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HDAC3 is a specific and crucial member of the HDAC family. It is required for embryonic growth, development, and physiological
function. The regulation of oxidative stress is an important factor in intracellular homeostasis and signal transduction. Currently,
HDAC3 has been found to regulate several oxidative stress-related processes and molecules dependent on its deacetylase and non-
enzymatic activities. In this review, we comprehensively summarize the knowledge of the relationship of HDAC3 with mitochondria
function and metabolism, ROS-produced enzymes, antioxidant enzymes, and oxidative stress-associated transcription factors. We
also discuss the role of HDAC3 and its inhibitors in some chronic cardiovascular, kidney, and neurodegenerative diseases. Due to
the simultaneous existence of enzyme activity and non-enzyme activity, HDAC3 and the development of its selective inhibitors still
need further exploration in the future.
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FACTS

● HDAC3 is critical for early embryonic growth, development of
vital organs, and numerous metabolic processes.

● HDAC3 is closely correlated to mitochondria function and
metabolism, ROS-produced enzymes, and antioxidant
enzymes.

● Although current research on the function of HDAC3 is mainly
focused on its deacetylase activity, its non-enzymatic func-
tions are also considerable and worth investigating.

OPEN QUESTIONS

● What is the physiological function of HDAC3 in biological
development and redox homeostasis?

● There seems to be some contradiction between the key role of
HDAC3 in embryonic and organ development and its role as
an accomplice in many chronic diseases. Is this contradiction
related to its enzymatic and non-enzymatic activities?

● What are the central challenges of developing selective
HDAC3 drugs targeting for oxidative stress?

INTRODUCTION
Oxidative stress is a concept in redox biology and medicine, which
is defined as an imbalance of homeostasis between the
production and the removal of reactive oxygen/nitrogen species
(ROS/RNS) via antioxidative protection systems [1, 2]. Cells always
suffer the hazardous influence of endogenously or exogenously

generated highly reactive oxidizing molecules. In normal condi-
tions, these oxidants are formed in a controlled manner and act as
important signaling molecules to regulate such processes as signal
transduction, inflammation, immune function, autophagy, and
stress responses [3]. However, excessive occurrence of oxidant will
cause oxidative stress that damages cellular components such as
proteins, lipids, and DNA and contributes to the pathogenesis and
pathophysiology of numerous acute and chronic diseases and
cancer [4]. The irreversible process of oxidative decay induced by
ROS will also have a negative effect on the status of the biology of
aging and reduce lifespan [1, 5].
Histone deacetylases (HDACs) are a group of enzymes, which

reversibly regulate the acetylation level of histone and even
nonhistone proteins in concert with histone acetyltransferases
(HATs). In the mammalian genome, the HDAC superfamily consists
of 11 HDAC isoforms. HDAC1, 2, 3, and 8 are classified as Class I
HDACs which are mainly located in the nucleus. In particular,
HDAC1 and HDAC3 can travel between the cytoplasm and nucleus
[6, 7]. HDAC4, 5, 6, 7, 9, and 10 are classified as Class II HDACs.
HDAC4, 5, 7, and 9, which contain only an N-terminal regulatory
domain are classified as the Class IIa subfamily, which also can
translocate between the cytoplasm and nucleus [8]. HDAC class IV
currently only contains HDAC11, which possesses a conservated
sequence within the deacetylase domain as well as with class I
and II HDACs and is mainly expressed in the nucleus. Class III
HDACs (also named sirtuins, including SIRT1, 2, 3, 4, 5, 6, and 7)
have a unique deacetylase domain and are mainly expressed in
the nucleus (SIRT1, 2, 6, 7) or mitochondria (SIRT3, 4, 5) [9, 10] (Fig.
1). Among them, HDAC3 is unique in that it forms a complex with
silencing mediator of nuclear receptor co-repressor 1 (NCoR1) and
retinoic acid and thyroid hormone receptor (SMRT; also known as
NCoR2), which are nuclear receptor co-repressors and necessary to
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exert its catalytic activity [10–12]. HDAC3 also has important non-
enzymatic functions, which are independent of NCOR1/2 nuclear
receptor co-repressors [13]. Increasing evidences show that
HDAC3 exhibits an important physiological function and is
involved in regulating the redox system, including mitochondrial
metabolism, modification of antioxidant genes, and ROS sensitiv-
ity [14–16].

OVERVIEW OF HDAC3
The unique structure of HDAC3
All class I HDAC enzymes exhibit structural similarity to reduced
potassium depenency 3 (RPD3) in yeast, and mainly contain a
catalytic core domain and C- and N-terminals [17]. HDAC1 and
HDAC2 were discovered in Homo sapiens firstly, then the
homologous identification of HDAC3 indicated that HDAC3 also
exhibits a resemblance to RPD3 proteins but possesses some
characteristic structures compared to HDAC1 and HDAC2. The
local position of some amino acid residues is unique in HDAC3.
HDAC1 and HDAC2, which belong to the same class I HDACs as
HDAC3, possess a glutamate at position 92, while the latter shows
an aspartate residue at the same position. Phenylalanine is
present at position 199 and replaces the original tyrosine residue
in HDAC1 and HDAC2. The serine of HDAC1 and HDAC2 at
position 107 is also replaced by tyrosine that generates a steric
hindrance [18]. Besides these residue replacements, HDAC3
possesses some unique structural differences at positions 13
and 29 [19]. The presence of these residue replacements and
dissimilarities generates the unique molecular structure and
offers great potential for the creation of selective inhibitors
of HDAC3.

The essential functions of HDAC3
Enzymatic activity of HDAC3. As crucial switches of genetic
transcription, nuclear receptors can integrate and deliver various
signals in the organism, including developmental, nutrient, and
stress signals, to the genome then regulate gene expression.
Classically, a nuclear receptor will change structure after binding
to the ligand and recruit co-repressors or co-activators, which can
bind to ligand-free or ligand-bound nuclear receptors to regulate
gene activation or repression, respectively [20]. However, in the
absence of the ligand, nuclear receptors can also regulate gene
expression via interacting on chromatin with NCoR or SMRT [21].
HDAC3 mainly has the enzymatic activity dependent on interact-
ing with NCoR or SMRT, both of which can form a stable complex

with HDAC3 to catalyze deacetylation and repress transcription.
Current evidence indicates that HDAC3 has the ability to suppress
specific nuclear receptors via cooperation with NCoR/SMRT,
including retinoid X receptor (RXR), nuclear receptor subfamily 0
group B member 1 (NR0B1), thyroid hormone receptor (TR),
nuclear receptor subfamily 1 group D member 2 (NR1D2, also
known as Rev-erb), peroxisome proliferator-activated receptor
(PPAR), retinoic acid receptor (RAR)and COUP-TFs [22] (Fig. 2A).
Located at the N-terminus of SMRT and NcoR, the deacetylation
activation domain (DAD) contains two SANT motifs (SANT1 and
SANT2) that physically interact with activated HDAC3. SANT2, a
highly conserved sequence motif for HDAC3 activation and
binding, is a crucial component of histone interacting domain
(HID) [23]. Intriguingly, HDAC3 in the unbound state is unstable
and sequestered by T-complex 1 (TCP1), which is a ring complex in
the cytoplasm [24, 25].

Non-enzymatic activity of HDAC3. HDAC3 also possess some
functions, besides the classic enzyme activity. HDAC3 is vital for
the growth of embryos and some organs, the global loss of which
is lethal [10, 25]. Some studies have indicated that the deacetylase
activity of HDAC3 can be removed via mutating some core site
(Y298F). Unexpectedly, these proteins without enzyme activity still
partially rescue the effect of Hdac3 absence. Recent evidence
shows that HDAC3 selectively binds to ATF3 in a manner
dependent on its deacetylase activity to inhibit Toll-like receptor
signaling, but can also activate transcription factor 2 (ATF2)
independent of NCoR1/2 and activate the inflammatory genes.
HDAC3 acts as a dichotomous transcriptional activator or
repressor to regulate the innate immune system via non-
enzymatic functions [13]. It can recruit polycomb repressive
complex 2 (PRC2) which is activated to regulate the transfer of
histone methyl and promote epigenetic silencing of transforming
growth factor-β1 (TGF-β1) which is responsible to affect the
development of second heart field-derived structures [26]. HDAC3
can also coordinate with SRY-box transcription factor 30 (SOX30)
to control male fertility independent of its enzymatic activity
during meiotic exit of spermatogenesis, but the detailed
mechanism is unclear [27] (Fig. 2B).

Physiological functions of HDAC3. Given that whole-body dele-
tion of HDAC3 leads to early embryonic lethality, researchers have
constructed a number of tissue-specific HDAC3 knockout mice via
the Cre recombinase (Cre) system, gradually unraveling the
physiological functions of HDAC3. In heart, the absence of HDAC3

Fig. 1 Cellular sub-localization of HDAC family proteins. Localization of Class I-IV HDAC proteins in cytoplasm, nucleus, and mitochondria.
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in the embryo results in severe hypertrophic cardiomyopathy and
lethality by 3 to 4 months [28]. In the developing murine
epicardium, the loss of HDAC3 causes ventricular myocardial wall
hypoplasia with reduction of epicardium-derived cells [29]. In
neural progenitor cells (NPCs) of the central nervous system,
HDAC3 deficiency can impair neuronal migration and cortical
lamination, resulting in serious lethality within 16 hours after birth
[30]. Loss of HDAC3 in lung endodermal epithelium impairs early
alveologenesis, resulting in disruption of lung sacculation and
lethality between 2 and 10 days [31]. HDAC3-deficient alveolar
macrophages (AMs) also exhibit serious mitochondrial oxidative
dysfunction and homeostasis disorders [14]. In the intestine,
HDAC3 can mobilize intestinal lymphocytes to defend against
pathogenic microorganisms and maintain intestinal homeostasis
[32]. In the reproductive system, loss of HDAC3 can cause
nonreceptive endometrium and female infertility [33]. Moreover,
HDAC3 contributes to the development and physiological
remodeling of adipose tissue and bones, skeletal muscle
metabolism, glucose-stimulated insulin secretion and immune
responses of several immune cells [10]. In white adipose tissue
(WAT), the selective ablation of HDAC3 can switch the metabolic
signature of WAT, potentiates WAT oxidative capacity, and
promote browning [34]. HDAC3 is also required for maintaining
body temperature in response to acute cold exposure in brown
adipose tissue (BAT), the lack of HDAC3 resulting in down-
regulation of mitochondrial oxidative phosphorylation and
diminution of mitochondrial respiration [35]. Similar to the above,
the role of HDAC3 in regulating skeletal muscle metabolism and
contractile function still cannot be ignored. HDAC3-depleted
muscles display decreased glucose utilization, increased
branched-chain amino acid (BCAA) catabolism, and severe
systemic insulin resistance, resulting in reduced muscle mass
during ageing [36]. According to known studies, liver-specific
deletion of HDAC3 leads to steatosis and accumulation [37],
accumulated DNA damage, chronic liver injury, metabolic
disorder, and transcriptional reprogramming [38]. This revealed
the indispensable role of HDAC3 in the regulation of hepatic lipid
metabolism. Given the intricate tissue-specific function of HDAC3,

it plays vital roles in numerous organ injuries and diseases, which
are summarized in our previous review [39].

HDAC3 REGULATE OXIDATIVE STRESS
Oxidative stress is characterized as the imbalance between the
production and scavenging of reactive oxidants. Reactive oxidants
are generated from various sources in several compartments
under physiological or pathologic conditions. Recent extensive
studies suggested that HDAC3 can regulate oxidative stress via
multiple pathways. The regulation of oxidative stress by HDAC3 is
also controversial due to differences in the targets and ways.

HDAC3 regulates mitochondrial metabolism and function
Mitochondria have a dominant role in the generation of free
radicals. As a primary place of ROS production under physiological
and pathophysiological conditions, mitochondria continuously
utilize molecular oxygen as a substrate to produce ROS either
intentionally or as accessory substances under the action of many
enzymes, including microsomal cytochrome P450 (CYP), plasma
membrane-bound NADPH oxidase and cytoplasmic xanthine
oxidase. During the normal process of mitochondrial respiration,
a fraction of the electrons, which originates from the electron
transport chain within ATP synthesis, escape to oxygen impul-
sively and generate the oxygen free radical superoxide. It is
estimated that 2% of all electrons in the electron transport chain is
reduced to form superoxide radicals instead of transforming
oxygen into water [40].
The regulation of mitochondrial function and metabolism by

HDAC3 is controversial, depending on the target genes interaction
with HDAC3 and tissue specificity. In skeletal muscle tissue and the
heart, the loss of HDAC3 causes abnormalities of mitochondrial
metabolic processes, including tricarboxylic acid cycle (TCA), ATP
synthesis, the electron transport chain (ETC) and even fatty acid
metaboli, resulting in mice being more sensitive to a high fat diet
and more susceptible to cardiomyopathy [41]. It is suggested that
HDAC3 is crucial in the upkeep of mitochondrial function. The
mitochondria from BAT with HDAC3 loss also exhibit impaired

Fig. 2 The enzymatic activity and non-enzymatic functions of HDAC3. A HDAC3 is recruited to interact with NCoR or SMRT, forming nuclear
receptor co-repressors complexes with G protein pathway suppressor 2 (GPS2), transducin β-like 1 (TBL1X), and TBL1-related protein 1
(TBL1XR). Co-repressors complexes binds to NR that have bound chromatin to perform transcriptional regulation dependent on its
deacetylation function. B HDAC3 mutated in deacetylation sites directly binds to ATF2 to regulate transcription of inflammation-related genes
independently of deacetylase activity. HDAC3 also can interact with PRC2 or SOX30 to regulates heart development and male fertility.
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substrate-induced respiration, with impaired function of com-
plexes I, II, and IV of the ETC [35]. In consistently, HDAC3 can
control mitochondria function in lung; the genes involved in
oxidative phosphorylation and subunits of complexes I–V of the
ETC are significantly downregulated in HDAC3-deficient AMs. In
HDAC3-cKO AMs, the number of mitochondria and mitochondrial
membrane potential (MMP) significantly reduced. Further research
has shown that HDAC3 deficiency induces mitochondrial dysfunc-
tion associated with impaired PPARγ signaling [14]. Activated
PPARγ forms a complex through heterodimerization with RXR,
then translocates to the nucleus for binding with promotor of
PPAR response elements (PPREs), resulting in the regulation of the
transcription of target genes [42]. Meanwhile, PPARγ, together
with its coactivator PGC-1α, is a robust regulated factor for
mitochondrial biogenesis via activating several nuclear transcrip-
tion factors (such as TFAM, NRF1, NRF2, YY1, and SP-1), which are
important in activating the formation and assembly of mitochon-
dria [43]. Inhibition of PGC-1α and PPARγ leads to a reduced
capacity for mitochondrial oxidative phosphorylation (OXPHOS)
and increased ROS production [44]. The phosphorylation of
HDAC3 can increase the binding between PINK1 and p53,
resulting in hypoacetylation of p53, enhancing mitophagy, and
suppressing apoptosis in the inflammation cell [45]. However,
HDAC3 and NCoR complex has also been found to reduce
intracellular heme resulting from the transcription repression of
PGC-1α, whereby mitochondrial respiration is disrupted in a
heme-dependent manner [46]. It is not clear whether this
contradiction is due to the tissue-specific function of HDAC3 or
other mechanisms.
Metabolic cues play a potential role in configuring mitochon-

drial dynamics and function, accumulation of free fatty acids in
mitochondria can induce an increase of mitochondrial ROS
(mtROS) and impair mitophagy; fatty acid β-oxidation (FAO) is
critical for scavenging superfluous mtROS and reducing mito-
chondrial damage under cellular stress [47]. In LPS-stimulated
macrophages, HDAC3 can translocate to the mitochondria to
deacetylate the lysine 303 of hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex subunit α (HADHA), which is a
crucial rate-limiting enzyme for FAO, to repress its enzyme activity
and restricts FAO-mediated OXPHOS [48].
In contrast, in intestinal epithelial cells and liver cells, deletion or

pharmacological inhibition of HDAC3 can promote mitochondrial

biosynthesis and FAO via regulation PPARα [49, 50]. The deletion
of HDAC3 in intestinal epithelial cells can significantly upregulate
members of the glutathione-S-transferase (GST) and cytochrome
P450 gene families [49], which play a potential role in scavenging
ROS and detoxifying xenobiotics [51]. In a mouse kidney
transplantation model and hepatocellular carcinoma (HCC), the
inhibition of HDAC3 can maintain MMP and reduce mitochondria-
related apoptosis [52, 53]. Interestingly, mtROS also appears to
influence HDAC3 activity reversely: the mtROS from complex I can
activate HDAC3 and promote deacetylation of p65, resulting in a
reduction of TNF-α in cardiomyocytes [54]. However, the exact
mechanism of this regulation and whether it is tissue-specific
remains unknown. HDAC3 seems to play a role of a double-edged
sword in mitochondria function through regulating different
target genes or pathways (Fig. 3). Although the relationship
between HDAC3 and mitochondria still wrap in the mist, HDAC3
indeed can regulate mitochondrial metabolism and function
through its enzymatic activity or unknown non-enzymatic
functions, acting as an indispensable regulator of cellular ROS
generation and oxidative stress status.

HDAC3 regulates the endoplasmic reticulum
In addition to mitochondria and peroxisomes, ROS also originate
from the endoplasmic reticulum (ER). In ER, cytochrome P450
family enzymes and the interaction of endoplasmic reticulum
oxidoreductin-1 (ERO1) with protein disulfide isomerase (PDI) are
the main contributors of ROS production [55]. During ERO1
oxidation of proteins, electrons are transferred from PDI to
molecular oxygen and proteins undergo several thiol-disulfide
exchange reactions during disulfide bond modifications, trigger-
ing the generation of ROS and contributing to ER stress [56]. An
estimation analysis revealed that about 25% of ROS are produced
during the process of oxidative protein folding [57]. A recent study
showed that HDAC3 can transactivate the KDEL (Lys‐Asp‐Glu‐Leu)
receptor (KDELR2), a crucial ER stress‐responsive and ER home-
ostasis maintenance factor, accelerating cell cycle progression and
the proliferation of breast cancer by protecting the ER traffic
transport protein POC5 from degradation [58]. Selective inhibition
of HDAC3 can alleviate β-cell dysfunction and apoptosis by
repressing proapoptotic ER stress [59, 60]. Similarly, hypoxia-
reoxygenation increases HDAC3 expression and ER stress in
cardiomyoblasts, but the inhibition of HDAC3 can significantly

Fig. 3 HDAC3 regulate mitochondrial metabolism and function. The role of HDAC3 in mitochondria and regulation of mtROS is complex
and fraught with contradictions. HDAC3 can both impair and protect mitochondria through regulating different signaling pathways, mtROS,
FAO, OXPHOS, and mitophagy.
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attenuate ER stress-associated apoptosis [61]. In summary, there
are relatively limited studies on HDAC3 and ER and ER-associated
ROS, and whether HDAC3 can directly regulate ER function and
protein folding needs to be further explored in the future.

HDAC3 regulates ROS-producing systems
NADPH oxidases. Nicotinamide adenine dinucleotide phosphate
(NAPDH) oxidases (NOXs) are a family of membrane-bound
enzyme complexes that catalyze the transfer of electrons across
biological membranes. NOX is one of the major sources of cellular
ROS [62]. In recent years, seven NOXs isoform (NOX1-NOX5, dual
oxidase 1 (DUOX1), and DUOX2) have been identified [63].
Silencing of HDAC3 impairs the interaction of KEAP1 and Nrf2,
increasing the Nrf2 level, resulting in a decrease of NOX4 [15].
Consistently, the knockdown of HDAC3 in vitro represses the
combination of transcription factors and polymerases with the
NOX4 promoter, thereby inhibiting transcription of NOX4 and
production of NOX4 associated ROS in human endothelial cells
[64]. In mice with spinal cord injury, inhibition of HDAC3 can
reduce NOX2 and NOX4 protein expression and attenuate ROS
production [65]. The relationship between HDAC3 and NOXs need
further exploration.

Nitric oxide synthases. Nitric oxide synthases (NOSs) are a family
of enzymes catalyzing L-arginine into nitric oxide (NO), which acts
as a key gaseous signaling molecule and biological messenger like
ROS at low levels, participating in many important biological
processes [66]. However, abnormal production of NO can cause
oxidative stress as well as nitrative stress by producing
peroxynitrite and nitrosating species, which can combine with
oxygen and trigger impairments of proteins, lipids, and DNA [67].
In mammals there mainly exist three NOS isozymes, namely
neuronal (nNOS or NOS I), inducible (iNOS or NOS II), and
endothelial (eNOS or NOS III) NOS, which are distributed in
different tissue cells and perform a variety of functions. eNOS is
mainly expressed in endothelial cells and regulated by agonists
such as acetylcholine and bradykinin and stress of the flowing
blood [68]. In cardiovascular tissue, the lysine acetylation of eNOS
can stimulate its enzymatic activity and increase the production of
NO. The appropriate generation of NO can improve endothelium-
dependent vascular function [69]. A previous study indicated that

HDAC3 is an important factor in endothelial integrity and
regulates AKT phosphorylation and activity [70]. The inhibition
of HDAC3 will suppress AKT-eNOS signaling and generation of NO.
HDAC3 has also been found to deacetylate the lysine of eNOS,
inhibiting its activity and antagonizing its improvement of
vascular function [71]. Besides deacetylated lysine, HDAC3 can
also be recruited to the core promoter region of eNOS and induce
histone deacetylation, which represses eNOS transcriptional
activity [72]. HDAC3 also inhibits iNOS expression and NO
generation via PI3K/Akt pathways or PPARγ [16, 73].

Cyclooxygenases. Cyclooxygenases (COXs), also known as
prostaglandin-endoperoxide synthase (PTGSs), are enzymes
responsible for catalyzing the conversion from arachidonic acid
to prostanoids, producing ROS as a byproduct during this process
[74, 75]. Although there is some evidence that COX can modulate
ROS generation, the relationship of HDAC3 and COX is mainly
focused on the regulation of its immune and inflammation-related
functions. In HDAC3-deficient macrophages, the promoter and an
upstream enhancer region of COX-1 are significantly hyperacety-
lated and COX-1 is strongly overexpressed [76]. The inhibition of
HDAC3 also can induce COX-2 expression via the NF-κB pathway
[77] or binding with COX-2 promoter sequences [78] (Fig. 4A).

HDAC3 regulates antioxidant enzymes and oxidative stress-
associated genes
Superoxide dismutases. Superoxide dismutases (SODs) are uni-
versal enzymes that alternately catalyze the dismutation of
superoxide into ordinary oxygen and hydrogen peroxide. SODs
are important to maintain the levels of a variety of ROS and RNS,
and limit their potential toxicity and control broad aspects of
cellular redox biology via signaling functions [79]. In mammalian
tissues, there are three SODs isoforms: SOD1 (copper/zinc-SOD),
SOD2, and SOD3 (extracellular SOD) [80]. As a key vascular
antioxidant enzyme, SOD3 plays a dominant role in protecting of
the pulmonary circulation against oxidative stress. The intracellular
level of SOD3 is tightly regulated by HATs and HDACs. HDAC3
inhibition can significantly promote SOD3 expression which is
beneficial to the alleviation of idiopathic pulmonary arterial
hypertension (IPAH) [81]. The inhibitor of HDAC3 can also increase
the SOD level through inhibiting nuclear translocation of HDAC3

Fig. 4 HDAC3 regulation oxidative stress-associated enzyme and genes. A HDAC3 regulates the enzymes responsible for ROS production.
B HDAC3 regulates antioxidant enzymes and oxidative stress-associated transcription factor.

R. He et al.

5

Cell Death Discovery           (2023) 9:131 



[82, 83]. However, the mechanism of HDAC3 regulation of SODs is
still unclear; whether the inhibition of HDAC3 induced increase of
SOD is directly a function of HDAC3 activity or an outcome of
inhibiting inflammation is unknown.

Nrf2. Nuclear factor erythroid 2-related factor 2 (Nrf2), one of the
master regulators of cellular antioxidant response, is expressed in
almost the whole body and maintained at a low baseline level in
the absence of stress [84]. Nrf2 is a leucine zipper (bZIP) protein
which consists of seven Neh domains. The antioxidative function of
Nrf2 is mainly derived from its capacity to transcriptionally regulate
more than 200 target genes possessing antioxidant response
elements (AREs), which are involved in redox homeostasis,
energetic metabolism, iron and heme metabolism, proliferation,
cell death, proteasomal degradation and mitochondrial physiology
[85]. The protein level of Nrf2 is negatively regulated by three E3
ubiquitin ligase complexes: HRD1, KEAP1-CUL3-RBX1 complex, and
the β-TrCP-SKP1-CUL1-RBX1 complex. They degrade Nrf2 protein
in a ubiquitin-dependent manner by binding with different Neh
domains. The regulation of Nrf2 by HDAC3 occurs mainly indirectly,
in a manner dependent on its HDAC. In pulmonary fibrosis (PF)
mice, HDAC3 combines with the profibrotic transcriptional factor
forkhead box protein M1 (FOXM1) and binds to Nrf2 promoter,
resulting in a decrease of local histone 3 acetylation and repression
of Nrf2 and its transcription. Insufficient Nrf2 and enzymatic
antioxidants, such as catalase and SOD3, impairs antioxidant stress
and antifibrosis capacity in lung tissue [86]. Besides FOXM1, p65
has also been discovered to cooperate with HDAC3 to transcrip-
tionally repress the Nrf2-ARE pathway and promote oxidative
stress-induced necrosis [87, 88]. Inhibition of HDAC3 via siRNA or a
specific inhibitor can activate Nrf2 through decreasing Keap1-Nrf2
interaction, promoting downstream NOX4 redox signaling in the
vascular endothelium. Finally, the inhibition of HDAC3 reduces ROS
production, endothelial impairment and alleviates endothelial
injury caused by type 2 diabetes mellitus (T2DM) [15]. Similarly,
the inhibition of HDAC3 can also increase miR-200a and activation
of Nrf2 via inhibiting the interaction between Keap1 and Nrf2
protein [89]. Interestingly, some studies have found the opposite
outcome and suggest that X-box-binding Protein 1 (XBP1)
increases nuclear localization of Nrf2 and activates HO-1 via
HDAC3-dependent ways; the overexpression of XBP1 can increase
Nrf2 and protect endothelial cells from oxidative stress [90]. HDAC3
has also been found to protect endothelial cells against apoptosis
due to atherosclerosis [70].

NF-κB. NF-κB is a family of transcription factors regulating the
transcription of several genes that are involved in cell growth,
development, differentiation, and death. NF-κB is crucial in the
regulation of oxidant stress, inflammation, and immunity [91]. NF-
κB protein is a complex containing five different related family
members all having a Rel-homology (RHD) domain to bind to DNA
or other proteins [92]. The members of NF-κB can be divided into
two classes. In Class I, both p50 and p52 are processed from the
larger precursor proteins p105 and p100 by proteasome and
contain a C-terminal ankyrin repeats. In Class II, the other three
members, RelA (also known as p65), RelB, and cRel can positively
regulate gene transcription with a C-terminal transcription
activation domain (TAD) [93]. As mentioned previously, excess
accumulation of ROS will cause serious oxidative damage and
even cell death. Abundant evidence indicates that NF-κB can
attenuate or promote ROS through regulation of different target
genes [93]. NF-κB has been reported to be activated via various
post-translational modifications. The most famous subunit, p65,
can be modified by phosphorylation, acetylation, ubiquitination,
and monomethylation [94–97]. HDAC3 can directly modify lysine
at different sites of p65 to control its transcriptional activity in vitro
and vivo tightly and distinctly. A previous study indicated that the
acetylation of p65 occurs at three major sites: lysines 218, 221, and

310 [91]. In bacterially infected macrophages, homeodomain-
interacting protein kinase 2 (HIPK2) interacts with HDAC3,
promoting HDAC3 phosphorylation at S374 and inhibiting HDAC3
deacetylase activity, resulting in p65 acetylation at K218 to
alleviate the tissue injury from immoderate oxidative stress and
inflammation [98]. The inhibitors of HDAC3 cause macrophages to
exhibit anti-inflammatory properties via inhibiting p65 transcrip-
tional activity [99, 100]. In osteoclasts, HDAC3 is reported to
deacetylate p65 and deletion of HDAC3 increases p65 acetylation
at K310 and transcriptional activity, resulting in impairment of
bone modeling [101]. In intestinal tissue, retinoic acid-related
orphan receptor α (RORα) and HDAC3 compose the transcriptional
corepressor complex that significantly suppresses transcriptional
activity of NF-κB and attenuates intestinal inflammation [102]. A
recent study also found that HDAC3 also deacetylates p65 at K122
and K123, promoting transcription of cGAS [103]. Specifically,
mimical acetylation mutations of p65 at lysine 221 induces a sharp
decline in the overall DNA binding activity of p65 homodimers
[96]. However, whether HDAC3 can deacetylate p65 at K221
remains unclear. In addition, HDAC3 has also been found to
interact with p65 and translocate into the nucleus together. The
inhibition of interaction and nuclear translocation of p65 with
HDAC3 can repress excessive differentiation and proliferation of
keratinocytes, which depends on reducing ROS-mediated apop-
tosis with loss of MMP [104]. Similarly, the inhibition of the nuclear
translocation of HDAC3 and p65 in bronchial epithelial cells can
also reduce oxidative stress and mtROS to protect against
endotoxin-induced acute lung jury [6].

FOXOs. Forkhead box O proteins (FOXOs) are a subclass of the
forkhead transcription factors [105], mainly including four
members FOXO1, FOXO3, FOXO4, and FOXO6. FOXOs play a
crucial role in cellular stress response and antioxidant defencse.
Specifically, FOXOs are observed to contribute to determining
lifespan, increased FOXO activity resulting in extended lifespan in
model organisms [106]. ROS can also affect FOXO activity in
multiple ways, including posttranslational phosphorylation and
acetylation modifications, adjustment of subcellular localization,
interaction with some coregulators, alternation of protein synth-
esis and stability [107]. FOXOs indorse the transcription of genes
coding for antioxidant proteins located in different intracellular
compartments, including SOD2, HO-1, peroxiredoxin-3 (Prx3),
GPX1, and thioredoxin reductase (TrxR2) [107]. Usually, deacetyla-
tion of FOXOs can increase their transcriptional activity and affect
the expression of genes that are dependent, which is responsible
for additional ROS detoxification [108]. Multiple lysine acetylation
sites of FOXOs have been identified in FOXO1 (K245, K248, K262,
K274, K294, K559), FOXO3 (K242, K245, K259, K271, K290, K569),
FoxO4 (K186, K189, K215, K237, K407), and FOXO6 (K173, K176,
K190, K202, K229) [109]. In neurons, HDAC3 can co-locate with
FOXO3 at promoters of target genes and increase binding affinity
to DNA, and the absence of HDAC3 can cause abnormal
locomotor behavior [110]. FOXO1 and FOXO3 have also been
identified as direct deacetylation targets of HDAC3 in the liver
[111]. The deacetylation of FOXO1 can protect against oxidative
stress-induced acute β-cell failure to preserve insulin biosynthesis
and secretion (Fig. 4). In addition, there is a definite and detectable
relationship existed between sirtuins and deacetylation of FOXOs.
FOXO1 and FOXO4 are deacetylated by SIRT1, causing their
nuclear translocation and increasing transcription of the antiox-
idant enzyme SOD-2 against oxidative stress [112, 113] (Fig. 4B).

THE ROLE OF HDAC3 AND ITS INHIBITORS IN CHRONIC
DISEASES
Cardiovascular diseases
In the pathophysiology of the heart, oxidative stress plays a pivotal
role. Several studies have revealed the overproduction of ROS and
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RNS as one of the most common pathological features of ischemic
myocardial damage and closely associated with subsequent
cardiac dysfunction [114, 115]. A major cause of ischemic
cardiomyopathy, myocardial infarction (MI), is mainly caused by
coronary artery obstruction and immediately hampers the oxygen
and nutrient supplies of the myocardium, causing cardiomyocyte
death and heart tissue damage [116]. In diabetic rats MI models,
HDAC3 is significantly upregulated and cardiocyte-specific HDAC3
deletion can attenuate diabetic MI through the Rev-erbα/BMAL1
pathway to activate mitophagy [39]. HDAC3 can also interact with
p65 to repress Nrf2-ARE transcriptional activity and the expression
of antioxidant proteins, aggravating the tissue damage of MI [87].
Besides that, recent studies have revealed that hypoxia can
increase the level of the long noncoding RNA taurine upregulated
gene 1 (TUG1), which can reduce miR-132-3p and increase HDAC3,
which decreases the acetylation of H3K9 and epigenetically
represses the transcription of antioxidative genes, endorsing the
production of ROS and the pathogenic deteriorate of MI [117].
Cyclin-dependent kinase 2 (CDK2) is a serine/threonine kinase, of
which the abnormal activation is related to MI [118]. RGFP966, a
selective inhibitor of HDAC3, can reduce the CDK2 of the
myocardium through increasing miR-19a-3p expression, alleviat-
ing oxidative stress and even cardiac injury after MI [119]. Besides
cardiomyocytes, the recruitment and phenotypic differentiation of
macrophages are also important for myocardial repair and
functional remodeling during MI. A recent study indicated that
transcriptional coactivator with PDZ-binding motif (TAZ) and Yes-
associated protein (YAP) can interact with HDAC3-NCoR1 to
inform a repressor complex to repress arginase-I (Arg1) expression
and increase interleukin 6 (IL6) expression leading to the
impedance of reparative response. The deletion of YAP/TAZ or
pharmacological inhibition of HDAC3 can decrease hypertrophy
and fibrosis, and improve angiogenesis which brings out the
improved cardiac function after MI [120]. What’s more, the
structural and functional changes caused by adverse cardiac
remodeling after MI leads to heart failure (HF). MPT0E014, an
inhibitor of HDAC, has been proved to alleviate cardiac
hypertrophy, cardiac fibrosis and structural remodeling and
improve cardiac contractility [121]. HDAC3 can deacetylate
DNMT1 to repress SHP-1 expression, promoting the development
of cardiomyocyte hypertrophy-induced HF [122]. A decrease of
HDAC3 is also associated with restoring cardiac function with left
ventricular HF [123]. Silencing of HDAC3 confers protection
against HF by inhibiting miR-18a-targeted ADRB3 in cardiomyo-
cytes [124]. Endothelial dysfunction is another key factor for
diabetic microvascular disease, diabetic cardiomyopathy, and HF.
In high glucose-induced endothelial cells, β-hydroxybutyrate
suspends the colocalization of HDAC3 with β-catenin through
acetylating H3K14 in the promoter of claudin-5, alleviating cardiac
microvascular hyperpermeability [125]. Interestingly, although
most of the current studies show that HDAC3 seems to play an
evil role in many cardiovascular diseases, and pharmacological or
genetic inhibition of HDAC3 can improve MI, myocardial fibrosis,
and myocardial remodeling, HDAC3 also is essential for heart
development. Many studies have proved that the deletion of
HDAC3 causes the loss of ventricular structure and developmental
abnormalities of the heart [29, 126]. This seemingly contradictory
conclusion is associated with the important non-enzymatic action
of HDAC3, some studies also finding that HDAC3 deacetylase
activity is dispensable for repression of myocyte differentiation
[126]. However, its non-enzymatic activity is essential for the
differentiation of cardiac stem cells although the exact mechanism
is still unclear.

Kidney diseases
Renal fibrosis is an inevitable pathohistological characteristic
when renal ageing and chronic kidney disease (CKD) occurs [127].
Similar to fibrosis in other organs, renal fibrosis is essentially an

overhealing/repairing process. Particularly, normal kidney cells
undergo various kinds of damage, then gradually lose their
original phenotype, and transdifferentiate to myofibroblasts,
which leads to excessive production and deposition of extra-
cellular matrix (ECM), which finally causes irreversible structural
damage and dysfunction of the kidney [128]. Klotho is an anti-
ageing protein mainly expressed in the kidney. A decrease of
Klotho is closely correlated with the progression of CKD [129]. In
various fibrotic kidney models, HDAC3 is upregulated with
concomitant suppression of Klotho, whereas deletion of
HDAC3 significantly increases resistance to fibrosis. Further
research has shown that HDAC3 can interact with the transcription
activator NCoR and NF-κB and bound to the promotor of Klotho
[130]. TGF-β is generally regarded as an important regulator of
multiple chronic fibrotic diseases via either Smad-dependent or
Smad-independent signaling pathways [131, 132]. In kidney
podocytes, TGF-β can recruit HDAC3 and NCoR complex to
down-regulates miR-30 then induce podocyte injury, and RGFP966
can alleviate the podocyte cytoskeleton damage [133].
Current multiple studies have reported that histone acetylation

is a common and critical epigenetic modification in kidney
development and pathogenesis. The suppression of HDACs can
exert anti-inflammation and anti-fibrotic functions in numerous
kidney disease models. It has been indicated recently that HDAC2
is upregulated by TGF-β in diabetic kidney [134] and
HDAC4 selectively contributes to podocyte injury in diabetic
nephropathy [135]. The pan-HDAC inhibitor trichostatin has also
been proved to block TGF-β1-induced epithelial-mesenchymal
transition (EMT) in renal epithelial cells contributing to the treat of
IRI-induced renal fibrosis [136].

Neurodegenerative diseases
Neurodegenerative diseases are a set of hereditary or sporadic
conditions characterized by progressive degeneration of neurons
in specific regions of the brain [137]. Accumulating evidence
points to HDACs and epigenetic mechanisms being important
regulators of brain development and degeneration process.
HDACs was first found to play an important role in neurodegen-
erative disease in a study in 2001, which indicated that
pharmacological inhibition of HDACs can suppress
polyglutamine-dependent neurotoxicity in Drosophila [138]. A
growing and compelling body of evidence points to HDAC3
being a particularly critical regulator in the promotion of
neurodegeneration in various disease models. The knockdown
of Had-3, the orthologue of mammalian HDAC3, can inhibit
neurotoxicity resulting from the expression of a human hunting-
tin (Htt) fragment [139]. Recently, HDAC3 inhibitors have been
proved to suppress degeneration and improve behavioral
performance in multiple neurodegenerative conditions, including
Parkinson’s disease (PD), Alzheimer’s disease (AD), Friedreich’s
ataxia, spinal cord injury, and ischemic stroke [140–144]. AD is a
common progressive neurodegenerative disease characterized by
age-related dementia among the elderly. The deposition of
amyloid-β (Aβ) protein is considered to be one of the most
important neuropathological hallmarks, although the exact
mechanism of AD is still unclear [145]. Recent studies have
reported that 6‐ and 9‐month‐old APP/PS1 mice showed the
higher level of HDAC3 in the hippocampus compared with age‐
matched wild‐type mice, and the level of Aβ is increased in the
hippocampus when HDAC3 is overexpressed. Furthermore,
inhibition of HDAC3 can attenuate the deficit of spatial memory
in APP/PS1 mice [146]. Consistently, inhibition of HDAC3 has also
been proved to reverse pathological tau phosphorylation at
Thr181, Ser202, and Ser396, promote Aβ degradation and
decrease the accumulation of Aβ1–42 protein levels in the brain
and periphery, and significantly improves spatial memory in
another triple transgenic AD mouse model (3xTg-AD) [140]. PD is
the most common central nervous system (CNS) disorder and is
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mainly related with progressive memory impairment and motor
performance. Previous studies have demonstrated that histone
deacetylase inhibitors can effectively relieve PD, but the precise
mechanism is still unclear [147].

SELECTIVE HDAC3 INHIBITORS
More and more inhibitors targeting HDACs have been discovered
or synthesized recently, some of which (such as vorinostat (SAHA),
belinostat, panobinostat, and romidepsin) have been approved by
the U.S. Food and Drug Administration (FDA) for oncotherapy
[148–151]. Unfortunately, most of these inhibitors do not target
the activity of HDAC1, HDAC2, and HDAC3. Considering the critical
character of HDAC3 in several pathophysiology conditions,
selective pharmacological inhibition of HDAC3 becomes a
potential therapeutic strategy. There are several types of HDAC3
inhibitors produced based on different compounds, such as
benzamides, hydroxamates, hydrazides, and thiols [17]. Similar to
other class I HDACs, HDAC3 also has a zinc-binding group, which is
typically the binding site with small molecule inhibitors. Besides
that, many HDAC inhibitors can mimic the lysine alkyl side chain
dependent on a linker connecting the zinc-binding group to a
capping group. The most common zinc-binding group contains
o-aminoanilide and hydroxamic acid [39], and many selective
HDAC3 inhibitor are designed based on their modification, such as
RGFP966 and Entinostat (MS-275). PD106 and RGFP109 are two
drugs developed to target Friedreich’s ataxia, which also have
good selective potency for HDAC3 [152, 153]. BRD3308 was a new
selective HDAC3 inhibitors and designed by referring to the
clinically experienced HDAC inhibitor CI-994. In diabetes models,
BRD3308 can inhibit the synthesis and secretion of inflammatory
factors and reduce pancreatic β-cell apoptosis via selective
inhibition of HDAC3 [154].In addition, several selective HDAC3
inhibitors derived from natural compounds have also been found
[155, 156]. However, isoenzyme-selective HDAC inhibitors are
infrequent: all the HDAC3 inhibitors mentioned above are
o-aminoanilide derivatives, and the selectivity of most of these
compounds is evaluated by measuring the IC50 [19]. More content
about the development strategy of selective HDAC3 inhibitors
that brings a huge challenge has been detailed in other molecular
synthesis-related reviews [19, 157].

FUTURE PERSPECTIVE AND CONCLUSION
As an important and unique member of the HDAC family, HDAC3
plays a critical role in embryo and organ development, physiology,
metabolism, and oxidative stress dependent on its enzymatic and
non-enzymatic functions. In this review, we systematically
summarize the important function of HDAC3 aiming at oxidative
stress through regulation of mitochondria function and metabo-
lism, ROS-produced enzymes, antioxidant enzymes, and oxidative
stress-associated transcription factors. Although the relationship
between HDAC3 and mitochondrial function and metabolism still
wrap in the mist because of the complexity of HDAC3 functions
and limited studies, it will be a direction worth exploring in the
future.
Another burning question is the development of more

specific HDAC3 inhibitors via distinguishing the high structural
similarity of zinc-dependent HDAC isoenzymes. Although
selective HDAC3 inhibitors, represented by RGF966, have been
demonstrated to seemingly be a potential protective agent in
some chronic diseases such as cardiovascular diseases, kidney
disease, and neurodegenerative diseases, the precise mechan-
ism still needs to be explored in depth. Moreover, due to the
simultaneous existence of enzyme activity and non-enzyme
activity, attention should be paid to distinguishing the
regulatory diversity of these two functions in the development
of drugs targeting HDAC3.
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