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Brown and beige adipose tissues regulate body energy expenditure through
adaptive thermogenesis, which converts energy into heat by oxidative
phosphorylation uncoupling. Although promoting adaptive thermogenesis has
been demonstrated to be a prospective strategy for obesity control, there are
few methods for increasing adipose tissue thermogenesis in a safe and effective
way. Histone deacetylase (HDAC) is a category of epigenetic modifying enzymes
that catalyzes deacetylation on both histone and non-histone proteins. Recent
studies illustrated that HDACs play an important role in adipose tissue
thermogenesis through modulating gene transcription and chromatin
structure as well as cellular signals transduction in both deacetylation
dependent or independent manners. Given that different classes and subtypes
of HDACs show diversity in the mechanisms of adaptive thermogenesis
regulation, we systematically summarized the effects of different HDACs on
adaptive thermogenesis and their underlying mechanisms in this review. We also
emphasized the differences among HDACs in thermogenesis regulation, which
will help to find new efficient anti-obesity drugs targeting specific
HDAC subtypes.
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1 Introduction

Obesity and related metabolic disorders are established risk factors for multiple non-
communicable diseases (NCDs) such as type 2 diabetes mellitus, fatty liver disease,
hypertension and stroke, thereby impairing patients’ quality of life and life expectancy
and creating a great economic burden on society (1-3). A disturbance of energy
homeostasis is the primary cause of obesity. When energy intake exceeds usage, obesity
and its comorbidities develop. However, conventional interventions on calorie intake are
poorly effective and easily promote weight regain due to the intricate and persistent
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metabolic adaptations defending against weight loss in the body (3-
5). Hence, alternative strategies based on increasing energy
expenditure to remodify metabolic efficiency in key metabolic
organs are urgently needed.

Adipose tissue plays a pivotal role in the development of obesity
(6, 7). There are two general types of adipose tissue in mammals:
white adipose tissue (WAT) and brown adipose tissue (BAT). Each
is composed of functionally and morphologically distinct adipocyte
populations. While the main function of WAT is to store energy as
triglycerides in unilocular white adipocytes, brown adipocytes
within BAT characterized by multilocular lipid droplets and an
abundance of mitochondria dissipate energy in the form of heat
through adaptive thermogenesis (8). Adaptive thermogenesis is
primarily supported by uncoupling protein 1 (UCP1), which is
uniquely expressed within the inner membrane of mitochondria in
brown adipocytes. UCP1 is a dimer composed of two 32 kDa
subunits that forms a proton leak to uncouple oxidative
phosphorylation and generates heat as a by-product (9-11).

Specific stimuli, for instance, cold exposure, not only promote
thermogenic capacity as well as the differentiation of brown
adipocytes but also induce a kind of brown-like adipocyte in
WAT named beige adipocytes (12, 13). Although beige and
brown adipocytes have similar thermogenic capacity and
morphological features, the two types of adipocytes have
significantly different localization and origin (Figure 1) (8, 14, 15).

As the major forms of adaptive thermogenesis, brown adipose
tissue thermogenesis and white adipose beigeing are proved
effective to defense against metabolism disorder induced by
obesity in both human and rodents. Results of positron emission
tomography/computed tomography examinations confirmed that
fluorodeoxyglucose-detected brown adipose tissue content is
negatively associated with age, BMI and diabetes status in adult
volunteers (16). In diet induced obesity (DIO) mouse models,
activation of BAT by cold exposure or 33-adrenoceptor activator
also increased the insulin sensitivity of peripheral tissues and
reduced ectopic lipid deposition in the liver (17, 18). On the
other hand, the beigeing of WAT regulates energy homeostasis
not merely through promoting thermogenesis, but also by
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ameliorating obesity induced fibrosis, hypoxia and insulin
resistance in adipose tissue (19). Furthermore, beige adipocytes
have a distinct developmental lineage from brown adipocytes,
ensuring WAT beigeing a broader application prospect in obesity
treatment in populations with low BAT content, particularly the
elderly (20).

In view of the rising obesity epidemic, mechanisms regulating
adaptive thermogenesis are of significant importance for the
treatment of obesity and related metabolism disorders (21).
Nevertheless, common adipose thermogenesis promoters
involving sympathetic nervous system activation like thyroxin
and noradrenaline lack tissue specificity, and their side effect of
multi-system sympathetic excitement makes the risks far outweigh
the benefits (22, 23). Extensive exploration of safe and effective
agents promoting adipose tissue thermogenesis is still
eagerly required.

Recent studies have shown the critical role of histone
deacetylases (HDACs) in obesity pathology. HDACs are
responsible for lysine residue deacetylation of a wide range of
both histone and non-histone proteins, and have been involved in
various biological processes, including adaptive thermogenesis (24).
In this review, we discuss both transcriptional and non-
transcriptional regulation of adaptive thermogenesis by HDACs
along with their underlying mechanisms, with specific emphasis on
the disparate roles among HDAC subtypes. We also highlight the
effects of HDAC inhibitors on adaptive thermogenesis.

2 Overview of histone deacetylases

It has long been recognized that histone acetylation
neutralizes the positively charged lysine residues of the histone
N termini, which could induce nucleosomes to unfold, thus
opening the transcription of specific genes and enhancing their
expression level (25). Since Taunton et al. named the first histone
deacetylase HDACI in 1996, a total of 18 different HDACs
categorized into 4 classes have been identified in mammals so
far (Table 1) (26).
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FIGURE 1

A brief view on thermogenic adipocyte differentiation. Brown adipocytes arise from Myf5"Pdgfra* mesenchymal precursors, while white and beige
preadipocytes develop from Myf5 Pdgfro” mesenchymal precursors. Specific stimuli can induce beige-white adipocyte phenotype switch in WAT.

Smooth muscle-like precursor cells can also give arise to beige adipocytes.
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TABLE 1 Overview of existing 18 different HDACs.
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Class Subtype Subcellular Location Structural Feature
HDACI Nucleus Zn**-dependent
HDAC2 Nucleus and cytoplasm Zn**-dependent

: HDAC3 Nucleus and cytoplasm Zn**-dependent
HDACS8 Nucleus and cytoplasm Zn**-dependent
HDAC4 Nucleus and cytoplasm Zn**-dependent
HDAC5 Nucleus and cytoplasm Zn**-dependent

. HDAC7 Nucleus and cytoplasm Zn**-dependent
HDACY Nucleus Zn**-dependent
HDAC6 Cytoplasm and nucleus Zn**-dependent

e HDACI10 Cytoplasm and nucleus Zn**-dependent
SIRT1 Nucleus and cytoplasm NAD"-dependent
SIRT2 Cytoplasm and nucleus NAD"-dependent
SIRT3 Mitochondrion matrix and cytoplasm NAD"-dependent

I SIRT4 Mitochondrion matrix NAD"-dependent
SIRT5 Mitochondrion, cytoplasm and nucleus NAD"-dependent
SIRT6 Nucleus and endoplasmic reticulum NAD"-dependent
SIRT7 Nucleus and cytoplasm NAD"-dependent

v HDACI11 Nucleus Zn**-dependent

To play their role in histone deacetylation, HDACs are required
to be located in the nucleus, where their predominant substrate can
be found. Many HDACs, however, have been found to be expressed
in cellular components other than the nucleus. Class I HDACs
(HDAC-1, -2, -3, -8) and Class IV HDACs (HDACI1) mainly
express in the nucleus, and class IIb HDACs (-6, —10) distribute in
the cytoplasm. Class ITa HDACs (-4, -5, -7, =9) can shuttle between
the nucleus and cytoplasm, while class IIIl HDACs, namely NAD"
dependent Sirtuin deacetylase (SIRT1-7) spread in different cell
components (27).

It is demonstrated that the nuclear translocalization of
HDACs could be induced through a nuclear localization signal
(NLS) or by colocalization with other proteins. However, some
HDACs lack NLS and could only be located in the cytoplasm (28).
Further research uncovered that lysine acetylation is a
widespread protein post-translational modification happening
on both histone and non-histone proteins (24). Indeed, mass
spectrometry-based studies proved that HDACs are also
responsible for non-histone protein deacetylation, which
involves various cellular processes relevant to physiology and
disease, such as cell division, signal transduction and metabolism
(24, 29). Therefore, more and more efforts have been made
to explain the relationship between HDACs and different
biological processes and the underlying mechanisms so as to
seek valuable therapeutic strategies for tumors, metabolic
diseases, cardiovascular diseases, et al. (30-33).
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3 Histone deacetylases in
adaptive thermogenesis

After Gao et al. provided sodium butyrate (a pan-HDAC
inhibitor) as dietary supplementation to DIO mice and first
reported the anti-insulin resistance along with the BAT
thermogenesis promoting effects of sodium butyrate in 2009, an
increasing number of explorations have been made to illustrate the
regulatory effects of HDACs on adaptive thermogenesis and their
underlying mechanisms (34-36). Available evidence supports the
notion that HDACs are capable of affecting both brown adipose
tissue thermogenesis and white adipose tissue beigeing. The
mechanisms of HDACs regulating adaptive thermogenesis involve
transcriptional as well as non-transcriptional control.

3.1 Direct transcriptional control of
adaptive thermogenesis

3.1.1 Regulation on transcription factors
Transcription factors are significant participants in the process
of transcription initiation. Transcriptional factors involving in
biological processes including adipogenesis, lipolysis, oxidative
phosphorylation (OXPHOS) and et al. coregulate adipose tissue
thermogenesis. To date, HDACs have been shown to affect adipose
tissue thermogenesis by adjusting two main transcription factors—
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PRDM16 [PRDI-BFI (positive regulatory domain I-binding factor
1) and RIZ1 (retinoblastoma protein-interacting zinc finger gene 1)
homologous domain containing protein 16] and PGC-la
(Peroxisome proliferators-activated receptor y coactivator lo)
through acetylation and non-acetylation ways.

In mouse primary brown adipocytes, immunoprecipitation
assays demonstrated that HDAC3 directly interacts with
PRDM16, a key protein regulating adipose differentiation (37,
38). PRDM16 promotes adaptive thermogenesis gene expression
through interactions not only with various related transcription
factors such as PPARY, PGC-1a, ZFP516 et al., but also with several
small noncoding RNAs (miRNAs) participating in adipocyte
differentiation (38). The treatment of HDAC3-selective inhibitor
RGFP966 increased the expression of thermogenic proteins such as
UCP1 in primary mouse brown adipocytes, and this induction was
blunted in adipocytes isolated from Prdm16 knockout mice, which
suggests that the regulation of thermogenesis in brown adipocytes
by HDACS3 is closely related to the function of PRDM16 (37). In
addition, SIRT1 is also found to induce the deacetylation of Lys268
and 293 sites of PPARY, which recruits more PRDM16 binding to
PPARY and promotes white adipose beigeing (39).

PGC-1a is one of the major transcription factors regulating
mitochondrial biogenesis along with oxidative phosphorylation,
thus playing an important role in brown and beige adipogenesis
(40). In mouse brown adipose tissue, HDAC3 activates PGC-1a
through both deacetylation and upregulation protein expression to
coactivate ERRo. (Oestrogen-related receptor o), which triggers the
transcriptional loop of Ucpl, and other OXPHOS genes (41). It has
also been shown that in pre-brown adipocytes isolated from mice,
SIRT6 could interact with phosphorylated activating transcription
factor 2 (ATF2) and induce p-ATF2 binding to the Pgc-Ic
promoter, thus enhancing PGC-1o. expression. Adipose-specific
Sirt6 knockout mice developed an obesity, insulin resistance and
severe fatty liver phenotype due to impaired white and brown
adipose tissue adaptive thermogenesis (42). In HIB-1B pre-brown
adipocytes, overexpression of Sirt3, another member of the Sirtuin
family, has also been shown to promote the protein expression of
PGC-1o and UCP1 (43). Conversely, overexpression of Pgc-1¢t in
HIB-1B pre-adipocytes similarly upregulated the protein levels of
SIRT3 and UCP1. However, overexpression of Pgc-I¢r in Sirt3
silenced mouse embryonic fibroblasts but failed to induce the
expression of thermogenic genes such as Ucpl (44). The evidence
above indicates the fact that SIRT3-PGC-10. interaction is integral
for PGC-1a. to regulate the browning process, which is critical for
brown adipose tissue thermogenesis.

3.1.2 Regulation on chromatin remodeling

Chromatin remodeling is an important component of pre-
transcriptional regulation. There are two common forms of
chromatin remodeling: covalent modification of histones and
ATP-dependent chromatin remodeling. Ample evidence supports
the idea that HDACs play essential roles in chromatin remodeling
and thereby affect adaptive thermogenesis.

Histone covalent modification usually occurs at terminal
residues and includes the forms of methylation, acetylation,
phosphorylation and ubiquitination (45). HDACs perform the

Frontiers in Endocrinology

10.3389/fendo.2023.1124408

inhibitory effect on transcription process mainly through
deacetylating e-amino on the side-chain of lysine residues in
histones (27). Data from Ferrari et al. showed that adipose-
specific knockout of Hdac3 promotes the production of
multilocular beige adipocytes in the inguinal white adipose tissue
of C57/BL6 mice, and this process was induced by the increase of
histone 3 lysine 27 (H3K27) acetylation in the Ppary enhancer
region. Moreover, acetyl coenzyme A required for H3K27
acetylation could be provided by boosted cleavage of citrate and
fatty acid B-oxidation triggered by Hdac3 silence (46). Similar to
HDAC3, HDAC1 is another HDAC from Class I that has an
inhibitory effect on adaptive thermogenesis. In a 7-day cold
exposure test on A/] mice, researchers found blunted Hdacl gene
expression in contrast to increasing Ucpl gene expression in
interscapular brown adipose tissue. Further study demonstrated
that in mice brown adipose tissue treated with PB3-adrenergic
agonist, HDACI dissociates from promoter regions of Ucpl and
Pgc-1o,, and at the same time recruits lysine-specific demethylase
6A/ubiquitously transcribed tetratricopeptide repeat on
chromosome X (KDM6A/UTX) to these promoter regions,
causing a high level of H3K27 acetylation along with an impaired
level of H3K27 trimethylation, which activates the transcription of
Ucpl and Pge-1a, and subsequently promoting brown adipose
tissue thermogenesis (47). Moreover, the Sirtuin family member
SIRT3 has recently been shown to be an inhibitor of mitochondrial
calcium overload via a mechanism of lowering the H3K27ac level
on the mitochondrial calcium uniporter (MCU) promoter in an
AMPK-dependent manner, thereby preventing obesity or age-
related whitening of brown adipose tissue (48).

The chromatin remodeling complex is a vital tool for the physical
modification of chromatin. Chromatin remodeling complexes alter
the binding state of histones to DNA in an ATP-dependent manner
by interacting with chromatin, making DNA-binding proteins more
accessible to nucleosomal DNA for transcription. In this process,
enzymes responsible for histone modification usually work together
with chromatin remodeling complexes (49). BRD2, a member of the
BET family, has been shown to process chromatin regulatory activity
similar to that of the chromatin remodeling complex (50).
Meanwhile, by electively recognizing acetyl lysine, BRD2 could
significantly suppress brown adipocyte differentiation. HDACI1
was observed to directly interact with the ET region of the BRD2
protein. In pre-HIB1B brown adipocytes, overexpression of HdaclI
impaired the acetylation of Ucpl enhancer H3K27, thus inhibiting the
gene transcription of Ucpl. Silencing Brd2 blunted the inhibitory
effect of Hdacl1 overexpression on thermogenesis in HIB1B brown
adipocytes and, in the meantime, increased the expression of adipose
differentiation-related proteins PPARy and C/EBPo. and promoted
brown adipocyte differentiation, which suggested that HDAC11 may
inhibit the thermogenic effect of adipose tissue through BRD2 (51).

3.2 Other regulation of
adaptive thermogenesis

Recently, studies have begun to focus on the role of HDAC:s in
areas other than histone deacetylation and transcriptional
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regulation. Certain evidence suggests that HADCs regulate cell
signaling transduction by regulating multiple proteins involved in
adipocyte function, thereby influencing adaptive thermogenesis.

In adipocytes, signals of B3-adrenergic receptor ($3-AR)
activation could be transduced by Gs proteins and the cyclic
adenosine monophosphate (cAMP)-protein kinase A (PKA)
pathway, hence promoting the expression of UCP1 for
thermogenesis (52). It was shown that Hdac6 knockdown
significantly downregulated the expression of cAMP and UCP1 in
mouse brown adipose tissue and impaired brown adipose tissue
thermogenesis. Treating primary brown adipocytes isolated from
Hdac6 knockout mice and cultured in vitro with forskolin (an
activator of cAMP) rescued the expression of UCP1, which suggests
that the effects of HDAC6 on adaptive thermogenesis are closely
associated with the cAMP-PKA pathway (53).

Other than acetyl, many HDACs exhibit substrate specificity for
other acyl groups. Gravin-o/A kinase-anchoring protein 12 is a
kind of cytoplasmic scaffolding protein. Lysine myristoylation of
gravin-o. drives B-ARs to lipid raft membrane microdomains,
which triggers PKA pathway activation and downstream
thermogenic gene expression (54). Gravin-o. was recently defined
as the second HDACI1 substrate to demyristoylation, and
HDACI1-mediated gravin-o. demyristoylation was found in both
murine and human adipose tissue, indicating a role for HDACI11 in
adipocyte adrenergic signal transduction independent of
deacetylation activity (55).

Fibroblast growth factor 21 (FGF21), a member of the fibroblast
growth factor family, is a hormone secreted by multiple tissues,
including liver and adipose tissue. FGF21 has the function of
promoting fatty acid oxidation and enhancing adaptive
thermogenesis (56, 57). Hdac9 knockout mice showed increasing
FGF21 expression in subcutaneous white adipose tissue as well as a
higher percentage of beige adipocytes and an ascending energy
output (58). However, there is also evidence suggesting that the
effect of HDACY on adipocyte differentiation may not be dependent
on the deacetylation activity of HDAC9 (59). Further studies are
required to determine the mechanism by which HDAC9 promotes
FGF21 expression and white adipose tissue beigeing.

Aging is another important contributor to impaired adipose
tissue thermogenesis and the development of obesity. The process
of aging involves various signaling pathways, especially the p53/p21

TABLE 2 HDACS in adaptive thermogenesis.

10.3389/fendo.2023.1124408

pathway (60). Vuong et al. isolated adipose tissue-derived
mesenchymal stem cells (AT-MSCs) from infants and older
volunteers (70 to 80 years old) and attempted to differentiate
them into beige adipocytes in vitro using differentiation media.
The results showed that AT-MSCs from elder volunteers exhibited
an obviously weaker ability to be induced into beige adipocytes as
well as lower expression of the SIRT1 protein than the infant group.
In contrast, overexpression of the Sirtl gene in AT-MSCs could
improve the ability of AT-MSCs from elder volunteers to
differentiate into beige adipocytes and, at the same time, down-
regulate p53/p21 pathway-related protein expression, which
indicates that the impaired ability of white adipose tissue to beige
in the elderly is closely related to SIRT1 and its regulation of the
p53/p21 pathway (61).

Chronic inflammation in adipose tissue caused by obesity is
widely regarded as a major contributor to impaired adaptive
thermogenesis (62). Moderate Sirtl overexpression rescued
insulin sensitivity as well as thermogenic-related responses in
brown adipose tissue in C57/BL6 mice injected with a low dose of
bacterial lipopolysaccharide (LPS) to mimic endotoxemia. In vitro,
Sirt]l overexpression in primary murine brown adipocytes exposed
to a macrophage-derived pro-inflammatory conditioned medium
consistently promoted mitochondrial respiration, fatty acid
oxidation, and norepinephrine-mediated UCP-1 expression,
indicating that targeting SIRT1 may have a therapeutic value in
the treatment of inflammation-induced thermogenesis
deficiency (63).

3.3 The multifaceted role of HDACs in
adaptive thermogenesis

As noted above, different classes and subtypes of HDACs show
certain complexity and diversity in their effects and underlying
mechanisms of adipose tissue thermogenesis regulation
(Table 2; Figure 2).

Class I and IV HDACs are widely recognized as adaptive
thermogenesis molecular breaks. In research performed by
Galmozzi et al, 2-week treatment with the pan-class I HDAC
inhibitor MS-275 promoted white adipose tissue beigeing and
improved oxygen consumption as well as energy output, thus

HDAC - o
Key Findings Citation
Subtype
HDACI dissociates from UCP1 and PGC-10. promoters in brown thermogenic program, leading to increased H3K27 acetylation and
HDAC1 (47)
decreased H3K27me3 levels of these promoters.
HDACS3 suppresses white adipose tissue beigeing process by deacetylating H3K27 on PPARy and UCP1 enhancers. (46)
HDAC3
HDAC3 suppresses brown adipocyte thermogenesis by interacting with PRDM16 directly. (37)
HDACS3 activates PGC-10 through both deacetylation and upregulation protein expression to coactivate ERRa;, which help maintain the 1)
capacity for thermogenesis in brown adipose.
HDAC6 HDAC6 promotes brown adipose tissue thermogenesis through cAMP-PKA pathway. (53)
(Continued)
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TABLE 2 Continued

Key Findings

10.3389/fendo.2023.1124408

Citation

HDACSY gene deletion prevents HFD induced FGF21 downregulation and promotes subcutaneous adipose beigeing independent of its
HDAC9 deacetylase enzymatic (58, 59)
activity.
HDACI1 suppresses expression of UCP1 and PGC-1a. in brown adipocytes and negatively regulates thermogenesis by physical association 1)
with BRD2.
HDACI1
HDACI11-mediated gravin-o. demyristoylation drives B-ARs to lipid raft membrane microdomains, thus triggering PKA pathway activation 55)
and downstream thermogenic gene expression.
SIRT1 promotes white adipose beigeing by deacetylating PPARY on Lys268 and Lys293 and recruiting PRDM16 to PPARY. (39)
SIRT1 overexpression restored the beige differentiation ability by impairing p53/p21 pathway in adipose tissue mesenchymal stem cells 1)
SIRT1 from elderly donors.
Moderate SIRT1 overexpression rescued inflammation induced thermogenesis deficiency in both primary brown adipocytes and mice (63)
brown adipose tissue.
SIRT3 promotes brown adipose tissue thermogenesis by elevating PGC-1c. and UCP-1 expression. (43)
SIRT3 SIRT3 expression is controlled by PGC-1c and this action is an essential component of PGC-1a. induced brown adipocyte differentiation. (44)
SIRT3 inhibites mitochondrial calcium overload through reducing H3K27ac level on the Mcu promoter in an AMPK-dependent manner, 48)
thus preventing obesity or age related whitening of brown adipose tissue
SIRT6 promotes brown adipose tissue thermogenesis and white adipose tissue beigeing by recruiting and interacting with phospho-ATEF2 to )
activate PGC-10. expression.
SIRT6
SIRT6 absence in adipocytes impairs the thermogenesis ability as well as the p38 MAPK/ATF2 signaling of adipose tissue under (64)
intermittent fasting.
SIRT3—remlition __pe g
—_— ng
1-11)1\c14>nI H3K27 HDACH] . Demrisoyiaton "
HDAC3— 22U _pppmis  Nucleus ' = Nucleus = gery Deacetylation o
HDACI = p6c 1 6 kg DI 55 MAPRATr?
HDACI|—aerction_ gppyy \ @ ’ e
HDAC] | --- 200 Gravin o
SIRTG——eretion ) ATE2 \ sviodl
Cytoplasm' ‘ ytoplasm STl e
Rescue Inflammation induced
SIRT] ——> thermogenesis deficiency Brown Beige
HpACe—Aoiaton calbPA Adipocyte Adipocyte
FIGURE 2
HDACs in adaptive thermogenesis. HDACs located in various cellular components orchestrate adaptive thermogenesis.

ameliorating insulin resistance and ectopic fat deposition in the
liver of db/db mice (65). Similarly, in diet-induced obesity (DIO)
mice, they further validated that MS-275 treatment decreased the
body weight and white adipose tissue volume, better maintained the
core body temperature during cold exposure and significantly
increased the expression of UCP1 in both white and brown
adipose tissue (66). Also, the capacity of MS-275 to modulate
H3K27 acetylation on enhancer regions regulating Ppary and
Ucpl genes was confirmed in C3H/10T1/2 adipocytes
differentiated in vitro (67). The only member of class IV HDAC
is HDACI11. In DIO mice, HDACI11 absence was also shown to
promote brown adipose tissue thermogenesis and white adipose

Frontiers in Endocrinology

tissue beigeing and ameliorate high-fat-induced obesity. Unlike
other classes of HDACs, the deacetylation activity of class IV
HDAC is relatively weak, and as such, HDACI1 inhibitors might
have a greater prospective in obesity treatment because of their
relatively fewer side effects (51, 55).

Different from class I and IV HDAGCs, class III HDACs (the
Sirtuin family) are usually promoters of adaptive thermogenesis.
SIRT1, 3, and 6 have been proven to be capable of increasing brown
adipose tissue thermogenesis and improving insulin resistance in
DIO mice (42-44, 68). While SIRT1 and 6 could also improve
obesity-related metabolic disorders in DIO mice by promoting
white adipose tissue beigeing (39, 42, 64).
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However, the effect of class II HDACs on adipose tissue
thermogenesis is not uniform. Though treatment with the pan-
class I HDACs inhibitor MC-1568 reduced the expression of the
Ucpl gene in pre-HIB-1B brown adipocytes, existing evidence
shows that the regulation of adaptive thermogenesis by class II
HDAC: varies according to different subtypes (69). As previously
mentioned, Hdac6 knockdown significantly downregulated cAMP
and UCPI1 expression in mouse brown adipose tissue, whereas
Hdac9 absence promoted subcutaneous adipose tissue UCP1
expression in DIO mice by increasing FGF21 levels (53, 58).
Fenfen et al. silenced Hdacl to Hdacll using siRNA in HIB-1B
pre-brown adipocytes, and the results showed that Hdacé, 7, and 10
knockdown caused a slight decrease in Ucpl gene expression, while
Hdac5 and 9 knockdown upregulated UcpI gene expression, which
might be explained by these HDACs possessing different target
proteins and modification positions (47). There is also another
hypothesis that class T HDACs (HDAC4-7, 9) are a class of pseudo-
enzymes, for class II HDACs only have weak or even no
deacetylation activity of their own and rely mainly on the
recruitment of class I HDACs to complete the deacetylation
reaction (70). Hence, the regulation of adipose tissue
thermogenesis by class II HDACs may be dependent on their
non-deacetylation functions (59). But no available evidence could
confirm this idea directly.

4 Conclusion and perspectives

In recent years, the roles of HDAC:s in regulating adipose tissue
thermogenesis and their underlying mechanisms have made
remarkable progress and are causing increasing concern.
However, there are still some issues that require further
exploration. Firstly, most of the studies are at in vitro or animal
levels, and the effect of HDACs on the regulation of adipose tissue
thermogenesis is not yet supported by sufficient clinical trials.
Although several clinical studies have been conducted on the
application of HADC-based drugs in metabolic diseases such as
obesity, there is still a long way to go from lab research to clinical
use (71).

Secondly, although evidence suggests that several HDAC-based
drugs, such as the HDAC inhibitor sodium phenylbutyrate, SAHA
and the SIRT agonist resveratrol can significantly improve adipose
tissue distribution and peripheral tissue insulin sensitivity in obesity
patients, whether these therapeutic effects are thermogenesis-
related remains to be further investigated (72-74).

Furthermore, the regulation of adipose thermogenesis differs
among different classes of HDACs, and even different subtypes of
HDACs in the same class have distinct effects on adaptive
thermogenesis. Therefore, specific HDAC-targeting drugs based
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on subtypes can not only attenuate or eliminate the possible
adverse effects caused by pan-HDAC inhibition, such as
thrombocytopenia, nausea, and fatigue, but also promote adaptive
thermogenesis effectively. Judging from this, searching for safe and
efficient drugs targeting different HDAC subtypes to modulate
adaptive thermogenesis will remain a key issue to be explored in
the future.

In conclusion, targeting HDACs has a great potential to be an
effective therapeutic strategy for obesity and related metabolic
disorders. However, further in-depth studies are still eagerly required
to fully elucidate the role of HDACs in adaptive thermogenesis.

Author contributions

RZ interpreted the data and wrote a draft of this manuscript. YC
and YX assisted in the interpretation of the data. WS and PF
contributed to the design of the study and revision of this
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (grant numbers 81873060 and 81473391)
and the open projects of the discipline of Chinese Medicine of
Nanjing University of Chinese Medicine supported by the subject of
academic priority discipline of Jiangsu Higher Education
Institutions (ZYX03KF058).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1124408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

References

1. Blither M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol
(2019) 15(5):288-98. doi: 10.1038/s41574-019-0176-8

2. Voruganti VS. Precision nutrition: Recent advances in obesity. Physiol (Bethesda)
(2023) 38(1): doi: 10.1152/physiol.00014.2022

3. Greenway FL. Physiological adaptations to weight loss and factors favouring
weight regain. Int ] Obes (Lond) (2015) 39(8):1188-96. doi: 10.1038/1j0.2015.59

4. Busetto L, Bettini S, Makaronidis J, Roberts CA, Halford JCG, Batterham RL.
Mechanisms of weight regain. Eur ] Intern Med (2021) 93:3-7. doi: 10.1016/
j.€jim.2021.01.002

5. van Baak MA, Mariman ECM. Mechanisms of weight regain after weight loss -
the role of adipose tissue. Nat Rev Endocrinol (2019) 15(5):274-87. doi: 10.1038/
541574-018-0148-4

6. Auger C, Kajimura S. Adipose tissue remodeling in pathophysiology. Annu Rev
Pathol (2022) 18:71-93. doi: 10.1146/annurev-pathol-042220-023633

7. Sakers A, De Siqueira MK, Seale P, Villanueva CJ. Adipose-tissue plasticity in
health and disease. Cell (2022) 185(3):419-46. doi: 10.1016/j.cell.2021.12.016

8. Shapira SN, Seale P. Transcriptional control of brown and beige fat development
and function. Obes (Silver Spring) (2019) 27(1):13-21. doi: 10.1002/0by.22334

9. Demine S, Renard P, Arnould T. Mitochondrial uncoupling: A key controller of
biological processes in physiology and diseases. Cells (2019) 8(8):795. doi: 10.3390/
cells8080795

10. Kazak L, Chouchani ET, Jedrychowski MP, Erickson BK, Shinoda K, Cohen P,
etal. A creatine-driven substrate cycle enhances energy expenditure and thermogenesis
in beige fat. Cell (2015) 163(3):643-55. doi: 10.1016/j.cell.2015.09.035

11. Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, Homma M, et al. UCP1-
independent signaling involving SERCA2b-mediated calcium cycling regulates beige
fat thermogenesis and systemic glucose homeostasis. Nat Med 23(12):1454-65.
doi: 10.1038/nm.4429

12. Lee Y-H, Petkova AP, Konkar AA, Granneman JG. Cellular origins of cold-
induced brown adipocytes in adult mice. FASEB ] (2015) 29(1):286-99. doi: 10.1096/
.14-263038

13. Kaisanlahti A, Glumoff T. Browning of white fat: agents and implications for
beige adipose tissue to type 2 diabetes. J Physiol Biochem (2019) 75(1):1-10.
doi: 10.1007/s13105-018-0658-5

14. Wu ], Bostrém P, Sparks LM, Ye L, Choi JH, Giang A-H, et al. Beige adipocytes
are a distinct type of thermogenic fat cell in mouse and human. Cell (2012) 150(2):366—
76. doi: 10.1016/j.cell.2012.05.016

15. LongJZ, Svensson K]J, Tsai L, Zeng X, Roh HC, Kong X, et al. A smooth muscle-
like origin for beige adipocytes. Cell Metab (2014) 19(5):810-20. doi: 10.1016/
j.cmet.2014.03.025

16. Ouellet V, Routhier LA, Bellemare W, Lakhal CL, Turcotte E, Carpentier AC,
et al. Outdoor temperature, age, sex, body mass index, and diabetic status determine the
prevalence, mass, and glucose-uptake activity of 18F-FDG-detected BAT in humans. |
Clin Endocrinol Metab (2011) 96(1):192-9. doi: 10.1210/jc.2010-0989

17. Rui L. Brown and beige adipose tissues in health and disease. Compr Physiol
(2017) 7(4):1281-306. doi: 10.1002/cphy.c170001

18. Peirce V, Vidal-Puig A. Regulation of glucose homoeostasis by brown adipose tissue.
Lancet Diabetes Endocrinol (2013) 1(4):353-60. doi: 10.1016/S2213-8587(13)70055-X

19. Kajimura S, Spiegelman BM, Seale P. Brown and beige fat: Physiological roles
beyond heat generation. Cell Metab (2015) 22(4):546-59. doi: 10.1016/
j.cmet.2015.09.007

20. Ahfeldt T, Schinzel RT, Lee YK, Hendrickson D, Kaplan A, Lum DH, et al.
Programming human pluripotent stem cells into white and brown adipocytes. Nat Cell
Biol (2012) 14(2):209-19. doi: 10.1038/ncb2411

21. Bastias-Perez M, Zagmutt S, Soler-Vazquez MC, Serra D, Mera P, Herrero L.
Impact of adaptive thermogenesis in mice on the treatment of obesity. Cells (2020) 9
(2):316. doi: 10.3390/cells9020316

22. Yau WW, Yen PM. Thermogenesis in adipose tissue activated by thyroid
hormone. Int ] Mol Sci (2020) 21(8):3020. doi: 10.3390/ijms21083020

23. Zhu Q, Glazier BJ, Hinkel BC, Cao J, Liu L, Liang C, et al. Neuroendocrine
regulation of energy metabolism involving different types of adipose tissues. Int ] Mol
Sci (2019) 20(11):2707. doi: 10.3390/ijms20112707

24. Narita T, Weinert BT, Choudhary C. Functions and mechanisms of non-histone
protein acetylation. Nat Rev Mol Cell Biol (2019) 20(3):156-74. doi: 10.1038/s41580-
018-0081-3

25. Grunstein M. Histone acetylation in chromatin structure and transcription.
Nature (1997) 389(6649):349-52. doi: 10.1038/38664

26. Taunton J, Hassig CA, Schreiber SL. A mammalian histone deacetylase related
to the yeast transcriptional regulator Rpd3p. Science (1996) 272(5260):408-11.
doi: 10.1126/science.272.5260.408

27. Milazzo G, Mercatelli D, Di Muzio G, Triboli L, De Rosa P, Perini G, et al.
Histone deacetylases (HDACs): Evolution, specificity, role in transcriptional

Frontiers in Endocrinology

10.3389/fendo.2023.1124408

complexes, and pharmacological actionability. Genes (Basel) (2020) 11(5):556.
doi: 10.3390/genes11050556

28. De Ruijter AJM, Van Gennip AH, Caron HN, Kemp S, van Kuilenburg ABP.
Histone deacetylases (HDACs): characterization of the classical HDAC family. Biochem
] (2003) 370(Pt 3):737-49. doi: 10.1042/BJ20021321

29. Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase
enzymes. Cold Spring Harb Perspect Biol (2014) 6(4):a018713. doi: 10.1101/
cshperspect.a018713

30. Bagchi RA, Weeks KL. Histone deacetylases in cardiovascular and metabolic
diseases. ] Mol Cell Cardiol (2019) 130:151-9. doi: 10.1016/j.yjmcc.2019.04.003

31. Kane AE, Sinclair DA. Sirtuins and NAD in the development and treatment of
metabolic and cardiovascular diseases. Circ Res (2018) 123(7):868-85. doi: 10.1161/
CIRCRESAHA.118.312498

32. Sun Y, Sun Y, Yue S, Wang Y, Lu F. Histone deacetylase inhibitors in cancer
therapy. Curr Top Med Chem (2018) 18(28):2420-8. doi: 10.2174/
1568026619666181210152115

33. Zhou M, Yuan M, Zhang M, Lei C, Aras O, Zhang X, et al. Combining histone
deacetylase inhibitors (HDACis) with other therapies for cancer therapy. Eur ] Med
Chem (2021) 226:113825. doi: 10.1016/j.ejmech.2021.113825

34. Gao Z, Yin ], Zhang J, Ward RE, Martin R]J, Lefevre M, et al. Butyrate improves
insulin sensitivity and increases energy expenditure in mice. Diabetes (2009) 58
(7):1509-17. doi: 10.2337/db08-1637

35. Sambeat A, Gulyaeva O, Dempersmier J, Sul HS. Epigenetic regulation of the
thermogenic adipose program. Trends Endocrinol Metab (2017) 28(1):19-31.
doi: 10.1016/j.tem.2016.09.003

36. Ong BX, Brunmeir R, Zhang Q, Peng X, Idris M, Liu C, et al. Regulation of
thermogenic adipocyte differentiation and adaptive thermogenesis through histone
acetylation. Front Endocrinol (Lausanne) (2020) 11:95. doi: 10.3389/
fendo.2020.00095

37. Liao J, Jiang ], Jun H, Qiao X, Emont MP, Kim D-I, et al. HDAC3-selective
inhibition activates brown and beige fat through PRDM16. Endocrinology (2018) 159
(7):2520-7. doi: 10.1210/en.2018-00257

38. Chi J, Cohen P. The multifaceted roles of PRDM16: Adipose biology and
beyond. Trends Endocrinol Metab (2016) 27(1):11-23. doi: 10.1016/j.tem.2015.11.005

39. Qiang L, Wang L, Kon N, Zhao W, Lee S, Zhang Y, et al. Brown remodeling of
white adipose tissue by SirT1-dependent deacetylation of ppary. Cell (2012) 150
(3):620-32. doi: 10.1016/j.cell.2012.06.027

40. Cheng CF, Ku HC, Lin H. PGC-1o. as a pivotal factor in lipid and metabolic
regulation. Int J Mol Sci (2018) 19(11):3447. doi: 10.3390/ijms19113447

41. Emmett MJ, Lim HW, Jager J, Richter HJ, Adlanmerini M, Peed LC, et al.
Histone deacetylase 3 prepares brown adipose tissue for acute thermogenic challenge.
Nature (2017) 546(7659):544-8. doi: 10.1038/nature22819

42. Yao L, Cui X, Chen Q, Yang X, Fang F, Zhang J, et al. Cold-inducible SIRT6
regulates thermogenesis of brown and beige fat. Cell Rep (2017) 20(3):641-54.
doi: 10.1016/j.celrep.2017.06.069

43. Shi T, Wang F, Stieren E, Tong Q. SIRT3, a mitochondrial sirtuin deacetylase,
regulates mitochondrial function and thermogenesis in brown adipocytes. J Biol Chem
(2005) 280(14):13560-7. doi: 10.1074/jbc.M414670200

44. Giralt A, Hondares E, Villena JA, Ribas F, Diaz-Delfin |, Giralt M, et al.
Peroxisome proliferator-activated receptor-gamma coactivator-lalpha controls
transcription of the Sirt3 gene, an essential component of the thermogenic brown
adipocyte phenotype. J Biol Chem (2011) 286(19):16958-66. doi: 10.1074/
jbc.M110.202390

45. Ramazi S, Allahverdi A, Zahiri J. Evaluation of post-translational modifications
in histone proteins: A review on histone modification defects in developmental and
neurological disorders. J Biosci (2020) 45:135.

46. Ferrari A, Longo R, Fiorino E, Silva R, Mitro N, Cermenati G, et al. HDAC3 is a
molecular brake of the metabolic switch supporting white adipose tissue browning. Nat
Commun (2017) 8(1):93-. doi: 10.1038/s41467-017-00182-7

47. Li F, Wu R, Cui X, Zha L, Yu L, Shi H, et al. Histone deacetylase 1 (HDACI1)
negatively regulates thermogenic program in brown adipocytes via coordinated
regulation of histone H3 lysine 27 (H3K27) deacetylation and methylation. J Biol
Chem (2016) 291(9):4523-36. doi: 10.1074/jbc.M115.677930

48. Gao P, Jiang Y, Wu H, Sun F, Li Y, He H, et al. Inhibition of mitochondrial
calcium overload by SIRT3 prevents obesity- or age-related whitening of brown adipose
tissue. Diabetes (2020) 69(2):165-80. doi: 10.2337/db19-0526

49. Krebs JE, Fry CJ, Samuels ML, Peterson CL. Global role for chromatin
remodeling enzymes in mitotic gene expression. Cell (2000) 102(5):587-98.
doi: 10.1016/s0092-8674(00)00081-7

50. Denis GV, McComb ME, Faller DV, Sinha A, Romesser PB, Costello CE.
Identification of transcription complexes that contain the double bromodomain
protein Brd2 and chromatin remodeling machines. J Proteome Res (2006) 5(3):502—
11. doi: 10.1021/pr050430u

frontiersin.org


https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1152/physiol.00014.2022
https://doi.org/10.1038/ijo.2015.59
https://doi.org/10.1016/j.ejim.2021.01.002
https://doi.org/10.1016/j.ejim.2021.01.002
https://doi.org/10.1038/s41574-018-0148-4
https://doi.org/10.1038/s41574-018-0148-4
https://doi.org/10.1146/annurev-pathol-042220-023633
https://doi.org/10.1016/j.cell.2021.12.016
https://doi.org/10.1002/oby.22334
https://doi.org/10.3390/cells8080795
https://doi.org/10.3390/cells8080795
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1038/nm.4429
https://doi.org/10.1096/fj.14-263038
https://doi.org/10.1096/fj.14-263038
https://doi.org/10.1007/s13105-018-0658-5
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1210/jc.2010-0989
https://doi.org/10.1002/cphy.c170001
https://doi.org/10.1016/S2213-8587(13)70055-X
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1038/ncb2411
https://doi.org/10.3390/cells9020316
https://doi.org/10.3390/ijms21083020
https://doi.org/10.3390/ijms20112707
https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.1038/38664
https://doi.org/10.1126/science.272.5260.408
https://doi.org/10.3390/genes11050556
https://doi.org/10.1042/BJ20021321
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1016/j.yjmcc.2019.04.003
https://doi.org/10.1161/CIRCRESAHA.118.312498
https://doi.org/10.1161/CIRCRESAHA.118.312498
https://doi.org/10.2174/1568026619666181210152115
https://doi.org/10.2174/1568026619666181210152115
https://doi.org/10.1016/j.ejmech.2021.113825
https://doi.org/10.2337/db08-1637
https://doi.org/10.1016/j.tem.2016.09.003
https://doi.org/10.3389/fendo.2020.00095
https://doi.org/10.3389/fendo.2020.00095
https://doi.org/10.1210/en.2018-00257
https://doi.org/10.1016/j.tem.2015.11.005
https://doi.org/10.1016/j.cell.2012.06.027
https://doi.org/10.3390/ijms19113447
https://doi.org/10.1038/nature22819
https://doi.org/10.1016/j.celrep.2017.06.069
https://doi.org/10.1074/jbc.M414670200
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1038/s41467-017-00182-7
https://doi.org/10.1074/jbc.M115.677930
https://doi.org/10.2337/db19-0526
https://doi.org/10.1016/s0092-8674(00)00081-7
https://doi.org/10.1021/pr050430u
https://doi.org/10.3389/fendo.2023.1124408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhou et al.

51. Bagchi RA, Ferguson BS, Stratton MS, Hu T, Cavasin MA, Sun L, et al. HDACI1
suppresses the thermogenic program of adipose tissue via BRD2. JCI Insight (2018) 3
(15):€120159. doi: 10.1172/jci.insight. 120159

52. Liu J, Wang Y, Lin L. Small molecules for fat combustion: Targeting obesity.
Acta Pharm Sin B (2019) 9(2):220-36. doi: 10.1016/j.apsb.2018.09.007

53. Jung S, Han M, Korm S, Lee S-I, Noh S, Phorl S, et al. HDAC6 regulates
thermogenesis of brown adipocytes through activating PKA to induce UCP1
expression. Biochem Biophys Res Commun (2018) 503(1):285-90. doi: 10.1016/
j.bbrc.2018.06.016

54. Havekes R, Canton DA, Park AJ, Huang T, Nie T, Day JP, et al. Gravin
orchestrates protein kinase a and 2-adrenergic receptor signaling critical for synaptic
plasticity and memory. J Neurosci (2012) 32(50):18137-49. doi: 10.1523/
JNEUROSCI.3612-12.2012

55. Bagchi RA, Robinson EL, Hu T, Cao J, Hong JY, Tharp CA, et al. Reversible
lysine fatty acylation of an anchoring protein mediates adipocyte adrenergic signaling.
Proc Natl Acad Sci U.S.A. (2022) 119(7):e2119678119. doi: 10.1073/pnas.2119678119

56. Geng L, Lam KSL, Xu A. The therapeutic potential of FGF21 in metabolic
diseases: from bench to clinic. Nat Rev Endocrinol (2020) 16(11):654-67. doi: 10.1038/
$41574-020-0386-0

57. Fisher FM, Maratos-Flier E. Understanding the physiology of FGF21. Annu Rev
Physiol (2016) 78:223-41. doi: 10.1146/annurev-physiol-021115-105339

58. Chatterjee TK, Basford JE, Knoll E, Tong WS, Blanco V, Blomkalns AL, et al.
HDACY knockout mice are protected from adipose tissue dysfunction and systemic
metabolic disease during high-fat feeding. Diabetes (2014) 63(1):176-87. doi: 10.2337/
db13-1148

59. Chatterjee TK, Basford JE, Yiew KH, Stepp DW, Hui DY, Weintraub NL. Role of
histone deacetylase 9 in regulating adipogenic differentiation and high fat diet-induced
metabolic disease. Adipocyte (2014) 3(4):333-8. doi: 10.4161/adip.28814

60. Krstic J, Reinisch I, Schupp M, Schulz TJ, Prokesch A. p53 functions in adipose
tissue metabolism and homeostasis. Int ] Mol Sci (2018) 19(9):2622. doi: 10.3390/
ijms19092622

61. Khanh VC, Zulkifli AF, Tokunaga C, Yamashita T, Hiramatsu Y, Ohneda O.
Aging impairs beige adipocyte differentiation of mesenchymal stem cells via the
reduced expression of sirtuin 1. Biochem Biophys Res Commun (2018) 500(3):682—-
90. doi: 10.1016/j.bbrc.2018.04.136

62. Villarroya F, Cereijo R, Gavalda-Navarro A, Villarroya J, Giralt M.
Inflammation of brown/beige adipose tissues in obesity and metabolic disease. ]
Internal Med (2018) 284(5):492-504. doi: 10.1111/joim.12803

63. Escalona-Garrido C, Vazquez P, Mera P, Zagmutt S, Garcia-Casarrubios E,
Montero-Pedrazuela A, et al. Moderate SIRT1 overexpression protects against brown

Frontiers in Endocrinology

09

10.3389/fendo.2023.1124408

adipose tissue inflammation. Mol Metab (2020) 42:101097. doi: 10.1016/
j.molmet.2020.101097

64. Wu D, Bang IH, Park B-H, Bae EJ. Loss of Sirt6 in adipocytes impairs the ability
of adipose tissue to adapt to intermittent fasting. Exp Mol Med (2021) 53(9):1298-306.
doi: 10.1038/512276-021-00664-1

65. Galmozzi A, Mitro N, Ferrari A, Gers E, Gilardi F, Godio C, et al. Inhibition of
class T histone deacetylases unveils a mitochondrial signature and enhances oxidative
metabolism in skeletal muscle and adipose tissue. Diabetes (2013) 62(3):732-42.
doi: 10.2337/db12-0548

66. Ferrari A, Fiorino E, Longo R, Barilla S, Mitro N, Cermenati G, et al. Attenuation
of diet-induced obesity and induction of white fat browning with a chemical inhibitor
of histone deacetylases. Int J Obes (Lond) (2017) 41(2):289-98. doi: 10.1038/
ijo.2016.191

67. Ferrari A, Longo R, Peri C, Coppi L, Caruso D, Mai A, et al. Inhibition of class I
HDAGCs imprints adipogenesis toward oxidative and brown-like phenotype. Biochim
Biophys Acta Mol Cell Biol Lipids (2020) 1865(4):158594. doi: 10.1016/
j.bbalip.2019.158594

68. Xu F, Zheng X, Lin B, Liang H, Cai M, Cao H, et al. Diet-induced obesity and
insulin resistance are associated with brown fat degeneration in SIRT1-deficient mice.
Obes (Silver Spring) (2016) 24(3):634-42. doi: 10.1002/0by.21393

69. Rajan A, Shi H, Xue B. Class I and IT histone deacetylase inhibitors differentially
regulate thermogenic gene expression in brown adipocytes. Sci Rep (2018) 8(1):13072-.
doi: 10.1038/s41598-018-31560-w

70. Lahm A, Paolini C, Pallaoro M, Nardi MC, Jones P, Neddermann P, et al.
Unraveling the hidden catalytic activity of vertebrate class Ila histone
deacetylases. Proc Natl Acad Sci U.S.A. (2007) 104(44):17335-40. doi: 10.1073/
pnas.0706487104

71. Arguelles AO, Meruvu S, Bowman JD, Choudhury M. Are epigenetic drugs for
diabetes and obesity at our door step? Drug Discovery Today (2016) 21(3):499-509.
doi: 10.1016/j.drudis.2015.12.001

72. Huang D-D, Shi G, Jiang Y, Yao C, Zhu C. A review on the potential of
resveratrol in prevention and therapy of diabetes and diabetic complications.
Biomedicine Pharmacotherapy (2020) 125:109767. doi: 10.1016/j.biopha.2019.109767

73. Xiao C, Giacca A, Lewis GF. Sodium phenylbutyrate, a drug with known
capacity to reduce endoplasmic reticulum stress, partially alleviates lipid-induced
insulin resistance and beta-cell dysfunction in humans. Diabetes (2011) 60(3):918-
24. doi: 10.2337/db10-1433

74. Ma J, Wang Y, Ding J, Zhang S, Yang Y, Sun C. SAHA induces white fat
browning and rectifies metabolic dysfunctions via activation of ZFPs. J Endocrinol
(2021) 249(3):177-93. doi: 10.1530/JOE-20-0472

frontiersin.org


https://doi.org/10.1172/jci.insight.120159
https://doi.org/10.1016/j.apsb.2018.09.007
https://doi.org/10.1016/j.bbrc.2018.06.016
https://doi.org/10.1016/j.bbrc.2018.06.016
https://doi.org/10.1523/JNEUROSCI.3612-12.2012
https://doi.org/10.1523/JNEUROSCI.3612-12.2012
https://doi.org/10.1073/pnas.2119678119
https://doi.org/10.1038/s41574-020-0386-0
https://doi.org/10.1038/s41574-020-0386-0
https://doi.org/10.1146/annurev-physiol-021115-105339
https://doi.org/10.2337/db13-1148
https://doi.org/10.2337/db13-1148
https://doi.org/10.4161/adip.28814
https://doi.org/10.3390/ijms19092622
https://doi.org/10.3390/ijms19092622
https://doi.org/10.1016/j.bbrc.2018.04.136
https://doi.org/10.1111/joim.12803
https://doi.org/10.1016/j.molmet.2020.101097
https://doi.org/10.1016/j.molmet.2020.101097
https://doi.org/10.1038/s12276-021-00664-1
https://doi.org/10.2337/db12-0548
https://doi.org/10.1038/ijo.2016.191
https://doi.org/10.1038/ijo.2016.191
https://doi.org/10.1016/j.bbalip.2019.158594
https://doi.org/10.1016/j.bbalip.2019.158594
https://doi.org/10.1002/oby.21393
https://doi.org/10.1038/s41598-018-31560-w
https://doi.org/10.1073/pnas.0706487104
https://doi.org/10.1073/pnas.0706487104
https://doi.org/10.1016/j.drudis.2015.12.001
https://doi.org/10.1016/j.biopha.2019.109767
https://doi.org/10.2337/db10-1433
https://doi.org/10.1530/JOE-20-0472
https://doi.org/10.3389/fendo.2023.1124408
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Emerging roles of histone deacetylases in adaptive thermogenesis
	1 Introduction
	2 Overview of histone deacetylases
	3 Histone deacetylases in adaptive thermogenesis
	3.1 Direct transcriptional control of adaptive thermogenesis
	3.1.1 Regulation on transcription factors
	3.1.2 Regulation on chromatin remodeling

	3.2 Other regulation of adaptive thermogenesis
	3.3 The multifaceted role of HDACs in adaptive thermogenesis

	4 Conclusion and perspectives
	Author contributions
	Funding
	References


