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ABSTRACT

Epigenetic modifications such as acetylation and deacetylation of histone
proteins play a decisive role in transcriptional alteration and expression of
genes. Acetylation is catalysed by the histone acetyl transferases enzymes and
activates expression of genes by converting chromatin into a less compact,
transcriptionally active state. Histone deacetylases enzymes catalyze
deacetylation that condenses chromatin into a closed structure .Consequently
transcriptional factors are unable to access DNA and gene expression is
suppressed. Balanced activity of HATs and HDACS is essential for normal gene
expression. Increased HDAC activity can lead to imbalance in protein
acetylation resulting in hypoacetylation, tight chromatin structure and
suppression of various genes. This aberrant suppression of genes is the hallmark
of several malignant and other diseases including neurodegenerative disorders.
Histone Deacetylase Inhibitors (HDACIs) have potential to restore the balance
of histone acetylation that reverses the silencing of pathological genes. Thus
HDACIs modify expression of genes without affecting sequence of DNA and
act as epigenetic modifiers. Vorinostat and romidepsin are FDA approved
HDACIs. Valproic acid, belinostat and many others are in different phases of
clinical trials. This review article explores the target based epigenetic
mechanisms as well as existing and potential therapeutic role of HDACIs in
various malignant and non-malignant diseases. Data sources were articles
published in medical journals and bibliographic database Medline.
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INTRODUCTION

Histone  Deacetylase Inhibitors (HDACIs) are
epigenetically active, new generation target specific
therapeutic agents for the treatment of various
oncological and non-oncological disorders including
neurodegenerative disorders. In this review article our
endeavour is to explore the latest research work going on
pharmacotherapeutic role of HDACIs as epigenetic
modifier in various diseases. A through electronic search
of bibliographic databases (pub med and science direct),
electronic as well as manual search of medical journals
and extensive review of references from both preclinical
& clinical studies were used to incorporate all recent
aspects in this field.

www.ijbcp.com

WHAT IS EPIGENETICS

The term epigenetics is defined as stable heritable
phenotype resulting from changes in genome without any
alteration in DNA sequence.® Thus, epigenetics is the
study of mitotically or meiotically heritable changes in
gene expression and functions that can’t be explained on
basis of changes in DNA sequence. It is based upon post-
translational modifications such as acetylation of histone
and non-histone proteins associated with genome.?

GENE EXPRESSION: ROLE OF HISTONES AND
ASSOCIATED ENZYMES

Regulation of gene expression occurs on a complex
structure called chromatin or genome that is composed of
DNA, histones, and non-histone proteins. There are five
classes of histones: H1, H2A, H2B, H3 and H4. Among
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these, H1 histones are the least tightly bound to
chromatin, hence are easily removable. Therefore core
histones consist of only 4 classes i.e. H2A, H2B, H3 and
H4. These core histones serve to wrap DNA into
nucleosome that is the basic fundamental unit of
chromosome. Each core histone bears one central domain
and a lysine rich tail domain.® For gene expression, DNA
must be accessible to transcriptional machinery including
Transcriptional Factors (TFs) that is determined by the
chromatin remodeling. Post translational modification
such as acetylation or deacetylation of epsilon amino
group of lysine residues in the tail of core histones affects
the net electrical charges, shape and other properties of
histone proteins associated with chromatin and it is the
major epigenetic mechanism for chromatin remodelling
that leads to the altered gene expression and response.*

Acetylation of histones by Histone Acetylase
Transferases (HATS) resulting in a more open chromatin
structure thus allows TFs to access DNA and activates
gene expression. When transcription of genes is not
required, the acetylation of nucleosome in that area is
reduced by the Histone Deacetylases (HDACS) as a part
of gene silencing process. This deacetylation condenses
the chromatin into a closed structure. Thus transcription
factors are unable to access the DNA resulting in
suppression of gene expression.”

HATs & HDACs do not bind to DNA directly.
Interaction of HATs & HDACs with DNA occurs with
the help of multi protein complexes called co activators
and co repressors respectively. These multi protein
complexes are recruited to the specific regions of
chromatin.® That’s why inhibitors of HDACs can block
the activity of these regions only and selectively affects
the expression of small proportion of genes resulting in
transcriptional activation of some genes and repression of
equal or larger no. of other genes.’

HOW HDACIs ARE EPIGENETICALLY ACTIVE

Normal expression of genes necessitates controlled and
balanced activity of HATs and HDACSs. Increased
HDACSs activity and associated gene silencing may lead
to aberrant expression of genes that is the hallmark of
various pathological conditions. HDACIs correct this
abnormal  expression of gene  through the
pharmacological manipulation of epigenome by inducing
hyperacetylation of lysine residues within histone
proteins. This increased acetylation results in an open
chromatin structure and expression of suppressed gene
that restores near normal gene expression. Thus HDACIs
modify expression of genes without altering DNA
sequence and are termed as epigenetic modifiers.
Epigenetic alterations in genome induced by HDACIs
make this class of drugs therapeutically effective in
various diseases including neoplasms.® HDACIs may
induce acetylation of some non-histone proteins such as
TFs and transcriptional co-regulators resulting in altered
transcription of associated genes.’

HISTONE DEACETYLASES ENZYMES

There are total 18 HDAC enzymes available in human
cells. The HDACs can be divided into two families, (1)
The zinc dependent HDACs family composed of CLASS
I (HDACs 1, 2, 3 and 8) localized to the nucleus of cells
and comprises histone proteins as substrate , CLASS lla
and Ilb (HDACs 4, 5, 6, 7, 9 and 10) have both histones
and non-histone proteins as substrates which are
primarily localized to the cytoplasm but can transfer to
nucleus from cytoplasm and CLASS IV (HDAC 11)
located in both cytoplasm and in nucleus and share
features of both class | & class IlI. (2) The Zinc
independent but NAD-dependent HDACSs family includes
CLASS Il of sirtuins with non-histone proteins as
substrates in mammalian cells.*

CLASSIFICATION OF HDACIs

HDACIs are categorized as hydroxamates, cyclic
tetrapeptides & depsipeptides, benzamides, electrophile
ketones and aliphatic acid compounds. Generally the
hydroxamic acid derivatives exert nonspecific HDAC
inhibitory activity and affect all classes of HDACs.
Among aliphatic acid compounds (short chain fatty acid
compounds) phenylbutyrate inhibits class 1&Il HDACs
whereas valproic acid inhibits class | & class Ila but not
class Ilb. All these HDACIs are called broad spectrum
HDACIs. Others like benzamides, cyclic tetrapeptides &
dipeptides are selective deacetylase inhibitors. HDACIs
act exclusively on zinc dependent classes of HDACS:
Class I, Il &IV HDACs by binding to the zinc-containing
catalytic domain of HDACs and are classified as:'*

First Generation®

e Hydroxamic acids : Trichostatin A (TSA)

e Cyclic tetrapeptides and depsipeptides: Trapoxin B,
romidepsin

e Benzamides

o  Electrophile ketones

e Aliphatic acid compounds: Phenylbutyrate and
valproic acid

Second Generation*?

e Hydroxamic acids: Vorinostat [Suberoylanilide
Hydroxamic Acid (SAHA)], belinostat, panobinostat
e Benzamides: Entinostat, mocetinostat and givinostat

Third Generation®

¢ Nicotinamide,
hydroxynaphaldehydes.

dihydrocoumarin, 2-

THERAPEUTIC IMPLICATIONS OF HDACIs -
ONCOLOGICAL INDICATIONS

Mechanism as anticancer
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Aberrant transcriptional silencing of genes due to over
expression of different isoforms of HDACs is found in
many human cancers e.g. HDAC2 and HDAC3 proteins
are increased in colon cancer whereas HDAC1 is
increased in gastric cancer.® HDACs inhibition may
restore the expression of specific relevant genes by
inducing acetylation of histone and non-histone proteins.
Hyperacetylation of histone proteins induces expression
of tumor suppressor genes such as p21, p27 and other
genetic markers of cell differentiation; and it decreases
the expression of genes involved in cell growth such as
cyclin D. Thus it leads to cell cycle arrest and limited cell
growth. Hyperacetylation of some non-histone proteins
such as p53, pRb, STAT 3 may impair their function and
thereby arrest the cell growth and survival.’*?® HDACIs
may induce the terminal death of neoplastic cells by
activating intrinsic and extrinsic apoptotic pathways,
mitotic failure, and free radicals induced cell death
through acetylation of associated non histone proteins.
Induced acetylation of HIF-1lalpha protein (non-histone)
may lead to decreased production of Vascular Endothelial
Growth Factor (VEGF) and consequentially decreased
angiogenesis and tumor cell invasion. Thus HDACSs
inhibition may restore the normal cell function by
interfering with multiple hall mark of cancer. Tumor-cell
specificity of HDACIs allows for a tumor-selective
therapeutic window and spares normal cells.*

HDACIs WITH ANTINEOPLASTIC POTENTIAL
Approved HDACIs are

Vorinostat: It was approved by U.S. FDA in October
2006 for clinical use in cancer patients for treatment of
refractory cutaneous T-cell lymphoma. It is also being
investigated for use in other haematological malignancies
(Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, and
multiple myeloma) and solid malignancies (prostate,
bladder, breast, colon, ovarian, and renal). Vorinostat is
metabolized by glucuronidation and oxidation and is
excreted in urine. It is administered as oral daily dose of
400mg. The ty, of drug is 2 hrs. Drug interactions are not
common as cytochrome P450 isoenzymes are not
involved in its metabolism but it can interact with
warfarin and valproic acid. At approved 400 mg oral dose
the drug is well tolerated with common side effects as
anaemia, fatigue, and diarrhoea.* Thrombocytopenia is a
documented side effect of vorinostat that can lead to
decreased synthesis of platelet dependent clotting factors
(as phospholipids). In addition to this, synthesis of
vitamin K dependent clotting factors in liver is inhibited
by warfarin. So thrombocytopenic effect of vorinostat
may potentiate the anticoagulant effect of warfarin and
may increase the chances of bleeding if these two drugs
are used concomitantly.™

Romidepsin: Romidepsin, a depsipeptide, was approved
by the U.S. F.D.A. in 2009 for cutaneous T-cell
lymphoma.™ The drug is more potent than vorinostat. It is
administered intravenously. The ty, is 2.5 hrs. It is a

substrate of P glycoprotein that mediates drug efflux. So
the drug is devoid of C.N.S. effects and not effective in
brain tumors unlike other HDACIs. Adverse events
include nausea, vomiting, and cardiac arrhythmias. It is
also being investigated for other haematological and
refractory solid malignancies.'’

HDACIs UNDER CLINICAL TRIALS**#
HDACIs under phase 111 trial are

Panobinostat (LBH 589): The drug is in phase 111 trial for
cutaneous T cell lymphoma. It is a hydroxamic acid
based HDACI similar to vorinostat but has longer half-
life (5hrs) than vorinostat.

HDACIs under phase 11 trial are

Valproic acid (VPA): VPA is currently in phase Il trial
for haematological malignancies and for locally advanced
breast cancers.

Belinostat (PXD101): For relapsed ovarian cancer and
refractory mesothelioma. It is given as intravenous
infusion.

Mocetinostat (MGCDO0103): For various cancers
including lymphoma and acute myeloid leukaemia.

Entinostat: Currently this drug (in combination with
azacitidine) is in clinical trial for myelodysplastic
syndromes, chronic myelomonocytic leukaemia, acute
myeloid leukaemia with multilineage dysplasia and
recurrent advanced non-small cell lung cancer.

Resminostat: For Hodgkin’s lymphoma.

Givinostat: For refractory leukaemias and myelomas.
HDACIS under phase | trial are

Vorinostat: For gastrointestinal tract carcinomas.

Valproic acid: For nasopharyngeal carcinoma, advanced
solid  tumours, neuroectodermal tumours, brain
metastases and non-hodgkin lymphoma.

Combination with other anticancer agents

Therapeutic effect of HDACIs is synergistic with
radiotherapy and other anticancer drugs such as
docetaxel, doxorubicin, etoposide, cisplatin. imatinib,
bortezomide and trastuzumab.®’® By modulating the
histone and non-histone proteins implicated in
oncogenesis HDACIs interfere with multiple hallmark of
cancer, thus combined effect of HDACIs with
radiotherapy and other anticancer drugs is additive.
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NON-ONCOLOGICAL INDICATIONS

Disease specific epigenetic mechanism accounts for
effectiveness of HDACIs in various diseases besides
cancer. Decreased expression of genes involved in
synthesis and post receptor signalling pathways of pro-
inflammatory cytokines explicate beneficial effects of
HDACIs in inflammatory and autoimmune diseases. In
neurological disorders HDACIs can correct dysregulation
of genes and also provide neuroprotection by their anti-
inflammatory effect. De-silencing of latent virus in
H.L.V. infection offers therapeutic effect in eradication of
AIDS*

Possible molecular mechanism may be hyperacetylation
of non-histone proteins including TFs and other cytosolic
proteins followed by alteration in expression of related
genes.? For non-neoplastic indications HDACIs are
being investigated mainly in preclinical trials (animal
studies) except vorinostat and givinostat which are in
different phases of clinical trials. The effective dose range
of vorinostat is 100 — 200mg per day for Graft Versus
Host Disease whereas it is 400 mg per day for neoplastic
diseases.™ So for non-oncological indications, therapeutic
effect appears at doses lower than anti neoplastic doses
that reduce the chances of side effects with HDACIs.

Table 1: HDACIs and their mechanism in non-neoplastic diseases.

Type of trial

Mechanism

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial

Preclinical trial Phase
I clinical trial

In vitro studies

Phase Il clinical trial

Preclinical and
Clinical trial
Preclinical trial

Preclinical trial

Preclinical trial

Diseases HDClIs under trial
Neurodegenerative
1. .
disorder
i Alzheimer’s Valproic acid,
disease nicotinamide
i ST Vorinostat
disease
iii Ischemic stroke T.SA’ valproic acid,
givinostat
iv T BLEE . Phenylbutyrate
lateral sclerosis
. TSA, valproic acid,
Spinal muscular .
\Y; atrophy vorinostat,
romidepsin
vi Parkinson’s Valproic acid,
disease phenylbutyrate
_ Valproic acid,
2. P.SyCh'at“C phenylbutyrate,
disorder .
entinostat
3. _Ophtha}lmologlcal Valproic acid
indications
Rheumatoid
4, arthritis TSA, Givinostat
6 AIDS: HIV-1 Valproic acid,
' eradication givinostat
5. G_raft versus host Vorinostat
disease
7. Bronchial asthma  TSA, valproic acid
8. Diabetes mellitus V.OF'“OS““'
givinostat
9. Cardiac TSA
hypertrophy
10. Atherosclerosis TSA
11. Acute gout

Neuroprotection

Reverse transcriptional dysregulation

Restoration of acetylation of histone proteins
in ischemic brain and neuroprotection

Reverse transcriptional dysregulation

Increased expression of SM2 gene

Increase in tyrosine hydroxylase positive
neurons in substantia nigra

Neuroprotection, reverse transcriptional
dysregulation

Neuroprotection

Decreased expression of cytokines and other
inflammatory mediators

Suppression of HIV-1 gene and desilencing
of latent virus

Decreased expression of cytokines

Decreased expression of cytokines and other
inflammatory mediators

Protect beta cells from autoimmune
destruction

Reverse the dysregulated expression of genes
involved in maladaptive autophagy resulting
in decreased proliferation of cardiac cells
modulate the expression of pro-atherogenic
and pro-inflammatory genes involved in
process of atherosclerosis

Decreased expression of IL-1 may be helpful
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NEURODEGENERATIVE DISEASES

Neurodegenerative diseases include atherosclerotic brain
diseases, Alzheimer’s disease and acute brain damage of
cerebral stroke or blunt trauma. Recent studies suggest
that epigenetic processes such as DNA methylation and
histone modification play an important role in expression
of genes involved in synaptic plasticity and eventually
contribute to the mechanisms of memory formation and
cognition. Thus histone modification can regulate the
neuronal activity of brain cells by modulating the
expression of concerned genes and drugs that act by
histone modification such as HDACIS, can correct the
epigenetic  defects in  brain, responsible  for
neurodegenerative disorders. Therefore HDACIs may be
potential therapeutic agents for neurodegenerative and
psychiatric diseases.”

Alzheimer’s disease (AD)

AD is the most studied neurodegenerative disease.
Neuropathological hallmarks of AD are: extracellular
stores of B-amyloid and the presence of neurofibrillary
tangles due to hyper phosphorylation of Tau protein. A
class 1l HDACI, Nicotinamide was found to restore
some cognitive deficits in transgenic mouse model of
AD.% In a study done by Qing et al. (2008), HDAC
inhibition with valproic acid was found to decrease f-
amyloid production in brain of transgenic mouse model
of AD. It also provided effective neuroprotection that was
associated with increased acetylation of non-histone
proteins.?* Thus HDACIs may be effective therapeutic
agents in AD.

Huntington’s disease (HD)

Transcriptional dysregulation followed by mutation of
Huntingtin’s gene (htt) is basically involved in
pathogenesis of HD. Vorinostat (SAHA), in doses of 200
mg /kg/day in drinking water, was found to improve the
motor coordination in mouse model of HD disease. This
drug causes hyperacetylation and corrects transcriptional
dysregulation that is the cause of molecular defect in
disease.”® Steffan and colleague (2001) showed that
treatment with Vorinostat suppressed on going
degeneration of neuronal photoreceptors and reduced
lethality in a transgenic drosophila model that expresses
mutation in htt gene.” Thus increased htt acetylation may
be a possible target for HDACIs to bring out therapeutic
effect in HD. For this indication the drug is still in
preclinical trial, but for neoplastic indications it was
approved in 2006.

Ischemic stroke

Acute neurodegenerative disease, stroke, is caused by
cerebral ischemia. Middle cerebral artery occlusion
model is a well-studied animal model of ischemic stroke.
Use of HDACIs was found to restore acetylation at lysine
residues of histone proteins in the ischemic brain of rats

or mice, with a concomitant decrease in infract volume.”
Behavioural improvement was also seen with HDACIs,
TSA and VPA in a study by Chuang and colleagues in
2007. Anti-inflammatory action of VPA also provided
additional neuroprotective effect because of down
regulation of pro inflammatory genes. These findings
suggest that HDACIS may be effective in cerebral
inflammation mediated by ischemic injury to brain.® A
neuroprotective HDACIs, givinostat (ITF2357) was
studied in mouse model of closed head injury where it
improved functional recovery and attenuated tissue
damage when administered in doses of 10 mg/kg body
weight by intraperitoneal route as late as 24 hours post
injury.?’

Therefore HDACIs may be novel therapeutic agents for
traumatic brain injury and ischemic stroke, for which no
specific pharmacological agent is available clinically.

Amyotrophic Lateral Sclerosis (ALS)

Increasing  evidences show that transcriptional
dysregulation may play a role in the pathophysiology of
ALS. Ferrante and colleagues (2009) showed that
combined therapy with phenylbutyrate and riluzole (the
only FDA approved drug for treating ALS) was found to
be more effective than monotherapy with either drug in a
transgenic mouse model of ALS. Phenylbutyrate, a
HDACI, was reported safe and well tolerated upon
administration for 20 weeks in 26 participants in a dose
range of 9 to 21 gram per day. Thus HDACIs are
promising newer drugs for ALS.%?%%

Spinal Muscular Atrophy (SMA)

Homozygous deletion of SMNZ1gene is the genetic basis
of SMA. Such patients bear at least one copy of SMN2
gene that synthesize insufficient amount of functional
SMN proteins to combat progressive motor neuron
degeneration. Thus SMN2 gene may be a potential
therapeutic target for epigenetic drugs such as HDACIs.
TSA, Valproic acid, Vorinostat and Romidepsin have this
activity in vitro. TSA has been found to be effective in
SMA by increasing expression of SMN2 gene and
consequently increased synthesis of functional SMN2
proteins. In a pilot study, Valproic acid treatment was
found to improve muscle power in SMA patients. Thus
HDACIs may be potential therapeutic agents for SMA
either as mono therapy or combination therapy. 3%

Parkinson’s disease (PD)

Pathological hallmark of PD is selective loss of
dopaminergic neurons in substantia nigra. Beal and
colleagues (2004) showed that administration of
phenylbutyrate attenuated the depletion of dopamine and
loss of tyrosine hydroxylase (dopamine biosynthetic
enzymes) positive neurons in substantia nigra of mouse
model of PD. Hong and colleagues (2006) demonstrated
that treatment with valproic acid, phenylbutyrate caused a
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marked increase in tyrosine hydroxylase positive neurons
in same model of PD. These studies suggest that HDACIs
are potential agents for therapeutic intervention in
PD.23’31’32

PSYCHIATRIC DISORDER

Recent studies suggest a vital role of epigenetic
mechanisms such as histone modification and DNA
methylation in neuronal activity of brain cells. These
mechanisms also participate in expression of genes
related to synaptic plasticity, memory formation and
cognition such as reelin and BDNF (brain derived nerve
factor). Epigenetic defects initiated during any stage of
life (embryogenesis, puberty or adulthood) have been
noticed in several psychiatric disorders. So epigenetic
modifiers, HDACIs have potential to correct epigenetic
defects that affect brain function in schizophrenia and
other psychiatric disorders.®

Neuroinflammation may be associated with chronic
depression and schizophrenia as evidenced by various
studies. Valproic acid and phenylbutyrate have shown
neuroprotective effect in several in vitro studies that may
be due to their anti-inflammatory properties. Entinostat
has been found to alter the mRNA expression in brain of
treated mice like fluoxetine that is an established
antidepressant drug. According to recent research, the
nucleus accumbens (NAC), situated in limbic region of
brain, is involved in the development of behavioural
abnormalities as depression. A unique pattern of gene
expression is induced in NAc in a chronic stress model in
mouse that can be normalized to that of non-stressed
control mice by chronic fluxotein treatment. Direct
infusion of entinostat in NAc has been found to exert a
similar effect on gene expression. Thus stress regulated
gene expression in mouse model of chronic stress can be
reversed by entinostat & fluoxetine in a similar pattern.®

OPHTHALMOLOGICAL INDICATIONS

Valproic acid, a broad spectrum HDACISs, has been found
to protect the retina and optic nerve axon from ischemic
damage in experimentally induced retinal ischemia and
reperfusion in rats. This neuroprotection may involve
induction of cytoprotective protein Hsp70 via
transcriptional activation and inhibition of mitochondria-
mediated apoptosis pathway.*®

RHEUMATOID ARTHRITIS

HDACIs represent a new class of compounds for the
treatment of RA by epigenetically modulating multiple
molecular targets in pathogenesis of RA. HDACIs
provide their anti- inflammatory effect by controlling the
production of inflammatory cytokines and this is done by
modulating the expression of associated genes. In animal
models of arthritis, use of HDACIs was found to improve
the clinical manifestations and it also prevented damage
to the bone and cartilage. Increased expression of p21 and

p16 in synovial cells and decreased expression of tumor
necrosis factor (TNF) alpha in affected tissues in animal
models of RA was observed with TSA.** A phase |
clinical trial of givinostat, a HDACI, has confirmed its
efficacy as anti-inflalmmatory and immunosuppressive
agent in children of systemic-onset juvenile idiopathic
arthritis.”*

GRAFT VERSUS HOST DISEASE (GVHD)

In a pilot study, administration of vorinostat reduced
clinical severity and mortality from acute GVHD
following bone marrow transplantation. Vorinostat is
presently in Phase Il clinical trials to prevent or reduce
disease severity in GVHD in patients with bone marrow
transplants.>

AIDS: HIV-1 ERADICATION

Although HIV-1 infection can be treated with
antiretroviral drugs very effectively but eradication of
virus is not possible due to persistence of latently infected
CD4 T cell reservoirs. These cells harbour
transcriptionally  silent  but replication competent
provirus. HDAC enzyme inhibits HIV -1 gene expression
and contributes to the latency of virus within resting CD4
T cells. Various triggers can activate these latent cells to
produce new viruses following discontinuation of
antiretroviral therapy.*’

HDACIs, valproic acid and givinostat are capable of
inducing expression of dormant virus without fully
activating CDAT cells or enhancing de novo infection. A
study done by Matalon S. et al. (2010) confirmed the
superiority of givinostat over valproic acid for inducing
HIV 1 expression in latently infected cells in vitro. This
study also revealed that givinostat decreases expression
of co receptors CCR5 and CXCR4 which are used along
with CD4 receptor by virus to enter into host cell. Hence
HDACIs may be valuable futuristic drugs for HIV
eradication.®®

BRONCHIAL ASTHMA

In bronchial asthma role of HDACIs, as a potential
therapeutic agent, is a bit controversial. Experimental
studies with TSA indicated beneficial effects in well-
established murine models of allergic airways diseases. A
study by Royee et al. (2011) showed that valproic acid
can reduce structural airway remodelling changes and
hyper-responsiveness in a mouse model of bronchial
asthma. Inhibition of airway hyper responsiveness and
agonist induced contraction as well as anti-inflammatory
effects of HDACIs may be useful in asthma.*

But some studies indicate that reduction of HDAC2
enzyme system is associated with poor response to
inhaled corticosteroids and several HDAC2 enhancers as
low dose Theophylline are being investigated for this
purpose.” A study done by Mizunno et al. (2011)
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explored that inhibition of HDACs causes emphysema in
animal models and HDAC dependent mechanisms
contribute to the maintenance of adult lung structure.** So
further studies are needed to evaluate the effectiveness of
HDACIs in bronchial asthma .

DIABETES MELLITUS (DM)

Various in vitro studies confirmed that autoimmune
destruction of pancreatic beta cells in Type-1 DM may
involve release of cytotoxic cytokines as IL-6, IL-1, IFN
gama etc. This mechanism may be dependent on nitric
oxide. HDAC inhibition prevents cytokine induced beta
cell apoptosis and impaired beta cell destruction.
Vorinostat was found to inhibit IL-6 induced increase in
nitric oxide in mouse macrophages and in rat’s primary
islet cells in in vitro studies. A similar effect was also
observed with givinostat. Thus HDACIs may protect the
beta cells from autoimmune destruction by preventing
cytokine  mediated inflammatory and  immune
responses.”#2

Dysregulation of autophagy may also be involved in DM.
Autophagy is the adaptive mechanism of cell loss by
reusing intracellular components that have been
generated by pathological processes. Insulin producing
beta cells undergo apoptoic cell death on account of
failure of autophagy. HDACIs correct this abnormal
autophagy in pancreatic beta cells by altering expression
of associated genes and protect pancreatic beta cells from
auto destruction.?*

CARDIAC HYPERTROPHY

Beneficial effect of HDACIs was observed in left
ventricular hypertrophy (LVH) in various in vivo and in
vitro studies. TSA was found to obtain near normal left
ventricular function in a mouse model of established
LVH. Similar results were also reported in animal models
of ischemic and non-ischemic (doxorubicin induced)
myocardial injury. The possible mechanism may be
prevention of maladaptive autophagy resulting in
decreased proliferation of cardiac muscles in left
ventricle. Thus use of HDACIs reduces ventricular
hypertrophy, fibrosis and apoptosis in LVH. But in cases
of right ventricular heart failure due to constriction of
aortic flow, compensatory hypertrophy of left ventricle is
necessary to overcome this restriction. In such cases use
of HDACIs may result in loss of this compensatory
mechanism that can worsen right ventricular functions.
Use of HDACIS has been found to deteriorate right
ventricular functions in rats following pulmonary artery
banding induced right ventricular failure. These studies
suggest that HDACIs may be potential therapeutic agents
for LVH, while caution should be used in cases of Right
Ventricular Hypertrophy.?#

ATHEROSCLEROSIS

Histone acetylation can modulate the expression of pro-
atherogenic and pro-inflammatory genes involved in
process of atherosclerosis. Although TSA has been found
to exacerbate the atherosclerosis in LDL receptor
deficient mouse model but a recent review article by
Ordovas JM stated that HDACIs may reduce monocyte
adhesion to the endothelium through the suppression of
vascular cell adhesion molecule-1(VCAM-1). HDACIs
may also reduce angiogenesis by altering vascular
endothelial growth factor (VEGF) signalling in
endothelium. So HDACIs with anti-inflammatory &
without proatherogenic activity may be beneficial in
atheroscelerosis.”***

ACUTE GOUT

HDACIs, being IL-1 blocker, may be potential
therapeutic agent in combination with colchicin, as
anakinra, a IL-1 blocker has been found to be effective in
acute gouty arthritis in a study by So A et al.*®

SAFETY AND TOLERABILITY OF HDACIs

Use of HDACISs for malignant diseases is associated with
some toxicity due to high dose that is required to treat
such diseases. The major dose limiting toxicity is
thrombocytopenia due to impaired release of platelets
from megakaryocytes. At doses used to treat cancer, all
HDACISs cause gastrointestinal disturbances.”**’ Cardiac
adverse events seen with HDACIs in clinical trials are
atrial fibrillation, ECG abnormalities as prolonged QT
interval, T wave inversion, pulmonary thromboembolism
and deep vein thrombosis.*®

HDACIs are relatively safe and well tolerated at lower
doses that are used to treat non oncological disorders as
compared to higher antineoplastic doses required for
killing tumor cells. But further studies are needed to
evaluate the safety and tolerability of these agents.?*

CONTRAINDICATIONS

Pregnancy, severe hepatic impairment, chronic
obstructive pulmonary disease, and thrombocytopenia
contraindicate the use of HDACIs.?

CONCLUSION

HDAC inhibitors restore back altered epigenetic pattern
found in various diseases by inducing post-translational
modifications as acetylation of histone and non-histone
proteins associated with chromatin .These epigenetic
alterations in genome induced by HDACIs make this
class of drugs a therapeutically effective agents in various
oncological and non-oncological diseases. Two HDACIs,
vorinostat (October 2006) and romidepsin (November
2009) have been approved by FDA for cutaneous T cell
lymphoma. Others as givinostat, belinostat, panobinostat,
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entinostat and mocetinostat are in different phases of
clinical trial for various haematological malignancies and
solid tumors. Givinostat proves significant anti-
Hodgkin’s lymphoma activity. Panobinostat has
consistent anti-leukemic effects. Belinostat seems to be
promising for treatment of ovarian tumor having low
malignant potential. Valproic acid has significant clinical
activity as combination therapy with decitabine or
azacitidine in leukaemia and myelodysplastic syndrome.
Preclinical studies with valproic acid and other HDACIs
have extended their potential value in diseases other than
neoplasms such as neurodegenerative  diseases,
psychiatric diseases, autoimmune disorders,
inflammatory diseases, diabetes mellitus, left ventricular
hypertrophy and AIDS. HDACIs like givinostat and
vorinostat are now in different phases of clinical trials for
non-oncological indications. Thus HDACIs seem to be
promising, newer therapeutic agents for both oncological
and non-oncological diseases.

Funding: No funding sources
Conflict of interest: None declared
Ethical approval: Not required

REFERENCES

1. Berger SL, Kouzarides T, Shiekhattar R, Shilatifard
A. An operational definition of epigenetics. Genes
Dev. 2009;23(7):781-3.

2. Riggs AD, Russo VEA, Martienssen RA. Epigenetic
mechanisms of gene regulation. Plainview. New
York, NY: Cold Spring Harbor Laboratory Press;
1996: 7.

3. Weil PA. DNA organization, replication and repair.
Murray RK, Rodwell VW, Bender DA, Botham
KM, Kannelly PJ, Weil PA, editors. Harper’s
Biochemistry. 28" ed. New York. McGraw-Hill;
2009: 35(312-314).

4. Gregory PD, Wagner K, Hor ZW. Histone
acetylation and chromatin remodeling. Exp cell Res.
2001;265:195-202.

5. Barnes PJ, Adcock IM, Ito k. Histone acetylation and
deacetylation: Importance in inflammatory lung
diseases. Eur Respir J. 2005;25(3):553.

6. Dokmanovic M, Clarke C, Marks PA. Histone
Deacetylase Inhibitors: Overview & Perspectives.
Mol Cancer Res 2007;5:982-983.

7. Vanlint C, Emiliani S, Verdin E. The expression of a
small fraction of cellular genes is changed in
response to histone hyperacetylation. Gene Expr.
1996;5:245 — 53.

8. Delcuve GP, Khan DH, Davie JR. Role of HDACIs
in Epigenetic Regulation: Emerging Paradigms From
Studies  With  Inhibitors.  Clini  Epigenetics.
2012;12;4(1):5.

9. Spange S, Wagner T, Heinzel T, Kramer O.
Acetylation of non-histone proteins modulates

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

cellular signalling at multiple levels. Int J Biochem
Cell Biol. 2009;41:185-98.

Glaser KB. HDAC inhibitors: Clinical update &
mechanism based potential. Biochem Phamacol.
2007;(5):659-71.

Ververis K, Hiong A, Karagiannis TC, Licciardi PV.
Histone deacetylase inhibitors:  Multitargeted
anticancer agents. Biologics. 2013;7:47-60 .

Beckers T, Burkhardt C, Wieland H. "Distinct
pharmacological properties of second generation
HDAC inhibitors with the benzamide or
hydroxamate head group”. Int. J. Cancer.
2005;121(5):1138-48.

Porcu M, Chiarugi A. "The emerging therapeutic
potential of sirtuin-interacting drugs: from cell death
to lifespan extension". Trends Pharmacol. Sci.
2005;26(2):94-103.

Glass E, Viale PH. Histone deacetylase inhibitors:
Novel agents in cancer treatment. Clinical journal of
oncology & nursing. 2013;17:34-40.

Kavanaugh SM, White LA, Kolesar JM. Vorinostat:
A novel therapy for the treatment of cutaneous T-
cell lymphoma. Am J Health Syst Pharm.
2010;67(14):1136.

Zhou W, Zhu WG: The changing face of HDAC
inhibitor depsipeptide. Curr Cancer Drug Targets.
2009;9(1):91-100.

Tan J, Cang S, Ma Y, Petrillo RL, Liu D. Novel
ahistone deacetylase inhibitors in clinical trial as
anticancer agents. Journal of hematology &
oncology. 2010;3(5):1-13.

“52"" ASH Annual Meeting Presentation of initial
phase II data from the Saphire Hodgking’s
Lymphoma Trial with Resminostat”. 2010. Available
at:
http://www.businesswire.com/news/home/20101130
007529/en#.UuJH7xC6bIU. Accessed 1 Dec 2010.
Viviani S, Bonfante V, Fasola C, Valagussa P,
Gianni AM: Phase Il study of the histone-deacetylase
inhibitor 1TF2357 in relapsed/refractory Hodgkin's
lymphoma patients. J Clin Oncol.
2008;26(suppl);abstr8532.

Doi T, Hamaguchi T, Shirao K, Hatake K, Noguchi
K, Mehta A,. Evaluation of safety, pharmacokinetics,
and efficacy of vorinostat, a histone deacetylase
inhibitor, in the treatment of gastrointestinal cancer
in a phase 1 clinical trial. Int J Clin Oncol.
2013Feb;18(1):87-95.

Dinarello CA, Fossati G, Mascagn P. Histone
Deacetylase Inhibitors for Treating a Spectrum of
Diseases Not Related to Cancer. Mol Med.
2011;17(5-6):333-52.

Grayson DR, Kundokovic M, Sharma RP. Is there
future for histone deacetylase inhibitors in the
pharmacotherapy of psychiatric disorders?. Mol
Pharmacol. 2010;77(2):126-35.

Green K, Steffan JS, Chuang DM, Leng Y, Marinova
Z, Kim HJ, Chiu CS. Multiple roles of HDAC
inhibition in neurodegenerative conditions. Trends
Neurosci. 2009November;32(11):591-601.

International Journal of Basic & Clinical Pharmacology | January-February 2014 | Vol 3| Issue 1  Page 34



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vishwakarma P et al. Int J Basic Clin Pharmacol. 2014 Feb;3(1):27-36

Qing H, He G, Ly PT, Fox CJ, Cai F, Song W et al.
Valproic acid inhibits Abeta production, neuritic
plaque formation, and behavioral deficits in
Alzheimer's disease mouse models. J Exp Med.
2008;205(12):2781-9.

Steffan JS, Bodai L, Pallos J, Poelman M,
McCampbell A, Apostol BL et al. Histone
deacetylase  inhibitors  arrest  polyglutamine-

dependent neurodegeneration in Drosophila. Nature.
20010ct18;413(6857):739-43.

Kim HJ, Rowe M, Hong JS, Chen PS, Chuang DM.
Histone deacetylase inhibitors exhibit anti-
inflammatory and neuroprotective effects in a rat
permanent ischemic model of stroke: multiple
mechanisms of action. J Pharmacol Ther.
2007;321(3):892-901.

Sheen NA, Grigoriadi S N, Alexandrovich AG,
Simeonidou C, Lourbopoulos A, Polyzoidou E et al.
Histone  Deacetylase Inhibitor  ITF2357 s
neeuroprotective, improves functional recovery and
induces glial apoptosis following experimental
traumatic brain injury. FASEB J. 2009;23(12):4266-
75.

Delsignore SJ, Amante DJ, Kin J, Stack EC,
Goodrich S, Ferrante RJ. Combined riluzole and
sodium phenylbutyrate therapy in transgenic
amyotrophic lateral sclerosis mice. Amayotroph
Lateral Scler. 2009Apr;10(2):85-94.

Cudkowicz ME, Andres PL, Macdonald SA, Bedlack
RS, Choudry R, Ferrnate RJ. Northeast ALS and
National VA ALS Research Consortiums. A Phase 2
study of Sodium Phenyl butyrate in ALS.
Amayotroph Lateral Scler. 2009Apr;10(2):99-106.
Weihl CC, Connolly AM, Pestronk A. Valproate
may improve strength and function in patients with
type MI/IV spinal muscle atrophy. Neurology.
2006Aug8;67(3):500-1.

Gardian G, Yang L, Cleren C, Calingasun NY,
Kiveny IP, Beal MF. Neuroprotective effects of
phenylbutyrate  against MPTP  neurotoxicity.
Neuromolecular Med. 2004;5(3):225-41.

Chen PS, Peng S, Yang S, Hong JS, et al. Valproate
protects dopaminergic neurons in  midbrain
neuron/glia cultures by stimulating the release of
neurotrophic factors from astrocytes. Mol Psychiatry.
2006Dec;11(12):1116-25.

Kundakovick M, Chen Y, Guidotti A, Grayson DR.
The reelin &GADG67 promoters are activated by
epigenetic drugs that facilitate the disruption of local
repressor complexes. Mol. Pharmacol.
2009;75(2):342-54.

Covington HE, Maze I, Laplant QC, Vialou VF,
Ohnishi YN, Berton O et al. Antidepressant actions
of histone deacetylase inhibitors. J Neurosci.
2009;29:11451-60.

Zhang Z, Qin X, Tong N, Zhao X, Gong Y et al.
Valproic acid mediated neuroprotection in retinal
ischemia injury Via Histone Deacetylase Inhibition
and Transcriptional activation. Exp Eye Res.
2012;94(1):98-108.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Chung YL, Lee MY, Wang AJ, Yao LF. A
Therapeutic strategy uses histone deacetylase
inhibitors to modulate the expression of genes
involved in the pathogenesis of rheumatoid arthritis.
Mol Ther. 2003;8(8):707-17.

Yalisastigui L, Archin NM, Lehrman G, Boach RJ,
Margolis DM. Coaxing HIV-1from resting T cells:
histone deacetylase inhibition allows latent viral
expression. AIDS. 2004;18(8):1101-8.

Matalon S, Palmer BE, Nold MF, Furlan A, Kassu
A, Fossati G et al. The Histone Deacetylase Inhibitor
ITF2357 Decreases Surface CXCR4 and CCR5
Expression on CD4+ T-Cells and Monocytes and is
Superior to Valproic Acid for Latent HIV-1
Expression in vitro. J Acquir Immune Defic.
2010;54(1):1-9.

Royce SG, Dang W, Ververis K, De Sampayo N, El
Osta A, Tang ML et al. Protective effects of valproic
acid against airway hyperresponsiveness and airway
remodeling in a mouse model of airway disease.
Epigenetics. 2011Dec1;6(12):1463-70.

Tamimi A, Serdarevic D, Hanania NA. The effects
of cigarette smoke on airway inflammation in asthma
and COPD: therapeutic implications. Respir Med.
2012 Mar;106(3):319-28.

Mizuno S, Yasuo M, Bogaard HJ, Kraskauskas D,
Natarajan R, Voelkel NF. Inhibition of deacetylase
causes emphysema. AmJ Trans Res. 2011;3(5):454-
67.

Larsen L, Tonnesen M, Ronn SG, Storling J,
Jorgenesen S, Dinarello CA et al. Inhibition of
histone deacetylases prevents cytokine-induced
toxicity in beta cells. Diabetologia.
2007Apr;50(4):779-89.

Quan W, Lim YM, Lee MS. Role of autophagy in
diabetes and endoplasmic reticulum stress of
pancreatic B-cells. Exp Mol Med. 2012February
29;44(2):81-8.

Cao DJ, Wang 2V, Battiprolu PK, Jiang N, Morales
CR, Kong Y et al. Histone deacetylase (HDAC)
inhibitors  attenuate cardiac  hypertrophy by
suppressing autophagy. Proc Natl Acad Sci. U S
A.2011;108:4123-8.

Ordovas JM, Smith CE. Epigenetics & CVD: Nature
reviews cardiology. 2010;7:510-9.

So A, De Smedt T, Revaz S, Tschopp J. A pilot
study of IL-1 inhibition by anakinra in acute gout.
Arthritis Res. Ther. 2007;9:R28.

Bishton MJ, Harrison SJ, Martin BP, James C,
Jorefsson EC, Henely KJ et al. Deciphering the
molecular and biological processes that mediate
histone deacetylase inhiobitor induced
thrombocytopenia. Blood. 2011;117:3658-68.
Srividya Subramanian S, Bates SE, Wright JJ,
Delgado IE. et al. Review Clinical Toxicities of
Histone Deacetylase Inhibitors. Pharmaceuticals.
2010;3:2751-67.

Hockly E, Richon VM, Woodman B, Smith DL,
Zhou X, Rosa E, et al. Suberoylanilide hydroxamic
acid, a histone deacetylase inhibitor, ameliorates

International Journal of Basic & Clinical Pharmacology | January-February 2014 | Vol 3| Issue 1  Page 35


http://www.ncbi.nlm.nih.gov/pubmed/11607033

Vishwakarma P et al. Int J Basic Clin Pharmacol. 2014 Feb;3(1):27-36

motor deficits in a mouse model of Huntington's
disease. Proc Natl Acad Sci. U S A. 2003;100:2041— doi:10.5455/2319-2003.ijbcp20140236
6. Cite this article as: Vishwakarma P, Kumar A,
50. Choi S, Reddy P. HDAC Inhibition and Graft Versus Sharma M, Garg M, Saxena KK. Histone deacetylase
Host Disease. Mol Med. 2011May-Jun;17:404-16. inhibitors: pharmacotherapeutic implications as
epigenetic madifier. Int J Basic Clin Pharmacol
2014;3:27-36.

International Journal of Basic & Clinical Pharmacology | January-February 2014 | Vol 3| Issue 1  Page 36



