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COMMENTARY
Histone Deacetylase Inhibitory Approaches for
the Management of Osteoarthritis
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Histone acetylation, a dynamic cellular process, is critical in
regulating gene transcription in a variety of ways. This process
is tightly regulated by the antagonistic actions of two unique
families of enzymes, the histone deacetylases (HDACs) and
histone acetyltransferases. HDACs remove acetyl groups
(O Z C-CH3) from histones to induce the generation of a
compressed, transcriptionally repressed chromatin structure.
The HDAC proteins are classiﬁed into four groups based on
DNA sequence similarity and functional activities.1 Classic
HDAC proteins (class I, II, and IV) possess a zinc-dependent
active site and are further grouped into 11 subtypes named
chronologically HDAC 1 to 11. HDAC class III proteins
require the NADþ cofactor for activity and are known as
sirtuins, a family of seven known members (SIRT 1 to 7).
The HDAC inhibitors (HDACi) are currently being extensively investigated for the management of a variety of diseases,
including inﬂammatory conditions and cancer. In this issue of
The American Journal of Pathology, Makki and Haqqi2 have
found that the drug vorinostat, which is a class I and II HDAC
inhibitor, blocks IL-1beinduced expression of matrix metallopeptidase (MMP)-13, tumor necrosis factor-a, and other catabolic factors in human osteoarthritis (OA) chondrocytes obtained
from the human knee cartilage.2 Moreover, vorinostat was also
found to rescue the collagen type II a and aggrecan proteoglycan
expression in OA chondrocytes, which were down-regulated by
IL-1b. In addition, the authors have demonstrated that IL6estimulated MMP-13 expression was independent of IL-1b
stimulation and was blocked by vorinostat, suggesting that vorinostat inhibits IL-6 signaling in chondrocytes. In this commentary, we discuss the implications of these ﬁndings and the
potential of HDAC inhibition in the management of OA.

Role of HDACs in OA Pathogenesis
OA is a degenerative disease of the joint resulting from the
breakdown of joint cartilage and underlying bone. OA is a

highly prevalent form of arthritis of the knee and hip,
affecting approximately 3.8% of the human population,
globally as of 2010.3 OA is alleged to be triggered by mechanical stress on the joint leading to low-grade inﬂammation
and progressive loss of the cartilage matrix.4 OA starts with
high cell proliferation and increased synthesis of matrix
proteins, cytokines, and other inﬂammatory mediators by
chondrocytes, which are the only cell type found in the
cartilage matrix.4 Chondrocytes possess low metabolic activity, little regenerative capacity, but may survive in the
absence of a vascular supply and relatively under hypoxic
conditions. These cells are eventually accountable for
remodeling and keeping the structural and functional integrity of the cartilage matrix.4 Therefore, chondrocytes have
been extensively used to understand the pathogenesis of OA.
HDACs are modulated in several pathological conditions,
including cancer. However, only a limited number of studies
have implicated HDACs in the pathogenesis of OA.
HDAC1 and HDAC2 protein levels are elevated in primary
human chondrocytes, which is consistent with repression of
cartilage-speciﬁc genes.5 HDAC4 is known to be a major
regulator of chondrocyte hypertrophy throughout skeletogenesis. The abnormal expression of HDAC4 in osteoarthritic cartilage suggests its involvement in promoting the
catabolic activity of chondrocytes associated with OA
pathogenesis.6 A signiﬁcant elevation of HDAC7 in the
cartilage of OA patients is reported to contribute to cartilage
degradation via promoting MMP-13.7 These studies suggest
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that inhibiting certain HDACs may be useful in the management of OA. However, future studies are required to
unravel the roles of speciﬁc HDACs in OA pathophysiology
because the use of speciﬁc HDACi may be more effective.
Regarding the role of class III HDACs in OA, most studies
have focused on the sirtuin SIRT1. SIRT1 activity is essential
for cartilage-speciﬁc extracellular components aggrecan
proteoglycan and collagen type II a in human chondrocytes
derived from OA patients.8 Many studies have assessed the
biological actions of SIRT1 in cartilage homeostasis and OA.
Gabay et al9 assessed the in vivo relevance of SIRT1 in
cartilage biology and demonstrated that SIRT1 heterozygous
haploinsufﬁcient (SIRT1þ/) mice are growth delayed
with early symptoms of mild OA by middle age, whereas
SIRT1/ pups exhibit skeletal malformations and die before
weaning age. Overexpression of SIRT1 in chondrocytes by
expression plasmid under stimulation with IL-1b reduces the
expression of catabolic enzymes, such as a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)5 and matrix metalloproteinases (MMPs 1, 2, 9, 10, 11, 12,
and 13), as well as acetylation of NF-kB/p65, suggesting the
protective role of SIRT1.10 Recently, Li et al11 showed that
the intra-articular injection of the grape antioxidant resveratrol, a known SIRT1 activator, prevents the destruction of OA
cartilage by increasing SIRT1 and inhibiting hypoxiainducing factor-2a expression in mouse OA cartilage and
in IL-1betreated human chondrocytes. Together, these
studies suggest that SIRT1 activators may be useful in the
management of OA, especially in a preventive setting.

Potential Use of HDAC Inhibitors in OA Management
Current therapeutic options for the management of OA
either have short-term efﬁcacy or are ineffective and fail to
reverse/stop pathophysiological events involved in disease
progression. Progressions of catabolic and anabolic mediators have been shown to play crucial roles in articular
cartilage homeostasis and in the development and progression of OA. These inﬂammatory mediators include tumor
necrosis factor-a, interleukins (IL-1b, IL-6, IL-8, IL-15,
IL-17, IL-21), prostaglandin E2, and ﬁbroblast growth factor 2; signaling mediators such as NF-kB, mitogen-activated
protein kinase, protein kinase C-d, and b-catenin; and proteases such as MMP-1, MMP-3, MMP-9, MMP-13, and a
disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS-4 and ADAMTS-5).12 Interestingly,
IL-1b is an inducer of MMPs and ADAMTS proteases and
suppresses the cartilage matrix formation. Recent studies
also indicate that MMP-13 is overexpressed in the late stage
of OA, and its knockdown in mice resists OA cartilage
damage. Makki and Haqqi2 have found that vorinostat
blocks IL-1beinduced expression of MMP-13 in human
OA chondrocytes. As the ﬁrst report suggesting HDAC
inhibitor vorinostat as a suppressor of IL-6einduced
signaling events in OA, this study has a potential of opening
new avenues in OA management.2
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Indeed, hyperacetylation of histone proteins up-regulates
cell cycle inhibitors (p21Cip1, p27Kip1, p16INK4), represses
inﬂammatory cytokines (IL-1, IL-8, tumor necrosis factor-a,
TGF-b), and down-regulates immune stimulators (IL-6,
IL-10, CD154).13 Furthermore, aberrant HDAC activity has
been linked to a wide variety of pathological conditions.
Thus, inhibiting HDAC activity offers potential solutions to
prevent or reverse these conditions. HDACi includes a range
of naturally occurring as well as synthetic compounds,
which differ in terms of function and HDAC speciﬁcity.
Some HDACi (eg, trichostatin A, vorinostat) are panHDAC inhibitors, which inhibit the activity of class I and
II HDACs, whereas others are class/isoform-selective inhibitors (eg, FK-228 inhibits HDAC 1 and 2). HDACi have
been in use in psychiatry and neurology as mood stabilizers
and anti-epileptics for some time. Recently, HDACi have
emerged as a possible treatment for cancers and inﬂammatory diseases.14
As of now there are 609 HDACi-related human clinical
trials completed/ongoing (https://clinicaltrials.gov; last
accessed July 21, 2016); however, none of them are related
to OA. One study has assessed the safety and efﬁcacy of an
oral HDACi givinostat (ITF2357) in systemic-onset juvenile
idiopathic arthritis (12 weeks at a dosage of 1.5 mg/kg per
day to 17 patients). This study has found a signiﬁcant
therapeutic beneﬁt of ITF2357, speciﬁcally with regard to
the arthritic component of the disease, and showed an
excellent safety proﬁle.15
Vorinostat has emerged as a popular and promising
HDACi that is orally bioavailable and acts as a broad
spectrum inhibitor of class I and II HDACs (HDAC 1 to 10).
Vorinostat, chemically known as suberoylanilide hydroxamic acid, and clinically as Zolinza, is clinically the most
advanced HDACi that was discovered through extensive
evaluations of small polar molecules proﬁcient in inhibiting
HDAC enzymes.16 Approximately half of all of the reported
clinical trials on HDACi are with vorinostat. Vorinostat was
ﬁrst approved in 2006 by the US Food and Drug Administration for the treatment of cutaneous manifestations in
patients with cutaneous T-cell lymphoma in whom other
treatments have failed. The study by Makki and Haqqi,2
showing vorinostat-mediated suppression of MMP-13
through inhibition of IL-6 in chondrocytes, suggests the
potential of vorinostat as a therapeutic agent for the management of OA.
The use of HDACi in OA management is also supported by
some other studies as well. Chabane et al17 have shown that
HDACi trichostatin A (TSA) and butyric acid suppress
IL-1beinduced inﬂammatory mediators nitric oxide and
prostaglandin E2 production, inducible nitric oxide synthase
and cyclooxygenase-2 expression, as well as proteoglycan
degradation in human chondrocytes. Chen et al18 have shown
alleviation of OA by TSA in an experimental model of OA
induced in New Zealand rabbits through unilateral anterior
cruciate ligament transection on left knee joints. The authors
found that elevated levels of MMP-1, MMP-3, MMP-13 and
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IL-1 were signiﬁcantly reduced by TSA. TSA has also
been shown to suppress both IL-1edependent and IL1eindependent MMP-13 mRNA expression in human knee
chondrocytes.7 HDACi TSA suppresses the mechanical stressinduced expression of RUNX-2 and ADAMTS-5 by inhibiting
the activation of mitogen-activated protein kinase signaling
[extracellular signal-regulated kinase, c-Jun NH2-terminal
kinase (JNK), p38 mitogen-activated protein kinase (p38)] in
human chondrocytes.19 Vorinostat down-regulates inducible
nitric oxide synthase, MMP-1, and MMP-13 expression and
up-regulates tissue inhibitor of metalloproteinases-1 expression in human chondrocytes. Furthermore, vorinostat selectively represses IL-1beinduced p38 and extracellular signal
regulated kinase 1/2 activation without affecting JNK activation and also inhibits NF-kB signaling.20 Culley et al21 have
shown the protective effect of TSA on cartilage degeneration
in a destabilization of the medial meniscus mouse model of
OA. These studies indicate that the inhibition of HDACs could
have a beneﬁcial effect in the management of osteoarthritic
conditions.

Naturally Occurring HDAC Inhibitors
Many of the HDACi are derived naturally from microbial
metabolites (eg, TSA, isolated from Streptomyces hygroscopicus). Allyl derivatives from garlic were the ﬁrst molecules identiﬁed to affect histone acetylation status. Other
prominent plant-based HDACi includes sulforaphane (found
in cruciferous vegetables) and quercetin (found in a variety of
fruits and beverage).1 Because HDACi seems to possess
therapeutic potential against a variety of diseases, there is
increasing interest in the potential of dietary compounds that
possess HDAC inhibitory activities. However, some of the
natural agents appear to have dual effects on HDACs. For
example, resveratrol is a reported activator of class III HDAC
SIRT1 but also has been shown to inhibit the other 11 human
HDACs (class I, II, and IV).22 Other examples are of curcumin and genistein, which exhibit both HDAC inhibitory
and histone acetylation activator activities.1 It appears that
further research is needed to determine whether the naturally
occurring HDAC modulators may be useful in OA
management.

Conclusions
HDACs post-translationally alter histone and nonhistone
proteins, which affect the ﬁnal gene expression outcome.
Clearly, there is an increasing interest in the therapeutic use
of HDACi in the treatment of a variety of disorders linked to
HDAC dysfunction. Certain HDACs have been shown to be
deregulated in OA. However, this area of research is still in
its infancy and detailed investigations are needed to understand the functional and therapeutic signiﬁcance of speciﬁc HDACs in OA. Determining which HDAC is to be
targeted and whether a selective HDACi or a pan-HDACi
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would be useful in the therapeutic management of OA is an
important area of future research. The article by Makki and
Haqqi,2 in this issue, is an important effort in this direction
that provides substantial evidence for the potential use of
vorinostat in OA management.
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