic steatosis, enhanced glucose tolerance, and
insulin sensitivity. MLL4-regulated PPARc2 activity and bile
acids are thought to be involved in the metabolic phenotype in
the MLL4 heterozygous mice (Kim et al., 2015, 2016). LSD1 is
the first identified HDM that selectively demethylates H3K4me1

and H3K4me2 through a flavin adenosine dinucleotide (FAD)-
dependent oxidative reaction (Shi et al., 2004). LSD1 may also
act on mono- and di-methylated H3K9. Several lines of adipose
LSD1 knockout mice have been reported. It appears that LSD1

is essential for brown and beige fat development via regulating
H3K4 and H3K9 methylation as well as interacting with tran-
scription factors such as PRDM16 and zinc finger protein 516

(ZFP516) (Duteil et al., 2016, 2017; Sambeat et al., 2016; Zeng
et al., 2016; Wang et al., 2020a).
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Figure 2 Modifiers for histone acetylation and methylation. Histone acetylation and deacetylation are catalyzed by HATs and HDACs, re-
spectively. Extensive studies of HATs and HDACs have emphasized the crucial role of histone acetylation and deacetylation in bridging epi-
genetic, transcriptional, and signaling phenomena to metabolism in obesity. Histone methylations are dynamically regulated by HMTs and
HDMs. Histone methylation occurs on basic residues lysine and arginine and confers active or inhibitory transcription, depending on their
location and methylation status. Red color indicates the modifiers participated in energy metabolism.
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Notable among the histone methylation modifiers, dynamics
of H3K9 methylation have been highly related to energy metab-
olism. The methyltransferases that methylate H3K9 include eu-
chromatic histone–lysine N-methyltransferase 1 (EHMT1, also
known as G9a-like protein, GLP), EHMT2 (also known as G9a),
SETDB1, PRDM2, SUV39H1, and SUV39H2 (Krishnan et al.,
2011). EHMT1 may form a complex with PRDM16 to control
brown adipose cell fate by depositing the suppressive
H3K9me2 and H3K9me3, leading to muscle-selective gene sup-
pression and brown fat gene activation (Ohno et al., 2013).
Adipose-specific deletion of EHMT1 leads to a marked reduc-
tion of BAT-mediated adaptive thermogenesis, obesity, and
systemic insulin resistance (Ohno et al., 2013; Harms et al.,
2014). EHMT2 is functionally related to EHMT1. EHMT2 knock-
out driven by aP2-Cre also increases adiposity with elevated in-
sulin and leptin levels, although the mechanism is thought to
be EHMT2-mediated adipogenesis (Wang et al., 2013). On the
other hand, recently reported muscle EHMT2 knockout female
mice are resistant to HFD-induced obesity and hepatic steato-
sis (Zhang et al., 2020). The liver deletion of EHMT2 results in
aggravated lipopolysaccharide-induced peroxidation and proin-
flammatory response (Lu et al., 2019). Therefore, H3K9 methyl-
transferases regulate energy metabolism and adiposity in
different metabolic organs in the context-dependent fashion.
The H3K9 demethylase Jumonji domain-containing protein 1A
(JMJD1A, also known as JHDM2A or KDM3A) is induced after b-
adrenergic stimulation. JMJD1A regulates adipose thermogene-
sis through two mechanisms. Under acute stimulation, JMJD1A
is phosphorylated by protein kinase A, which facilitates long-
range chromatin interactions and target gene activation.
Interestingly, this is independent of H3K9 methylation (Abe et
al., 2015). Under chronic adrenergic stimulation, JMJD1A erases
the suppressive H3K9me2 modification on beige-selective
gene promoters in iWAT to maintain sustained activation of
thermogenic genes in response to chronic cold exposure (Abe
et al., 2018). JMJD1A deficiency results in obesity due to re-
duced thermogenesis (Tateishi et al., 2009).

Methylation of H3K27 marks suppressive gene transcription.
Enhancer of zeste homolog 2 (EZH2), the functional enzymatic
component of the PRC2, promotes H3K27me3, while JMJD3

(also known as KDM6B) and ubiquitously transcribed X-chro-
mosome tetratricopeptide repeat protein (UTX) specifically de-
methylate H3K27. Adipocyte-specific EZH2 knockout mice,
generated by crossing EZH2-floxed mice to adiponectin-Cre
mice, display significantly increased body weight, adipose tis-
sue mass, and adipocyte cell size, without changes in glucose
or insulin tolerance. The increased adiposity is not caused by
altered energy expenditure but by increased ApoE-mediated
lipid uptake in adipocytes (Yiew et al., 2019). JMJD3 demethy-
lates suppressive H3K27me3 to activate BAT-selective genes
and promote development of beige adipocytes (Pan et al.,
2015). JMJD3 may also form a complex with SIRT1 and regu-
lates fatty acid oxidation in the liver (Seok et al., 2018).
Similarly, UTX demethylase positively regulates brown adipo-
cyte thermogenic program through coordinated control of

demethylating H3K27me3 and acetylating H3K27, switching
the transcriptional repressive state to the transcriptional active
state at the promoters of PRDM16, UCP1, and PGC-1a. UTX defi-
ciency in brown fat promotes HFD-induced obesity (Zha et al.,
2015; Li et al., 2020). Therefore, demethylation of suppressive
H3K27me3 in metabolic organs generally causes increased en-
ergy metabolism.

Methylation of suppressive H4K20 is catalyzed by three dis-
tinct lysine methyltransferase enzymes, KMT5a (also known as
SETD8, SET8, and PR-Set7), KMT5b (SUV420H1), and KMT5c
(SUV420H2). Double knockout of Kmt5B and Kmt5C in early
mesenchymal precursor cells using Myf5-Cre increases BAT
metabolic activity and enhances browning of WAT, ultimately
counteracting DIO (Pedrotti et al., 2019). Activation of PPARc is
reported to be the underlying mechanism for the improved met-
abolic phenotype in the Kmt5B and Kmt5C double-knockout
mice (Pedrotti et al., 2019). Interestingly, however, a more re-
cent study shows that KMT5c but not KMT5a or KMT5b is essen-
tial for thermogenic gene expression in fat cells (Zhao et al.,
2020). Mice with adipose-specific Kmt5c knockout driven by
Adipoq-Cre exhibit reduced adipose thermogenesis and are
susceptible to obesity when fed a HFD. Mechanistically, the in-
creased p53 expression from removal of suppressive
H3K20me3 in the p53 promoter with Kmt5c knockout is in-
volved in the activation of thermogenic genes (Zhao et al.,
2020). Different Cre lines (Myf5 vs. adiponectin) that delete
Kmt5c at different stages of adipocyte differentiation may con-
tribute to the discrepancy of the roles of Kmt5c in regulating
adipose thermogenesis.

It is worth noting that histone methylation and acetylation
are dynamically interactive. For example, H3K27ac distin-
guishes active enhancers from inactive/poised enhancer ele-
ments containing H3K4me1 (Creyghton et al., 2010). The
enhancers with H3K4me1 have been shown to serve a priming
role during development and in response to environmental
cues (Ghisletti et al., 2010; Calo and Wysocka, 2013). In warm
beige adipocytes, H3K4me1 signals are increased in the en-
hancer regions of thermogenetic genes such as UCP1 and
CPT1B, indicating that warm beige adipocytes retain an epige-
nomic memory from prior cold exposure at a small, but key,
subset of cis-elements (Roh et al., 2018).

Other histone modifications. In addition to the extensively stud-
ied acetylation and methylation, histone proteins are subjected
to other post-translational modifications such as phosphoryla-
tion, succinylation, malonylation, sumoylation, ADP-
ribosylation, O-GlcNAcylation, and lactylation. Quantitative pro-
teomic analysis using the mass spectrometry-based label-free
and chemical stable isotope labeling has identified 170 his-
tone marks in the liver of HFD-induced obese mice (Nie et al.,
2017). Some of these modifications may be involved in adipo-
cyte function. For example, ADP-ribosylation of glutamate
(Glu35) and the subsequent reduction of H2B-Ser36 phosphor-
ylation inhibit adipocyte differentiation (Huang et al., 2020).
H2B O-GlcNAcylation at Ser112 may be involved in brown
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adipogenesis (Cao et al., 2021). Overall, the roles of these his-
tone modifications in regulating energy metabolism remain to
be elucidated.

RNA methylation
More than 150 types of RNA modifications have been identified

and N6-methyladenine (m6A) is the most abundant internal modi-
fication in messenger RNA (mRNA) and ncRNA (Wei et al., 2017).
m6A is post-transcriptionally assembled by m6A methyltransferase
complexes (‘writers’) composed of methyltransferase-like 3

(METTL3), METTL14, and Wilms’ tumor 1-associating protein
(WTAP). METTL3 levels are decreased in BAT of HFD-induced
obese and ob/ob mice (Pan et al., 2020). BAT-specific METTL3

knockout mice show reduced energy expenditure and are predis-
posed to HFD-induced obesity and metabolic syndrome.
Mechanistically, deletion of METTL3 decreases m6A modification
and the expression of BAT-specific mRNA, including PRDM16,
PPARc, and UCP1 (Pan et al., 2020). On the other hand, WTAP het-
erozygous knockout mice are protected from DIO with elevated
energy metabolism and improved insulin sensitivity. WTAP knock-
down induces cell cycle arrest and impairs adipogenesis by sup-
pressing cyclin A2 during mitotic clonal expansion (Kobayashi et
al., 2018). Future studies of tissue-specific knockout of WTAP will
be necessary to distinguish the developmental effects vs. direct
effects of m6A modification on metabolic gene expression.

m6A modifications can be removed by m6A demethylases
(‘erasers’), such as fat mass- and obesity-associated (FTO) and
a-ketoglutarate (a-KG)-dependent dioxygenase alkB homolog 5

(ALKBH5) (Boccaletto et al., 2018). FTO is the first identified
m6A demethylase on mRNA (Jia et al., 2011). In the large-scale
GWAS studies, variants in the FTO gene are strongly associated
with BMI and obesity, suggesting an important role of FTO in
energy metabolism (Dina et al., 2007; Frayling et al., 2007;
Scott et al., 2007; Scuteri et al., 2007; Thorleifsson et al.,
2009). Interestingly, a CpG site in the first intron of the FTO
gene shows hypomethylation, suggesting FTO per se can also
undergo epigenetic regulation (Toperoff et al., 2012).
Ubiquitous overexpression of FTO leads to a marked increase
in food intake, body weight, and fat accumulation in mice,
while whole-body knockout of FTO reduces adiposity and DIO
accompanied with increased energy expenditure and systemic
sympathetic activation (Fischer et al., 2009; Church et al.,
2010; Gao et al., 2010; McMurray et al., 2013). FTO is highly
expressed in hypothalamus (Gerken et al., 2007). Mice with
brain-specific deletion of FTO display significantly higher meta-
bolic rates and reduced body weight (Gao et al., 2010). FTO is
also expressed in peripheral metabolic organs including the
adipose tissue, liver, and skeletal muscle (Gerken et al., 2007).
In human WAT, FTO expression is inversely correlated with BMI
(Kloting et al., 2008) and is downregulated during adipocyte
differentiation (Tews et al., 2011). FTO-deficient mice exhibit
an increase of UCP1 expression in WAT, indicating browning of
WAT (Tews et al., 2013). By contrast, hepatocyte-specific FTO

depletion fails to affect body weight, fat mass, glucose metabo-
lism, and key parameters of energy expenditure, indicating the
dispensable role of hepatic FTO for the control of energy ho-
meostasis (Mittenbuhler et al., 2020). Entacapone, a catechol-
O-methyltransferase inhibitor used in the treatment of
Parkinson’s disease, is identified as an inhibitor of FTO.
Treatment of obese mice with entacapone improves body
weight regulation and glucose tolerance and increases adipose
thermogenesis owing to decreased FTO-catalyzed m6A demeth-
ylation of FOXO1 mRNA (Peng et al., 2019). Expression of FTO is
also upregulated in the skeletal muscle of obese mice and
therefore demethylates the methylated mRNA by removing m6A
(Wu et al., 2017). However, FTO appears to be essential to skel-
etal muscle development (WaNg et al., 2017b), and the physio-
logical role of muscle FTO in regulating energy metabolism
remains unclear. Another m6A demethylases ALKBH5 can be ac-
tivated by hypoxia resulting in decreased m6A level of mRNA
(Wang et al., 2020b). Activation of ALKBH5 in hypoxia is crucial
for the adaption to hypoxia for efficient energy generation,
since silencing ALKBH5 blocks cellular ATP production (Wang
et al., 2020b). The effects of ALKBH5 on systemic energy me-
tabolism in obesity remain to be elucidated.

NcRNA
NcRNAs including microRNAs (miRNAs), long noncoding

RNAs (lncRNAs), and circular RNAs (circRNAs) are emerged to
be important epigenetic regulators in many physiological pro-
cesses, including energy metabolism (Marchese et al., 2017).

miRNAs are short molecules (19–22 nucleotides) that bind
to the 3

0 untranslated regions (30 UTR) of mRNAs causing trans-
lational repression or mRNA degradation (Gharanei et al.,
2020). Omics approaches have identified a variety of differen-
tially expressed miRNAs in metabolic organs in obesity, and
some of them are functional in regulating energy metabolism
(Dumortier et al., 2013; Kunej et al., 2013; Landrier et al.,
2019; Table 2). miRNAs may also be secreted from metabolic
organs and serve as endocrine factors to regulate systemic en-
ergy expenditure (Ji and Guo, 2019). Notably, adipose tissue-
specific knockout of the miRNA-processing enzyme Dicer exhib-
its a substantial decrease in circulating exosomal miRNAs,
leading to increased FGF21 expression in the liver (Thomou et
al., 2017).

LncRNAs are conventionally defined as a transcript longer
than 200 nucleotides in length lacking protein-coding capabil-
ity (Kung et al., 2013). Accumulating evidence suggests that
lncRNAs play important functional roles in modulating the tran-
scription and translation of energy metabolism-related genes
(Tan et al., 2020). Several BAT- and WAT-specific lncRNAs have
been identified via de novo reconstruction of transcriptomes or
meta-analysis of published datasets (Alvarez-Dominguez et al.,
2015; Bai et al., 2017; Xiong et al., 2018). For example, com-
prehensive transcriptome study by RNA sequencing in adipo-
cytes isolated from interscapular BAT, iWAT, and eWAT in DIO
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mice revealed a set of obesity-dysregulated lncRNAs. The most
prominent lncRNAs is lnc-Lep, which is transcribed from an en-
hancer region upstream of leptin (Lo et al., 2018). Functional
studies indicate that lnc-Lep is essential for adipogenesis and
required for the maintenance of adipose leptin expression. DIO
mice lacking lnc-Lep show increased fat mass with reduced
plasma leptin levels and lose weight after leptin treatment.
Importantly, large-scale genetic studies of humans reveal a sig-
nificant association of single-nucleotide polymorphisms in the
region of human lnc-Lep with lower plasma leptin levels and
obesity (Dallner et al., 2019). Among those so-called BAT-
enriched lncRNAs (lncBATEs), lncBATE1 and lncBATE10 are lo-
cated in an intergenic locus targeted by CCAAT/enhancer bind-
ing protein a (C/EBPa), C/EBPb, and PPARc (Alvarez-Dominguez
et al., 2015; Bai et al., 2017). Knockdown of these lncBATE1 or
lncBATE10 results in significant downregulation of BAT marker
genes including CIDEA, C/EBPb, PGC-1a, PRDM16, PPARa, and
UCP1, with reduced mitochondrial content and oxygen con-
sumption, indicating impaired BAT thermogenesis (Alvarez-
Dominguez et al., 2015; Bai et al., 2017). Moreover, these two
lncBATEs are also required for browning of iWAT (Alvarez-
Dominguez et al., 2015; Bai et al., 2017). Another important

lncRNA involved in energy metabolism is encoded by the mater-
nally imprinted gene H19. H19 is upregulated in BAT under
cold exposure and decreased in BAT of DIO mice (Schmidt et
al., 2018). Ubiquitous overexpression of H19 enhances BAT
thermogenesis, increases energy expenditure, and prevents
DIO, whereas fat H19 loss sensitizes toward HFD weight gains.
Mechanistically, lncRNA H19 forms a complex with the DNA
methyltransferase MBD1 and recruits suppressive H3K9me3 to
maintain quiescence of obesity-predisposing paternally
expressed genes in BAT (Schmidt et al., 2018). Finally, recent
studies also suggest that lncRNAs can act as competitive en-
dogenous RNA (ceRNA) by binding to miRNAs, hence inhibiting
miRNA activity and regulating mRNA expression (Salmena et
al., 2011; Hu et al., 2020). However, the precise roles of the
ceRNA–miRNA network in regulating energy metabolism need
to be further studied.

CircRNAs are covalently closed single-stranded RNA rings
generated from a process known as back-splicing or head-to-
tail circle splicing, which involves joining of a splice donor to
an upstream splice acceptor of precursor mRNA. The biologi-
cal functions of circRNAs remain to be fully elucidated, but
have been shown to act as potent miRNA sponges via

Table 2 NcRNAs involved in energy metabolism.

Gene IDs Model Tissues/cells Target genes Brief phenotype References

miR26a/b Overexpress 3T3-L1 PTEN, FAS, PPARc,
C/EBPa, ADAM17

Promote adipocyte differentiation and increase
lipid accumulation

Karbiener et al. (2014);
Li et al. (2017)

miR455 Overexpress Adipocytes RIP140, PPARc, PGC-1a,
AMPK

Stimulate browning and mitochondrial
respiration

Hu et al. (2015);
Zhang et al. (2015)

miR30b/c Overexpress Adipocytes UCP1, RIP140, CIDEA Increase thermogenic gene expression and
mitochondrial respiration

Hu et al. (2015)

miR193, miR328 Overexpress Muscle BACE1 Promote myogenic and inhibit brown fat
commitment

Oliverio et al. (2016)

miR32 Overexpress Adipocytes TOB1, FGF21, UCP1 Increase BAT thermogenesis and promote WAT
browning

Ng et al. (2017)

miR182, miR203 Knockout Adipocytes DGCR8 Induce brown fat dysfunction and cold
intolerance

Kim et al. (2014)

miR133 Knockdown Adipocytes PRDM16 Promote differentiation of precursors from BAT
and SAT to mature brown adipocytes and
lead to increased mitochondrial activity

Trajkovski et al. (2012)

miR129 Overexpress Adipocytes IGF2, EGR1, UCP1 Induce energy expenditure and thermogenesis Pahlavani et al. (2018)
miR155 Knockout Adipocytes C/EBP Increase BAT function and browning of WAT Chen et al. (2013)
miR106b-93 Knockdown Adipocytes UCP1, SIRT7 Induce the expression of brown fat-specific

genes and promote the accumulation of
lipid-droplet in differentiating brown
adipocytes

Wu et al. (2013);
Cioffi et al. (2015)

miR34a Overexpress Adipocytes FGFR1, FGF21, PGC-1a Inhibit beige and brown fat formation Fu et al. (2014)
miR27b Knockdown Adipocytes PGC-1a, PRDM16, PPARa,

PPARc, CREB
Improve browning capacity and insulin

sensitivity
Sun and Trajkovski (2014);

Yu et al. (2019)
lncRNA H19 Overexpress Brown adipocytes MBD1 Promote oxidative metabolism and

mitochondrial respiration
Schmidt et al. (2018)

lncBATE1, lncBATE10 Knockout Adipocytes CIDEA, C/EBPa, PDRM16

PPARa, UCP1

Reduce oxygen consumption and lower
mitochondrial content

Alvarez-Dominguez et al.
(2015); Bai et al. (2017)

lnc-Lep Knockdown Adipocytes PPARc, Adipoq Increase fat mass with reduced plasma leptin Lo et al. (2018);
Dallner et al. (2019)

circSAMD4A Knockdown Adipocytes miR-138-5p, ZNH2 Increase energy expenditure and suppress
preadipocyte differentiation

Liu et al. (2020)

circ133 Knockdown SGC7901, 3T3L1 miR133, PRDM16, UCP1 Accelerate the glucose consumption ratio and
promote the oxygen consumption rate of
adipocytes

Zhang et al. (2019b)

circNrxn2 Overexpress Adipocytes miR103, PPARc, FGF10 Promote WAT browning through increasing M2

macrophage polarization
Zhang et al. (2019c)
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competition with miRNA/mRNA binding (Chen, 2016).
Emerging evidence suggests that circRNAs may play an im-
portant role in regulating adipose function and energy me-
tabolism. Differentially expressed circRNAs in the adipose
tissue from obese and lean subjects have been reported us-
ing circRNA microarrays. Among these, circSAMD4A can act
as a miRNA sponge by interacting with miR-138-5p.
Knockdown of circSAMD4A inhibits adipocyte differentiation
(Liu et al., 2020). Several other circRNAs such as ciRS-133

(circRNA sponge for miR-133) and circNrxn2 (miR-103

sponge) may promote WAT browning (Zhang et al., 2019b, c).
Not all circRNAs regulate adipose function through miRNA
sponges. Deep sequencing of visceral and subcutaneous fat
identifies thousands of adipose circRNAs, many of which are
dynamically regulated during adipogenesis and obesity.
Among the regulated circRNAs, circArhgap5-2 is required for
adipogenesis, not through sponging miRNAs (Arcinas et al.,

2019). The understanding of circRNA biology is at a very
early stage. CircRNAs are stable compared to linear RNAs.
Future studies focusing on their roles in energy metabolism
may help provide novel therapeutic strategy for treating
obesity.

Metabolites as cofactors for the epigenetic machinery
The activity of epigenetic factors is regulated at multiple lev-

els including transcription, translation, and post-translational
modifications. It is increasingly recognized that small-molecule
metabolites such as acetyl-CoA, S-adenosylmethionine (SAM),
NADþ, FAD, and a-KG serve as essential cofactors to modulate
epigenetic factor activity. These metabolites are therefore
regarded as metabolic sensors for programing pathway network
of energy metabolism (Etchegaray and Mostoslavsky, 2016;
Yang et al., 2018; Figure 3).

Amino acids

Glucose

Fatty acid

Pyruvate

β-oxidation

TCA Acetyl-CoA

Folic acid

Methionine

cycle
SAM

HATs

Acetylation

HMTs

DNMTs

Methylation

NAD+

SIRT6

Homocysteine

SAH

Iso-citrate α-KG
TETs

Demethylation

Tryptophan SIRT1

Deacetylation

Me

Me
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H3K9
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Glc
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Figure 3 Metabolites as cofactors of the epigenetic machinery. The activity of epigenetic factors is regulated at multiple levels including
transcription, translation, and post-translational modifications. It is increasingly recognized that small-molecule metabolites such as ace-
tyl-CoA, SAM, NADþ, FAD, and a-KG serve as essential cofactors to modulate epigenetic factor activity. These metabolites are therefore
regarded as metabolic sensors for programing pathway network of energy metabolism. Metabolic cofactors are produced in respective met-
abolic pathways, which participate in epigenetic modification processes through enzymes. Epigenetic modifications can be assessed by
detecting relevant metabolic cofactors, which can be interfered with by targeting the regulation of metabolic cofactor expression.
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SAM
SAM is the universal methyl donor to both DNMT and HMT

enzymes. SAM is synthesized from the condensation of methio-
nine and ATP via methionine adenosyltransferase. A positive
correlation between SAM levels, BMI, and adiposity mass has
been reported (Elshorbagy et al., 2016). Tissue SAM levels are
therefore modulated by the availability of methionine, an es-
sential amino acid in one-carbon metabolism. Methionine re-
striction rapidly reduces adiposity and improves insulin
sensitivity and fatty liver in mice (Malloy et al., 2006; Stone et
al., 2014; Wanders et al., 2017). Although the underlying
mechanisms for the beneficial metabolic effects of methionine
deficiency remain to be fully elucidated, methionine deficiency
drastically reduces liver SAM levels and H3K4 trimethylation
(Mentch et al., 2015). In adipose tissue, SAM-regulated histone
methylation may have a positive effect on systemic energy me-
tabolism. Nicotinamide N-methyltransferase (NNMT), which is
highly expressed in adipose tissue, catalyzes the methylation
of nicotinamide using SAM as a methyl donor. NNMT knock-
down in adipose tissue elevates SAM levels and increases
H3K4 methylation, which in turn enhances the key enzymes in
the polyamine flux to increase systemic energy metabolism
(Kraus et al., 2014). The one-carbon metabolism and SAM pro-
duction may also affect DNA methylation reprograming during
mammalian development, in which genomes of germ cells and
embryo undergo two waves of global demethylation and reme-
thylation (Li et al., 2018). It has been shown that maternal one-
carbon metabolism may affect the offspring energy metabolism
and development of obesity, although the underlying mecha-
nisms remain elusive (Mabasa et al., 2020).

a-KG
a-KG is an intermediate metabolite generated in the tricar-

boxylic acid cycle from isocitrate dehydrogenase (IDH)-medi-
ated isocitrate conversion. a-KG can also be replenished from
glutamine anaplerosis. In addition to its roles as a metabolic
substrate in the cytosol and mitochondria, a-KG can also enter
the nucleus and serves as a cofactor for TET-mediated DNA de-
methylation and JHDM family HDM activity to modify epigenetic
marks (Teperino et al., 2010; Yun et al., 2012). During early
brown adipogenesis, the cellular a-KG levels are profoundly in-
creased and required for active DNA demethylation of the
PRDM16 promoter (Yang et al., 2016a). A recent study also
shows that IDH1-mediated a-KG modulates trimethylation of
H3K4 in the promoters of genes associated with brown adipo-
genesis (Kang et al., 2020). Furthermore, knockdown of SIRT5

reduces intracellular a-KG concentration, leading to elevated
suppressive H3K9me2 and H3K9me3 abundance at promoter
regions of PPARc and PRDM16 in adipocytes (Shuai et al.,
2019). Finally, dietary a-KG supplement has been shown to pro-
mote beige adipogenesis and prevent obesity in middle-aged
mice (Tian et al., 2020). These results provide strong evidence
that a-KG can be an attractive therapeutic agent for obesity

treatment by modulating epigenetic factor activity in brown and
beige adipocytes.

Acetyl-CoA
Acetyl-CoA is a central metabolite positioned at the cross-

roads of carbohydrate, fat acid, and amino acid metabolism.
Acetyl-CoA is also a substrate for protein acetylation including
HATs (Pietrocola et al., 2015; Etchegaray and Mostoslavsky,
2016). In yeast, stem cells, and cancer cells, HATs can be regu-
lated by the availability of acetyl-CoA, leading to global acetyla-
tion changes of histone protein. Acetyl-CoA does not modify
HATs ‘non-specifically’, because different HATs have varying Kd
for acetyl-CoA (Wellen et al., 2009; Cai et al., 2011; Lee et al.,
2014; Moussaieff et al., 2015). Acetyl-CoA levels have been
reported to be altered in the adipose tissue and liver (Dharuri
et al., 2014; Perry et al., 2015; Carrer et al., 2017). However, it
is challenging to determine whether the altered acetyl-CoA reg-
ulates histone acetylation and gene expression, because
acetyl-CoA is modulated by multiple inputs, outputs, and inter-
organ crosstalk (Yang et al., 2018).

NADþ

NADþ serves as a cofactor for several nuclear proteins, nota-
bly class III HDAC sirtuins and poly(ADP-ribose) polymerase 1

(PARP1). Sirtuin deacetylases Sirt1, Sirt6, and Sirt7 are pre-
dominantly located in the nucleus, among which Sirt1 plays a
major role in regulating mitochondrial function, mainly by mod-
ulating the acetylation of PGC-1a, the master regulator of mito-
chondrial biogenesis and function. Sirt1 may also modify
histone acetylation such as H3K9ac and H4K16ac to regulate
target gene expression (Canto et al., 2015; Verdin, 2015; Ryu
et al., 2018). SIRT6 may deacetylate H3K9ac and SIRT6 overex-
pression increases male longevity with gene regulation in a
similar way as mice following a caloric restriction diet (Kanfi et
al., 2012). SIRT7 deacetylates GA binding protein transcription
factor b (GABPb), thereby enabling it to form the transcription-
ally active GABPa/GABPb heterotetramer to increase the ex-
pression of mitochondrial genes, especially the ones encoding
mitochondrial ribosome proteins (Ryu et al., 2014). SIRT7-
mediated deacetylation of H3K18ac may epigenetically facili-
tate the effects of SIRT7 on regulating glucose and lipid metab-
olism (Shin et al., 2013). It is conceivable that NADþ-regulated
energy metabolism is the results of synergistic effects of
sirtuin-targeted histone and non-histone acetylation.

Lifestyle modifications in the epigenetics of obesity
Epigenetic modifications are highly dynamic in response to

environmental factors such as diet and exercise. Although
most studies are correlational, several intervention studies
have also been performed to dissect the impact of lifestyle
modifications on the human epigenome in obesity.
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Diet and epigenetics
Different dietary patterns, nutrients, and food components

have been related to epigenetic processes that may contribute
to the susceptibility of obesity (Ideraabdullah and Zeisel,
2018; Castellano-Castillo et al., 2020). In the pioneer studies
of Dutch famine during the 1944–1945 winter at the end of
World War II, individuals exposed to famine during gestation
develop metabolic syndrome including obesity and hypercho-
lesterolemia in adulthood (de Rooij et al., 2007). Similar stud-
ies of the Chinese Great Famine (1959–1961) show that early-
life exposure to severe famine is associated with excessive risk
of dyslipidemia (WaNg et al., 2017a). A genome-wide explora-
tion of CpG methylation of whole-blood DNA identifies six CpGs
that are associated with BMI and triglycerides. The serine/thre-
onine protein kinase Pim-3, a gene involved in energy metabo-
lism, contributes to 13.4% of the association between famine
exposure and BMI (Tobi et al., 2018). As one-carbon metabo-
lism depends on the dietary methyl donors, DNA methylation
can be influenced by choline, methionine, betaine, and folate
(Ducker and Rabinowitz, 2017). Maternal intake of these
methyl-group donors in the periconception period is associated
with DNA methylation in genes related to growth (insulin like
growth factor 2, IGF2), metabolism (retinoid X receptor-a,
RXRA), and appetite control (leptin) (Pauwels et al., 2017).

Interestingly, prenatal overnutrition and an obese maternal
environment are also associated with DNA methylation changes
in genes related to metabolic diseases in the offspring (Liu et
al., 2014; Soubry et al., 2015). Both saturated fatty acids or
polyunsaturated fatty acids overfeeding could increase the
global degree of DNA methylation in adipose tissue of young,
healthy adults in parallel with their body weight increase
(Perfilyev et al., 2017). Therefore, dietary factors may alter the
epigenome especially DNA methylation, although the causative
roles in the pathogenesis of obesity deserve further
investigation.

Dietary supplements such as resveratrol, nicotinamide ribo-
side, and curcumin have been shown to improve energy metab-
olism partially through epigenetic mechanisms. Resveratrol has
received great attentions because it is a component of plant-
based foods especially red wine. Resveratrol may activate
SIRT1 and modify histone protein (Fernandes et al., 2017; Lin
et al., 2020). Although the beneficial effects of resveratrol on
metabolism are convincing in cell culture and animal studies,
human clinical trials have yielded mixed results (Bitterman and
Chung, 2015). Nicotinamide riboside, as an NADþ precursor,
may activate multiple sirtuins. Consistently, nicotinamide ribo-
side is effective in reducing obesity and glucose levels in ani-
mals. An 8-week randomized, double-blind, placebo-controlled
clinical trial shows that nicotinamide riboside is tolerable and
increases whole-blood NADþ levels up to 142% (Conze et al.,
2019). However, large clinical trials are required to determine
whether nicotinamide riboside is effective in treating metabolic
diseases in humans. Finally, intake of curcumin, a polyphenolic
compound in turmeric, is correlated with reduced BMI and
body weight in patients with metabolic syndrome (Akbari et al.,

2019). Epigenetic mechanisms for the curcumin’s effects in-
clude regulation of DNA methylation, histone modifications,
and miRNA expression (Tian et al., 2017; Hassan et al., 2019).

Physical activity and epigenetics
Physical activity and exercise may alter epigenetic signa-

tures, especially DNA methylation as described in a recent
systemic review (Barron-Cabrera et al., 2019). For example,
individuals with physical activity of 26–30 min/day report-
edly have a significantly higher level of global genomic DNA
methylation compared to those with physical activity �10

min/day (Zhang et al., 2011). Excise increases muscle mito-
chondrial contents partially due to increased PGC-1a expres-
sion. Both acute and chronic exercises have been shown to
reduce promoter PGC-1a methylation (Barres et al., 2012;
Bajpeyi et al., 2017). In addition, chronic exercise interven-
tion for 6 months has also been shown to alter DNA methyla-
tion in >7000 genes in adipose tissue, one-third with
differential mRNA expression including HDAC4 (Ronn et al.,
2013). Since PGC-1a and HDAC4 are established to play im-
portant roles in energy metabolism, altered DNA methylation
of these genes may contribute to the beneficial metabolic
effects of physical activity and exercise.

Therapeutic agents targeting epigenetics
The dynamics of the histone, DNA, or RNA modifications pro-

vide an opportunity to alter epigenetic factor activity for obesity
treatment. Both DNMT and HDAC inhibitors are emerging treat-
ments for cancer. Some of the inhibitors have been tested in
animals for potential obesity and diabetes treatment.

Two inhibitors of DNMT, 5-azacytidine and 5-aza-20-deoxycy-
tidine (5-azadC), can incorporate into the DNA and trap DNMTs,
resulting in DNA demethylation (WoNg et al., 2017). Inhibition
of DNA methylation by 5-azacytidine at early stage of differenti-
ation suppresses adipogenesis, while inhibition of DNA methyl-
ation at late stage of differentiation promotes lipogenesis and
adipocyte phenotype (Yang et al., 2016b). In ob/ob mice, inhib-
iting DNA methylation by 5-azadC ameliorates obesity-induced
inflammation and insulin resistance by promoting adipose tis-
sue macrophage polarization (Wang et al., 2016).

Sodium butyrate, an HDAC pan-inhibitor, has been shown to
alleviate HFD-induced obesity (Gao et al., 2009; den Besten et
al., 2015; Hong et al., 2016). A subsequent study shows that
class I but not class II HDAC inhibitors enhance whole-body en-
ergy expenditure through increased mitochondrial biogenesis
in the skeletal muscle and adipose tissues (Galmozzi et al.,
2013). Interestingly, however, the class IIa HDAC inhibitor
Scriptaid is shown to increase energy expenditure without al-
tering body weight due to increased food intake. Scriptaid
enhances skeletal muscle insulin action and cardiac function
in obese mice (Gaur et al., 2016). Administration of the HDAC3

inhibitor HD-75 may also improve insulin sensitivity via

492 | Gao et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

cb/article/13/7/480/6325029 by guest on 05 February 2024



upregulating PPARc acetylation in a mouse model of HFD-
induced obesity (Jiang et al., 2014).

Targeting specific miRNAs that regulate energy metabolism
using gain- and loss-of-function tools such as miRNA mimics,
antagonists, and inhibitors may potentially be a strategy for
obesity treatment. However, the major obstacle is side effects
and toxicity. For example, miR-34a knockout mice are suscepti-
ble to DIO (Lavery et al., 2016). MRX34, a liposomal miR-34a
mimic initially developed for treating hepatocellular carcinoma
and hematological malignancies, might have beneficial effects
on obesity. However, MRX34 caused severe immune-mediated
adverse effects leading to early termination of the phase I clini-
cal trial for cancer treatment (Beg et al., 2017). miR-122, the
most abundant miRNA in the liver, promotes hepatic lipogene-
sis (Long et al., 2019). Miravirsen is an antisense oligonucleo-
tide drug inhibiting miR-122 for hepatitis C treatment (Israelow
et al., 2014). Miravirsen has also been shown to improve liver
steatosis and reduce cholesterol levels (Esau et al., 2006).

Concluding remarks and perspectives
Rapid development in epigenomic technology and the in-

creasing body of epigenomic data offer unprecedented oppor-
tunities to delineate how the interplay between genetic,
environmental, and epigenetic components regulates energy
metabolism in obesity and T2DM. Signatures of epigenetic
markers including DNA methylation, histone modification, and
ncRNAs are found to be associated with obesity. There is also
substantial evidence demonstrating that epigenetic mecha-
nisms play causal roles in the development of obesity and
T2DM. Identification of metabolites as regulators of epigenetic
factors such as HATs, HMTs, and sirtuins makes it possible to
design small-molecule drugs to modulate epigenetic factor ac-
tivity for obesity and T2DM treatment. The advancement of our
understanding in epigenetic regulation of energy metabolism
also represents several challenges. Many epigenetic regulators
are important for development. It is less clear from studies us-
ing knockout mouse models whether the effects of the epige-
netic factors on energy metabolism are developmental or
physiological. Studying knockout in adult mice using inducible
cre recombinase will avoid secondary effects of development
and provide significant insights into the physiological roles of
epigenetic factors in regulating energy metabolism.
Additionally, the epigenetic factors such as HATs and HMTs of-
ten form large regulatory complexes. For drug development, it
is important to understand whether the effects of histone modi-
fiers on energy metabolism are caused by altered enzyme activ-
ity or disruption of the regulatory complexes. Furthermore,
epigenetic factors regulate a broad spectrum of target genes,
often in a tissue-specific manner. Understanding the mecha-
nisms by which epigenetic factors regulate metabolic gene ex-
pression is essential to selectively target the epigenetic
machinery for obesity treatment while avoiding adverse effects.
Finally, studies need to elucidate how life styles such as diet

and exercise alter epigenetic factor activity and how the altered
epigenetic factors regulate energy metabolism at the molecu-
lar, cellular, organ, and whole-body levels. It is also key to de-
termine which observations in animal models can be translated
to humans. Despite these challenges, ultimately, in the postge-
nomic era, the integration of genomic and epigenomic land-
scapes will not only deepen our understandings of molecular
mechanisms for energy metabolism, but may also lead to the
identification of novel strategies for treating obesity and T2DM.
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