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Epigenetics plays an important role in the pathogenesis and treatment of osteoarthritis
(OA). In recent decades, HDAC family members have been associated with OA. This
paper aims to describe the different role of HDACs in the pathogenesis of OA through
interaction with microRNAs and the regulation of relevant signaling pathways. We found
that HDACs are involved in cartilage and chondrocyte development but also play a
crucial role in OA. However, the distinct HDAC mechanism in the pathogenesis and
treatment of OA require further investigation. Furthermore, HDAC inhibitors (HDACi) can
protect cartilage from disease, which may represent a potential therapeutic approach
against OA.
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INTRODUCTION

Osteoarthritis (OA) is a common disease that not only causes physical disability but also imposes an
economic burden on society (Litwic et al., 2013; Liu et al., 2018). The prevalence of OA is high and
increases with age (Neogi, 2013). In Korea, 35% of people older than 65 years have been diagnosed
radiographically with OA (Cho et al., 2015). The etiology of OA is multifactorial and complex.
Mechanical stress, metabolic dysfunction and inflammation are all involved in OA progression
(Sarzi-Puttini et al., 2005; Johnson and Hunter, 2014). Due to the aging population and the rising
rate of obesity, the prevalence of OA is predicted to double by 2020 (Thomas et al., 2017).

OA is characterized by joint space narrowing, subchondral sclerosis, subchondral cysts,
and osteophyte formation (Kuyinu et al., 2016). Its major clinical symptoms include joint
pain and swelling and loss of movement (Shen and Chen, 2014; Moon et al., 2018). The
pathological mechanism of OA includes increased dysfunction and death of chondrocytes and
the disequilibrium of extracellular matrix synthesis and degradation (Zheng et al., 2018). There
are many signaling pathways involved inOA pathogenesis that are activated by pro-inflammatory
mediators and cytokines, such as interleukin-1β (IL-1β) (Jenei-Lanzl et al., 2019). Specifically, these
cytokines promote OA through mitogen-activated protein kinase (MAPK) signaling (Malemud,
2017), NF-κB, and other signaling pathways (Rigoglou and Papavassiliou, 2013; Jenei-Lanzl
et al., 2019). The activation of catabolic signaling pathways and inhibition of anabolic signaling
pathways lead to overexpression of matrix metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS).
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Treatments for OA are developing rapidly. Platelet-rich
plasma (PRP), mesenchymal stem cells (MSCs) and physical
therapy are extensively applied to treatment of OA (Bennell
et al., 2014; Bennell et al., 2017; Si et al., 2017; Toh et al.,
2017). However, current medical management only focuses on
the relief of symptoms, not the reversal of OA progression. It’s
unavoidable that OA patients suffer from the side effects of
treatment. Therefore, it’s essential to identify new therapeutic
interventions for OA.

Recently, multiple studies have demonstrated that altered
activity, expression, and distribution of histone deacetylases
(HDACs) lead to the initiation and progression of OA. HDAC
inhibitors (HDACi) can protect chondrocytes and prevent
cartilage damage (Khan and Haqqi, 2018). This review focuses
on the following insights: (1) the relationship between each
HDAC and OA; (2) the relevant mechanisms governing
HDACs involvement in OA; (3) the potential of HDACi
in OA treatment.

HDAC STRUCTURE AND FUNCTION

HDACs, also called lysine deacetylases, are nuclear
transcriptional regulatory proteins that regulate chromosome
structure and the activity of transcription factors by removing
acetyl groups from histones (Araki and Mimura, 2017).
HDACs and histone acetyltransferases (HATs) are the two
major components that maintain a balance in transcription
activity, with HDACs inhibiting gene activation (Kroesen
et al., 2014). The substrates of HDACs are abundant; HDACs
can modify more than 3600 acetyl groups of over 1750
proteins. There are currently 18 HDACs, divided into four
groups (Figure 1): Class I(HDAC1, HDAC2, HDAC3, and
HDAC8), Class II(HDAC4, HDAC5, HDAC6, HDAC7,
HDAC9, and HDAC10), Class III (sirtuins, sirt1–7), and
Class IV (HDAC11). Class I and II HDACs require Zn2+

to maintain enzyme activity. The Class III HDACs are
NAD+ -dependent (Hesham et al., 2018), and Class IV
consists of a single HDAC11 (de Ruijter et al., 2003). Class I
HDACs exist mostly in the nucleus, expect for HDAC3 and
HDAC8, which can shuttle between the nucleus and cytoplasm
(Hull et al., 2016). The distribution of Class I HDACs is
highly tissue-specific (Yoon and Eom, 2016). Most Class II
HDACs are located in both the nucleus and cytoplasm and
need to recruit Class I HDACs to obtain catalytic activity
(Carpio and Westendorf, 2016).

In addition to transcriptional regulation, HDACs are involved
in posttranslational modifications (PTMs). PTMs determine
protein activity, stability, distribution and interaction (Yoon
and Eom, 2016). Non-histone proteins such as NF-κB, heat
shock protein (HSP), P53, signal transducers and activators
of transcription (STAT), forkhead transcription factor (FOXO)
and mitogen-activated protein kinase (MAPK) are all modified
by HDACs to regulate biological pathways (Gallinari et al.,
2007; Spange et al., 2009; Jeong et al., 2014; Leus et al., 2016).
Previous studies focused on the role of HDACs in cancer,
pulmonary fibrosis, cardiovascular disease and rheumatoid

arthritis (Ooi et al., 2015; Angiolilli et al., 2017; Lyu et al.,
2019). However, there are few articles indicating a role
for HDACs in OA.

Class III HDACs (sirtuins) differ from the Class I and II
HDACs structurally and mechanistically (NAD+- dependent)
(Dvir-Ginzberg et al., 2016). Meanwhile, there have been no
reports indicating a role for the Class IV HDAC in OA. Therefore,
we primarily discuss the role of the Class I and Class II HDACs
in cartilage development and OA progression and the potential
therapeutic effects of Class I and Class II HDAC inhibitors.

HDACs AND miRNA IN OA

MicroRNAs (miRNAs) are non-coding RNAs that regulate gene
expression through post-transcriptional modifications. Altered
miRNA expression is found in many diseases, including OA
(Sondag and Haqqi, 2016). There have been many studies
that identified a relationship between HDACs and miRNA in
pathogenesis of OA (Table 1).

HDAC1

MiR-146a has a protective effect against OA by inhibiting
inflammatory factors in cartilage and synovial tissues (Yang et al.,
2014; Guan et al., 2018). In contrast, HDAC1 inhibits miR-146a
expression in the synovium to aggravate cartilage damage (Wang
et al., 2013). It’s unclear whether HDAC1 regulates miR-146a
expression in cartilage in OA.

HDAC2

HDAC2 has a similar structure to HDAC1 and also acts as
a pro-inflammatory protein in OA pathogenesis (Brunmeir
et al., 2009). Increased HDAC2 expression is observed in the
cartilage and chondrocyte-secreted exosomes of OA patients
and inhibits cartilage-specific gene expression in chondrocytes
(Hong et al., 2009). Exosomal miR-95-5p delays OA progression
and promotes cartilage matrix expression in chondrocytes by
binding to the 3′-UTR of HDAC2 and inhibiting HDAC2
expression (Mao et al., 2018). Similarly, miR-92a-3p promotes
cartilage matrix gene expression both in chondrogenic hMSCs
and primary human chondrocytes (PHCs) by inhibiting HDAC2
expression through binding to the 3′-UTR of HDAC2 followed
by increased H3 acetylation on the Aggrecan (ACAN), COMP
and Col2a1 promotors and increased cartilage matrix expression
(Mao et al., 2017). MiR-455-3p also has a protective effect on
cartilage by inhibiting to the 3′-UTR of HDAC2, decreasing
its expression, and promoting H3 acetylation on the Col2a1
promoter (Chen et al., 2016b).

HDAC3

HDAC3 is involved in the repression of cartilage matrix
metabolism (Zhang et al., 2019b). MiR-193b-3p targets the 3′-
UTR of HDAC3 and inhibits its expression. HDAC3 suppression
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FIGURE 1 | Classification of HDACs (A) and the different mechanism of action (B).

TABLE 1 | The relationship between HDACs and miRNAs in OA.

HDAC miRNA Differential expression in OA Target gene(s) miRNA Biological effects References

HDAC2 miR-95-5p Downregulated HDAC2/8 Matrix synthesis Mao et al. (2018)

miR-92a-3p Downregulated HDAC2 Matrix synthesis Mao et al. (2018)

miR-455-3p Downregulated HDAC2/8 Matrix synthesis Chen et al. (2016b)

HDAC3 miR-193b-3p Downregulated HDAC3 Matrix synthesis Meng et al. (2018)

HDAC4 MiR-381 Upregulated HDAC4 Matrix degradation Chen et al. (2016c)

miR-438-5p Upregulated Matn3 and TIMP2 Chondrocyte hypertrophy and angiogenesis Wang et al. (2018a)

miR-365 Upregulated HDAC4 Inhibiton of MMP13 and Col X gene expression Yang et al. (2016)

miR-222 Downregulated HDAC4 Inhibition of chondrocyte apoptosis and MMP13 Song et al. (2015)

HDAC7 miR-193b-5p Downregulated HDAC7 Matrix synthesis Zhang et al. (2019a)

HDAC8 miR-95-5p Downregulated HDAC2/8 Matrix synthesis Mao et al. (2018)

miR-455-3p Downregulated HDAC2/8 Matrix synthesis Chen et al. (2016b)

results in H3 acetylation and over-expression of Col2a1, ACAN,
COMP, and SOX9 in hMSCs and PHC with or without IL-1β

stimulation (Meng et al., 2018).

HDAC4

The role of HDAC4 in OA has not been defined. Mammalian
target of rapamycin complex 1 (mTORc1) activation induces
extra cellular matrix (ECM) degradation through miR-483-
5p-mediated downregulation of Matn3 and tissue inhibitor of
metalloproteinase-2 (Timp2) in a Col2a1TSC1KO OA mouse
model (Wang et al., 2018a). HDAC4 reverses OA symptoms
by inhibiting miR-483-5p (Wang et al., 2018a). MiR-381
aggravates cartilage degradation and OA progression, whereas
HDAC4 reverses this effect. The underlying mechanism involves
the inhibition of HDAC4 expression by miR-381 binding
to its 3′-UTR. Such inhibition decreases MMP13 and Runt-
related transcription factor 2 (Runx2) expression in ATDC5
chondrocyte and SW1353 chondrosarcoma cell lines (Chen
et al., 2016c). MiR-365 also promotes osteoarthritic cartilage
destruction by targeting HDAC4 (Yang et al., 2016). Interestingly,
HDAC4 also acting as a pro-inflammatory factor, can accelerate
OA progression by inhibiting miR-146a in osteoarthritis
synovial fibroblast-like cells (OA-FLS) (Wang et al., 2013). This
contradictory phenomenon may be explained by the fact that this

latter study only focused on the effect of HDAC4 on miR-146a
and the downstream proteins interleukin-1 receptor-associated
kinase 1 (IRAK1) and tumor necrosis factor receptor-associated
factor 6 (TRAF6), but HDAC4 can be a positive regulator in
other processes. Thus, overall, HDAC4 has anti-inflammatory
and anti-arthritis effect. The second reason might be that HDAC4
acts as a pro-inflammatory factor in FLS but not chondrocytes.
However, Song et al. (2015) found that miR-222 over-expression
suppressed chondrocyte apoptosis and MMP13 expression by
inhibiting HDAC4. Thus, the distinct mechanism of HDAC4 in
OA requires further investigation.

HDAC5 AND HDAC6

There are no article about relationship between HDAC9,
HDAC10, and miRNAs in pathogenesis of OA.

HDAC7

HDAC7 evokes cartilage damage and ECM degradation through
the over-expression of MMP3 and MMP13. In contrast, miR-
193b-5p protects cartilage from injury by inhibiting HDAC7
through binding to its 3′-UTR (Zhang et al., 2019a). Interestingly,
HDAC7 inhibition by siHDAC7 also promotes miR-193b-5p
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expression, suggesting that HDAC7 regulates miR-193b-5p in OA
via a positive-feedback loop.

HDAC8

Like HDAC2, HDAC8 exacerbates OA by inhibiting matrix
metabolism, whereas miR-455-3p and miR-95-5p suppress
HDAC8 expression to protect cartilage as mentioned above
(Chen et al., 2016b; Mao et al., 2018).

HDAC9 AND HDAC10

There are no article about relationship between HDAC9,
HDAC10, and miRNAs in pathogenesis of OA.

HDACs AND SIGNALING PATHWAYS IN
CARTILAGE DEVELOPMENT AND OA

HDAC1
HDAC1 expression is elevated in OA cartilage (Hong et al.,
2009). The carboxyl-terminal domain (CTD) of HDAC1
is the major regulatory unit in OA pathogenesis. While
the CTD does not determine HDAC1 enzymatic activity,
it does affect the target gene specificity. The HDAC1 CTD
promotes Snail1 transcription factor activity, a known
repressor of Collagen2 (α1) in chondrocytes (Hong et al.,
2009). Leukemia/lymphoma-related factor (LRF) suppresses
expression of the COMP gene. HDAC1 increases LRF
activity and suppresses COMP transcription in chondrocytes
(Liu et al., 2004). In addition, HDAC1 assists HDAC9
in weakening Nkx3.2 stability by regulating acetylation
status, which is required for chondrocyte viability and
chondrocyte hypertrophy (Choi et al., 2016). Interestingly,
there have also been controversial observations. During
chondrocyte proliferation and chondrogenesis, zinc finger
nuclear regulator (Trps1) plays a critical role in mitosis.
An interaction between Trps1 and HDAC1 increases the
histone deacetylase activity of HDAC1, leading to normal
chondrocyte mitosis (Wuelling et al., 2013). HDAC1 also
promotes cartilage development through the canonical
Wnt/β-catenin pathway. HDAC1 suppresses β-catenin
expression through its promoter and increases β-catenin
degradation by regulating acetylation (Huang et al., 2014).
Thus, HDAC1 plays a positive role in early cartilage
formation and development but has a negative role in
OA pathogenesis.

HDAC2
The HDAC2 CTD also interacts with the Snail transcription
factor to promote its activity and inhibit COMP expression
(Hong et al., 2009). Protein kinase epsilon (PKCε) increases SOX9
expression, the deposition of glycosaminoglycans (GAGs) and
inhibition of Runx2 expression in OA through HDAC2 down
regulation (Queirolo et al., 2016).

HDAC3
HDAC3 plays an important role in the development of bone
and cartilage but can also exacerbate OA progression. HDAC3
is required for chondrocyte maturation at the early stage of
skeletal formation in mice (E10.5 and E16.5). Postnatal ablation
of HDAC3 in chondrocytes delays chondrocyte endochondral
maturation, ossification and induces inflammatory cytokines in
normal chondrocytes (Carpio et al., 2016). HDAC3 also inhibits
the Erk1/2 downstream proteins (Runx2 and MMP13) and
promotes chondrocyte maturation in the growth plate, which
inhibits temporal and spatial activation of Erk1/2 through the up-
regulation of the dual-specific phosphatase Dusp6 (Carpio et al.,
2017). HDAC3 also represses Phlpp1 transcription to promote
Akt phosphorylation and activation of its downstream targets
(mTOR and p70 SK6) in chondrocytes. These events are essential
for regulating chondrocyte hypertrophy and the promotion of
matrix gene expression (Bradley et al., 2013). In the pathogenesis
of OA, HDAC3 promotes OA progression via the regulation
of the nuclear transportation of NF-κB in OA cartilage and
chondrocytes with elevated MMP13 and ADAMTS5 expression
(Zhang et al., 2019b). The contradictory phenomenon may be
explained by the following: (1) HDAC3 is only essential for
chondrocytes during the embryonic growth period; (2) HDAC3-
deletion may slightly elevate inflammatory cytokines compared
to normal chondrocytes, but significantly inhibit inflammation
compared to chondrocytes treated with IL-1β.

HDAC4
HDAC4 is the most thoroughly studied HDAC in OA
pathogenesis. Decreased HDAC4 expression is observed in OA
patients. HDAC4 not only inhibits the expression of Runx2,
MMP1, MMP3, MMP13, ADAMTS4, and ADAMTS5 but also
partially blocks the catabolic events in chondrocytes stimulated
by IL-1β (Cao et al., 2014). As mentioned earlier, PKCε promotes
SOX9 expression and the deposition of GAGs in chondrocytes
via HDAC4 up-regulation (Queirolo et al., 2016). The PTHrp-
Zfp521-HDAC4 pathway could negatively regulate chondrocyte
hypertrophy. Zfp521 is a downstream target gene of PTHrp
and forms a complex with HDAC4 and Runx2, leading to the
repression of Runx2-mediated target gene activation (Correa
et al., 2010).

Alterations in HDAC4 and cellular localization can
regulate chondrocyte hypertrophy, OA progression and
affect chondrocyte hemostasis. PTHrp promotes the nuclear
translocation of HDAC4 and inhibition of MEF2 transcriptional
activity to prevent chondrocyte hypertrophy (Kozhemyakina
et al., 2009). In addition, HDAC4 is a mechanical-responsive
protein; its expression can be regulated by mechanical
compression in chondrocytes. Hydrostatic pressure (1–5 Hz)
significantly decreases HDAC4 expression in OA chondrocytes
to maintain the chondrocyte phenotype (Cheleschi et al., 2017).
Furthermore, mechanical stimulation also alters the subcellular
distribution of HDAC4 in these cells. Proper compression
of chondrocytes promotes matrix-related gene expression
through HDAC4 translocation to the nucleus (Chen et al.,
2016a). This effect is dependent on PP2A-induced HDAC4
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dephosphorylation. The relocation of HDAC4 associated with
14-3-3 to the cytoplasm also promotes CaMK IV-induced
expression of Runx2 and related proteins in the chondrocytes
(Guan et al., 2012). Interestingly, HDAC4 also has a destructive
role in OA. HDAC4 is an upstream mediator of MAPK and
promotes ADAMTS4, ADAMTS5, and cyclooxygenase 2
(Cox2) expression in rat articular chondrocytes stimulated with
IL-1β (Wang et al., 2018b). The reason for the inconsistent
phenomenon is unclear and still need further explored.

HDAC5
Little is known on the role of HDAC5 in cartilage development
and OA progression. HDAC5 acts as a co-activator of HDAC4 to
inhibit chondrocyte hypertrophy through parathyroid hormone-
related protein (PTHrP), which blocks the Mef2/Runx2 signaling
pathway (Cheng et al., 2019).

HDAC6
Mechanical intervention and physical activity can modify
the epigenetic state by regulating the HDACs. This
process is called mechanic-epigenetics (Chen et al., 2013).
HDAC6 is a mechanosensitive protein involved in OA. It
promotesADATMS5 expression through cilia disassembly and
hedgehog signaling at 0.33 Hz and 20% cyclic tensile strain
(CTS). This effect is not observed at 10% CTS (Thompson et al.,
2014). Mechanical loading also attenuates NF-κB activity in
chondrocytes stimulated with IL-1β through the regulation of
the intraflagellar transport (IFT)-dependent pathway. Under the
conditions of 0.33 Hz and 10% CTS, HDAC6 activity increases
followed by the recovery of cartilage (Fu et al., 2019).

HDAC7
HDAC7 plays a pivotal role in both cartilage development
and OA. Increased HDAC7 expression is observed in
the knee cartilage of OA patients, and HDAC7 induces
MMP13 overexpression in OA (Higashiyama et al., 2010).
Furthermore, insulin-like growth factor 1 (Igf1)/insulin-
dependent signaling activates β-Catenin signaling, which
promotes chondrocyte proliferation in immature chondrocytes.
Igf1/insulin pathway also promotes HDAC7 translocation from
the nucleus to the cytosol, where it is degraded by the proteasome
(Bradley et al., 2015).

HDAC8
HDAC8 promotes JNK phosphorylation to increase the
expression of ADAMTS4, ADAMTS5, ColX, and Cox-2 in
chondrocytes (Wang et al., 2018b). This effect is inhibited by
both HDAC8 siRNA and the HDAC8 inhibitor, PCI.

HDAC9
There are few reports on the role of HDAC9 in cartilage
development, chondrocyte hypertrophy and OA. Nkx3.2/Bapx1
is a crucial protein for maintaining chondrocyte viability.
The HDAC9-PIASy-RNF4 axis could promote chondrocyte
hypertrophy by regulating the sumoylation and ubiquitination of
Nkx3.2/Bapx1, leading to its degradation through the proteasome
(Choi et al., 2016).

HDAC10
HDAC10 is involved in the regulation of collagen II expression
through the epigenetic modification of enhancer elements in
the collagen II gene. HDAC10 overexpression in Swarm rat
chondrosarcoma (RCS) chondrocytes suppresses collagen II
transcription through interaction with the E2 enhancer element
in the collagen II gene, which locates 277 bp downstream of the
transcription start site (Figures 2, 3; Nham et al., 2019).

HDAC INHIBITORS AND OA TREATMENT

HDACi inhibit the enzymatic activity of HDACs and promote
acetylation of proteins. HDACi can be divided into four
groups, according to their structures: short-chain fatty
acids, hydroxamic acids, cyclic peptides, and benzamides
(Carpio and Westendorf, 2016). Currently, there have been
more than 609 completed/ongoing HDACi-related human
clinical trials, including trials for kidney disease (Chun, 2018),
cardiovascular disease (Yoon and Eom, 2016), neuronal memory
and regeneration (Ganai et al., 2016), myeloma and solid tumors
(Hull et al., 2016; Cengiz Seval and Beksac, 2019). Although, there
have been many studies on the effects of HDACi on OA, none of
the HDACi identified have been approved as an OA treatment by
the United States Food and Drug Administration (FDA).

The hydroxamic acids consist of trichostatin (TSA), vorinostat
(SAHA), ricolinostat (ACY-1215) and givinostat (ITF2357). TSA
is the most common broad spectrum HDACi. In vitro, TSA
inhibits MMP1, MMP3, MMP13, and IL-1 in OA chondrocytes
(Chen et al., 2010). One of the mechanisms of TSA treatment
is that TSA abolishes the pro-inflammatory effect of Kruppel-
like factor 4 (KLF4) (Fujikawa et al., 2017). Although TSA
inhibits the inflammatory response in OA, it decreases collagen
II mRNA levels in primary human chondrocyte stimulated
with IL-1β or fibroblast growth factor-2 (FGF-2) (Wang et al.,
2009). A Redox imbalance contributes to OA progression,
TSA inhibits synthesis of NO and prostaglandin (PGE2), and
the expression of inducible nitric oxide synthase (iNOS) and
Cox-2 in chondrocytes stimulated with IL-1β (Chabane et al.,
2008). Apoptosis is a crucial regulatory mechanism in OA. TSA
suppresses apoptosis to protect chondrocytes (Song et al., 2015).
In CTS-induced activation of the MAPK signaling pathway
in chondrocytes, TSA downregulates MAPK and suppresses
its downstream pro-inflammatory proteins (e.g., Runx2 and
MMP13) at both the mRNA and protein levels (Saito et al., 2013).
The protective effect of TSA is the same in leptin-stimulated
human chondrocytes (Iliopoulos et al., 2007). In vivo, Cai et al.
(2015) reported that TSA alleviates OA through the induction of
Nrf2 and its downstream proteins. TSA also increases the Timp-
1/MMP ratio in the OA model along with increased acetylation
levels of H3 and H4. However, whether there is a relationship
between histone acetylation and the Timp-1/MMP ratio needs
additional study (Higashiyama et al., 2010). The protective effect
of TSA was confirmed in an ACLT rabbit model through the
inhibition of cathepsins (Chen et al., 2011). Furthermore, TSA
also ameliorates OA by inhibiting synovial inflammation in an
OA mouse model (Nasu et al., 2008).
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FIGURE 2 | A schematic illustration of HDACs in chondrocyte maturation and cartilage development through different signaling pathways.

Vorinostat (SAHA) is another HDACi composed of
hydroxamic acids. It inhibits MMPs and iNOS by attenuating
the NF-κB and MAPK pathways in human chondrocytes
stimulated with IL-1β. However, vorinostat only inhibits p38
and Erk1/2 activation, not JNK activation (Zhong et al., 2013).
Treatment with vorinostat also suppresses IL-6 expression in
OA chondrocytes through the miR-9-MCPIP1 axis. Vorinostat
promotes the recruitment of CEBPα to the promoter of MCPIIP1
to inhibit IL-1 synthesis (Makki and Haqqi, 2017). Furthermore,
IL-6-induced MMP13 expression in the chondrocytes can be

reversed by vorinostat, which promotes Col2a1 and ACAN
expression in OA chondrocyte (Makki and Haqqi, 2016).

Ricolinostat (ACY-1215) is a selective HDAC6 inhibitor that
has anti-inflammatory and chondroprotective properties. ACY-
1215 inhibits MMP1 and MMP13 expression by down regulating
NF-κB and STAT3 activity in primary human chondrocyte
stimulated with IL-1β (Cheng et al., 2019).

Givinostat (ITF2357) is another anti-inflammatory compound
that can inhibit MMPs expression in an experimental arthritis
model (Joosten et al., 2011).
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FIGURE 3 | A schematic illustration of HDACs in OA and chondrocyte hypertrophy through different signaling pathways.

Butyrate acid is short-chain fatty acid that inhibits the
expression of pro-inflammatory mediators, pro-inflammatory
adipokines, and several inflammatory signaling pathways partly
through G protein-coupled receptor (GPR)-43 (Pirozzi et al.,
2018). Butyrate acid significantly abrogates IL-1β-induced MMPs
at both the RNA and protein levels by inactivating NF-
κB; however, butyrate acid inhibits Collagen II expression
(Bo et al., 2018).

Valproic acid (VPA) is short-chain fatty acid, which inhibits
HDAC1 activity and promotes the degradation of HDAC2
(Platta et al., 2008; Avery and Bumpus, 2014). VPA can

prevent inflammatory damage to cartilage. Its protective role is
achieved by the downregulation of microsomal prostaglandin E2
(Mpges-1) mediated by the induction of NAB1 in chondrocytes
stimulated with IL-1β, which binds to the promoter of Mpges-1
(Zayed et al., 2011). VPA also represses cytokine-induced MMP1,
MMP3, and MMP13 in human articular chondrocytes (HACs)
(Culley et al., 2013).

Entinostat (MS-275) belongs to the benzamide class of
compounds that selectively inhibits Class I HDACs (Lauffer et al.,
2013). MS-275 inhibits MMP13 expression in OA (Queirolo et al.,
2016), and prevents cartilage absorption (Culley et al., 2013).
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TABLE 2 | The classification of HDACi and effect of HDACi on OA.

Group and structure HDAC inhibitor HDAC selectivity Effect of HDAC inhibitor Mechanism References

Hydroxamic acids TSA Class I/II HDACs
IC50: 1.8 nM

Inhibition of MMPs and IL-1 ND and inhibition of
KLF4

Chen et al. (2010);
Fujikawa et al.
(2017); Wang et al.
(2009); Iliopoulos
et al. (2007)

Inhibition of NO and PGE2

synthesis; Inhibition of iNOS
and Cox-2 expression

ND and not through
NF-κB activity

Chabane et al.
(2008)

Inhibition of Runx2 and
ADAMTS5

Inhibition of MAPK
signaling

Saito et al. (2013)

Inhibition of MMPs, TNF-α,
IL-1, and IL-6

Promotion of Nrf2
signaling

Cai et al. (2015)

Regulation of MMP/TIMP-1
ratio

ND Higashiyama et al.
(2010)

Inhibition of cathepsins ND Chen et al. (2011)

Vorinostat (SAHA) HDAC1
IC50: 10 nM

Inhibition of MMPs and
iNOS

Attenuation of NF-
κB and MAPK
pathways

Zhong et al. (2013)

HDAC3
IC50: 20 nM

Inhibition of IL-1 synthesis Recruitment of
CEBPα to the
promoter of
MCPIIP1

Makki and Haqqi
(2017)

Inhibition of MMP13
expression and promotion
of Col2a1 and ACAN
expression

ND Makki and Haqqi
(2016)

Ricolinostat (ACY-1215) HDAC6 IC50: 5 nM Inhibition of MMP1 and
MMP13 expression

Down-regulation of
NF-κB and STAT3
activity

Cheng et al. (2019)

Givinostat (ITF-2357) HDAC1
IC50:198 nM
HDAC3
IC50: 157 nM

Inhibition of MMPs ND Joosten et al.
(2011)

Short-chain fatty acids Butyrate acid Class I/II HDACs
(except HDAC6
and HDAC10)
IC50: ND

Inhibition of pro-
inflammatory cytokines and
adipokines

Through G
protein-coupled
receptor (GPR)- 43

Pirozzi et al. (2018)

Inhibition of MMPs Through
inactivation of
NF-κB

Bo et al. (2018)

Valproic acid HDAC1
IC50: 0.4mM
HDAC2 IC50: ND

Down-regulation of
microsomal prostaglandin
E2 (Mpges-1)

Promotion of NAB1
which suppressed
promoter of
Mpges-1

Zayed et al. (2011)

Inhibition of MMP1, MMP3
and MMP13

ND Culley et al. (2013)

Benzamides Entinostat (MS-275) HDAC1
IC50: 243 nM
HDAC2
IC50: 453 nM
HDAC3
IC50: 248 nM

Inhibition of MMP13
expression and prevention
of cartilage absorption

ND Queirolo et al.
(2016); Culley et al.
(2013)

Suppression CTS- induced
expression of
Runx2,ADAMTS5 and
MMP3

Through inhibition
of MAPK signaling
pathway

Saito et al. (2013)

ND: Not determined. IC50 and chemical structure were cited by https://www.medchemexpress.cn/.
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Furthermore, it suppresses CTS-induced expression of Runx2,
ADAMTS5, and MMP3 at both the mRNA and protein levels
in chondrocytes through inhibition of MAPK signaling pathway
(Saito et al., 2013; Table 2).

There are also some major obstacles to using HDACi to treat
OA. HDACi affect many systems and organs through blood
flow after administration. Inevitably, unnecessary side effects
and toxicity occur, including secondary malignancies (Bhaskara
et al., 2010; Mendivil et al., 2013). Most HDACi are broad-
spectrum inhibitors. Thus, some beneficial HDACs may also
be inhibited, leading to side effects and a low efficiency of
HDACi therapy. Furthermore, the HDACi dosage should be
determined for individual patients (Khabele, 2014). Too much or
too little dosage drug will fail to achieve the expected therapeutic
effects against OA.

CONCLUSION

In recent years, HDACs have drawn more and more attention
in the pathogenesis of OA. Previous studies demonstrated
that HDACs not only regulate chondrocyte maturation and
hypertrophy but also protect cartilage from damage. However,
the mechanisms underlying the role of HDACs in OA are
unclear and require additional investigation. Clarification of the
roles of individual HDACs in cartilage will help define which
HDAC(s) should be inhibited or activated for the treatment
of OA. Moreover, a better understanding of the roles of
individual HDACs in OA will reveal the major HDAC isoform(s)
responsible for OA and allow the development of a selective
HDACi to achieve a more precise and effective therapy for OA.

Based on this review, HDACi have protective roles in cartilage
and enormous potential as new drugs to against OA. There are
currently limitations to the use of HDACi as OA therapy. With
non-selective HDACi, patients may suffer from severe side effect

and toxicity. The dosage is an important consideration for the
clinical use of HDACi. An unoptimized dosage might not achieve
the predicted effect and could even cause harm. Therefore it’s
essential to identify tissue-specific and HDAC-specific HDACi
to avoid side effect and toxicity. In parallel, the development of
specific HDACi will also help delineate the function of individual
HDACs in OA. Finally, it’s necessary to build a drug evaluation
system to guide dosage selection for individual patients to achieve
the best therapeutic effect.

In conclusion, although our knowledge of OA continues to
grow, understanding the underlying mechanisms involved in
OA pathogenesis and identifying effective treatments will require
further investigation. Based on current data, HDACs and HDACi
hold promise for the management of OA.
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