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INTRODUCTION
Acute central nervous system (CNS)

injury is a major cause of prolonged mor-
bidity and mortality in the adult popula-
tion. Although this class of inflictions is
comprised of two distinct pathologies,
namely traumatic impact and stroke, it
represents a common challenge in thera-
peutic development. More specifically,
our current understanding of underlying
pathological and protective mechanisms
and their contribution to injury outcome
is still greatly limited by the intrinsic
complexity of the CNS and the difficulty
to develop adequate models for investi-
gating disease and evaluating potential
therapies (1–4). Although substantial re-
search efforts and many clinical trials

have been conducted, no specific therapy
for CNS trauma is currently clinically
available, whereas tissue plasminogen
activator (tPA) remains the only ap-
proved agent for treating ischemic stroke
patients.

Despite varying initial causes of pri-
mary injury, CNS trauma as well as is-
chemic or hemorrhagic stroke share the
common detriments of reduced blood
flow and energy failure, resulting in cell
death and tissue loss. Common mecha-
nisms of cell damage include excitotoxic-
ity, calcium overload, oxidative stress,
acute inflammation and apoptosis (2,5).
These similarities raise the notion that
common therapeutic strategies may be
useful in these settings. Indeed, strate-

gies aimed at neutralizing mediators
such as reactive oxygen species, inflam-
matory cytokines and pro-apoptotic fac-
tors have been considered for both stroke
and trauma treatment (2,6). Enhance-
ment of plasticity and repair mechanisms
has also been the focus of extensive re-
search in both contexts (7–9).

Interestingly, disruption of cellular
acetylation homeostasis of histones and
other proteins has recently been recog-
nized as yet another common feature in
neuropathological states (10). In particu-
lar, several studies have demonstrated
that neurodegeneration is associated
with a global decrease in histone acety-
lase transferase (HAT) activity, resulting
in relative over-deacetylation (11,12). In
light of this, histone deacetylase (HDAC)
inhibitors were tested for therapeutic ef-
ficacy in various neurodegenerative dis-
eases, yielding promising findings in
models of Huntington disease, amy-
otrophic lateral sclerosis and experimen-
tal autoimmune encephalomyelitis
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(13–16). Given the involvement of neu-
rodegeneration in the pathophysiology
of acute CNS injury and the profound ef-
fect of histone acetylation status on gene
expression, recent work has focused on
evaluating the use of HDAC inhibitors in
stroke and CNS trauma models. A grow-
ing body of evidence indicates beneficial
effects of these agents in both stroke and
trauma, yet substantial issues affecting
drug development must be resolved be-
fore these exciting findings can be trans-
lated into clinically applicable
 therapeutics.

CELLULAR PROTEIN ACETYLATION
Under normal conditions, stability of

cellular acetylation homeostasis is pre-
served by maintenance of an appropriate
balance between two discrete sets of en-
zymes that facilitate forward and back-
ward modifications (17,18). These en-
zymes, HAT and HDAC, have been the
focus of extensive research owing to the
key role of histones in cellular function
and disease (19,20). The activity of HATs
and HDACs governs the level of histone
acetylation. Generally, enhanced acetyla-
tion induces chromatin remodeling to a
loosely packed configuration that en-
ables subsequent gene transcription,
whereas increased deacetylation fosters
chromatin condensation and reduced
gene expression. It should be noted,
however, that nonhistone proteins linked
to microtubule stability, metabolism and
aging have also been shown to serve as
substrates for certain HDACs (21–24),
highlighting the importance of acetyla-
tion as a posttranslational mode of
 regulation.

Five main subtypes of HDACs have
been identified in humans thus far (25).
Class I HDACs include HDACs 1, 2, 3
and 8, all of which harbor Zn2+- dependent
deacetylase activity. Class II HDACs can
be further subdivided into class IIa and
class IIb isoforms, which, similar to
HDAC class I enzymes, also require Zn2+

for optimal activity. Class IIa HDAC en-
zymes (HDACs 4, 5, 7 and 9) display
 tissue-specific expression patterns and
have been suggested to interact with var-

ious other proteins via an extended N-
terminal domain (22,26–28). The HDAC
IIb class includes HDAC 6 and HDAC
10. Interestingly, HDAC 6 contains two
independent catalytic domains and
deacetylases α-tubulin within the
 cytoplasm (22). The exact functions of
HDAC 10 remain unknown. Class III
HDACs are also known as sirtuins. These
enzymes display structural and func-
tional divergence from other HDACs and
require NAD+ for their enzymatic activity
(29). Finally, class IV consists of a single
member, HDAC 11, which shares certain
characteristics with class I and class II
HDACs, but has been suggested to facili-
tate different physiological roles (30).

DISRUPTION OF ACETYLATION
HOMEOSTASIS DURING
NEURODEGENERATION

Maintenance of an adequate balance
between the amount and activity of
HATs and HDACs is pivotal for neuronal
survival under normal conditions (12,31).
As the HAT/HDAC balance profoundly
affects chromatin arrangement and gene
expression, any alteration disrupting this
tightly regulated mechanism is likely to
result in inadequate gene transcription
and harbor detrimental effects on cell
fate. Indeed, neurodegenerative states,
involving significant cell death and loss
of function, have been associated with
disrupted acetylation homeostasis (18).
Particularly, several studies have estab-
lished a global decrease in HAT activity
during neurodegeneration, inevitably
 resulting in relative over-deacetylation
(11,12). Importantly, rather than a quanti-
tative surge, the tilt in acetylation home-
ostasis does not involve an increase in
HDAC quantity or activity; it is due to
the loss of balance stemming from re-
duced HAT activity.

The role of transcriptional dysregula-
tion in Huntington disease was initially
suggested (32), prompting studies that
demonstrated beneficial effects of HDAC
inhibitor treatment in rodent models of
this disease (14,16,33). Subsequently, the
efficacy of HDAC inhibitors was shown
in other models of neurodegenerative

pathologies including amyotrophic lat-
eral sclerosis, Alzheimer disease, spinal
muscular atrophy and experimental au-
toimmune encephalomyelitis (13,15,25,
34–36). It is interesting to note that CNS
injury such as stroke or trauma also
shares some common pathologies with
the early stages of Alzheimer disease
such as neuroinflammation, accumula-
tion of extracellular β-amyloid (Aβ) and
hyperphosphorylated Tau protein. More-
over, traumatic brain injury (TBI) is
thought to be an environmental risk fac-
tor for Alzheimer disease (37) and was
found to accelerate Aβ deposition in hu-
mans (38). It is therefore not surprising
that HDAC inhibitors are being investi-
gating for a wide array of neurodegener-
ative disorders. The wide-ranging neuro-
protective potential indicated by this
work, taken together with the fact that
several HDAC inhibitors were already
used clinically for other indications in-
cluding epilepsy, sickle cell anemia and
T-cell lymphoma (39–41), and the vital
need for developing new therapeutics for
acute CNS injury, fueled research efforts
aimed at evaluating the use of HDAC in-
hibitors for treating stroke and CNS
trauma.

HDAC INHIBITOR TREATMENT FOR
ACUTE CNS INSULTS

As mentioned, beneficial effects
brought about by HDAC inhibitor treat-
ment were demonstrated in a model of
experimental autoimmune encephalo -
myelis (13). Interestingly, these effects
were shown to include a reduction in in-
flammatory responses, neuronal death
and axon loss, alongside an enhancement
in antioxidant and antiexcitotoxic capac-
ity. Given the involvement of both in-
flammation and reactive oxygen species
production in injury pathophysiology
(2,5), it would be conceivable that HDAC
inhibitors may also convey substantial
benefits when tested in models of acute
CNS insults. Several recent studies have
used experimental stroke models for
evaluating the effects of HDAC in-
hibitors on injury outcome. Beneficial ef-
fects induced by various agents harbor-
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ing HDAC inhibitor activity have been
established in a range of focal ischemia
models as well as in a model of intra -
cerebral hemorrhage (ICH). Because this
line of evidence has instigated a wide re-
search interest that has been recently re-
viewed by others (42), we shall focus on
highlighting key findings that are associ-
ated with common denominators of
stroke and trauma and will proceed to
review all available data regarding the
effects of HDAC inhibitor treatment in
the setting of traumatic CNS injury, a
newly emerging topic with potentially
significant clinical implications.

HDAC INHIBITORS IN ISCHEMIC STROKE
AND ICH

Protective effects induced by various
HDAC inhibitors have been shown in ex-
perimental models of focal CNS ische-
mia. Studies focused on evaluating the
effects brought about by HDAC in-
hibitors belonging to two chemical
groups, namely the small carboxylates
sodium butyrate (SB), valproic acid
(VPA) and sodium 4-phenylbutyrate
(4-PBA) and hydroxamate-containing
HDAC inhibitors trichostatin A (TSA)
and suberoylanilide hydroxamic acid
(SAHA).

VPA, clinically used as an anticonvul-
sant and mood-stabilizing drug, was
tested in transient and permanent middle
cerebral artery occlusion (MCAO) rat
models. Postinjury administration of this
HDAC inhibitor led to a reduction in
both lesion volume as well as ischemia-
induced neurological deficits (43,44). Be-
cause improvement in functional out-
come is undoubtedly a major end-point
measure for evaluating the efficacy of any
treatment given to stroke patients, the
functional benefit of VPA demonstrated
under experimental conditions represents
an encouraging observation and an es-
sential link when one considers the trans-
lation of experimental data to the clinic.
Similarly, SB and 4-PBA have been shown
to induce amelioration of tissue damage
and improvement of functional outcome
after experimental permanent MCAO
and in a mouse model of hypoxia-ische-

mia injury (43,45,46). The ability of
postinsult treatment with SB to stimulate
neurogenesis in the ischemic brain was
also demonstrated recently (47).

Hydroxamate-containing HDAC in-
hibitors TSA and SAHA were shown to
convey a significant decrease in lesion
volume after MCAO (43,48–50). A reduc-
tion of about 30% in the volume of in-
fracted tissue was demonstrated 24 h
after insult, and this result was aug-
mented even further when lesion volume
was measured at later time points (48). A
similar effect of TSA was shown after
permanent middle cerebral artery occlu-
sion, indicating the therapeutic efficacy
of the compound in this more severe is-
chemic injury model (43). A key finding
of the latter report was the ability of
postinjury administration of TSA to re-
duce ischemia-induced neurological
deficits as well as lesion volume. How-
ever, it should be considered that in the
majority of studies conducted thus far,
HDAC inhibitor administration was ini-
tiated before (or immediately after) the
onset of MCAO, measures that are not
feasible when treating stroke-inflicted in-
dividuals. Nevertheless, the protective
effects of the tested HDAC inhibitors
were well established and have incited
research efforts aimed at elucidating
mechanisms that may underlie these
benefits.

The notion that the protective role of
VPA, SB, TSA and SAHA after ischemic
CNS injury may be associated with their
inhibitory activity is strengthened by ob-
servations indicating maintenance of ad-
equate histone H3 acetylation levels
upon treatment with these agents, as op-
posed to the robust decrease seen after
ischemic insult in nontreated animals
(43,44,49). The protective effect against
ischemia-hypoxia injury that is brought
about by 4-PBA was not specifically at-
tributed to its HDAC-inhibiting activity
(46). It should be considered in this con-
text that all HDAC inhibitors tested in
stroke models so far are known to exert
substantial inhibitory activity on class I
HDAC (51,52). Hence, it is conceivable
that inhibition of histone deacetylation

contributes to the overall protective ef-
fects obtained by treatment with these
agents after ischemic CNS injury, at least
in part. This notion is further supported
by the ability of VPA, a compound dis-
playing selectivity toward class I HDAC
enzymes, to convey protection (43,44,52).

As mentioned, the ability of HDAC en-
zymes to deacetylate nonhistone targets
has been reported (21–24). Consequently,
administration of HDAC inhibitors
would induce a reduction in the deacety-
lation of nonhistone entities known to be
targeted by HDACs, including transcrip-
tion factors. Because several transcription
factors regulating the expression of pro-
survival molecules are deacetylated by
HDACs, HDAC inhibitor treatment may
lead to increased transcription of neuro-
protective factors due to transcription
factor activation (18). In any case, re-
duced deacetylation of histones and tran-
scription factors is expected to lead to in-
creased expression of target gene
products via enhanced transcription. In-
deed, the protective effects obtained by
HDAC inhibitor treatment in experimen-
tal models of ischemic stroke have been
associated with increased expression of
neuroprotective factors including heat
shock protein 70 (HSP70), B-cell lym-
phoma 2 (Bcl-2), phosphorylated Akt
(pAkt), gelsolin and p21cip/waf1

(43–45,49,50). However, the precise
mechanism by which these factors are
upregulated warrants further investiga-
tion. Interestingly, HDAC inhibitor ad-
ministration was found to concomitantly
reduce ischemia-induced upregulation of
caspase-3 and p53 (43,44). This would
suggest the involvement of multiple
mechanisms in HDAC inhibitor–induced
neuroprotection and may indicate that
the effects of these agents on specific
transcription factors may be time- or cell
type–dependent (18,53).

In their study, Kim et al. (43) suggested
that neuroprotection from permanent
MCAO obtained by postinsult adminis-
tration of HDAC inhibitors is likely to in-
volve suppression of ischemia-induced
inflammation, since they report on
 attenuated microglial activation and de-
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creased accumulation of cyclooxygenase-2
after treatment. These findings coincide
with the recognized antiinflammatory
properties of these compounds (54) and
may contribute to overall functional im-
provement, given the detrimental impli-
cations of early inflammatory responses
on brain injury outcome. However, as in-
flammation is now known to convey a
time- and context-dependent dual role in
the secondary cascade of molecular
events after CNS injury, with both delete-
rious and beneficial implications on
functional outcome, caution should be
exercised when interpreting such find-
ings. In particular, the limit of the time-
frame during which suppression of
 inflammatory responses would be desir-
able should be considered when deter-
mining the appropriate dosing regimen
for post-CNS injury HDAC inhibitor
treatment (55,56).

ICH-induced inflammation has been
shown to represent a key factor leading
to secondary brain damage, suggesting
that antiinflammatory approaches may
be used to treat hemorrhagic stroke (57).
Despite this understanding, data regard-
ing the possible use of HDAC inhibitors
for this indication remain scarce, with
only one published report directly ad-
dressing the issue. In their series of ex-
periments, Sinn et al. (58) used a rat
model of ICH to examine the effects of
postinsult VPA treatment. A dose of
300 mg/kg VPA was administered in-
traperitoneally twice a day after ICH in-
duction. This was found to result in
augmented functional recovery up to 4
wks after injury, alongside reduced
hematoma expansion and perihe-
matomal cell death (58). Similar to find-
ings reported in ischemic stroke models,
higher levels of acetylated histone H3
were observed after treatment compared
with a control group. Additionally, the
functional improvement was accompa-
nied by increased expression of several
effectors including the phosphorylated
forms of extracellular signal–activated
kinase (ERK) and its downstream target,
cyclic adenosine monophosphate re-
sponse element-binding (CREB), the

neuroprotective factors HSP70 and pAkt
and the antiapoptotic mediators Bcl-2
and Bcl-2 extra long (Bcl-xl). Concur-
rently, the expression of the pro-apop-
totic factor Bcl-2–associated × protein
(Bax) and caspase activities were re-
duced, suggesting attenuation of apop-
totic cell death signals. The investigators
further report on reduced mRNA levels
of FAS ligand,  interleukin-6, matrix met-
alloproteinase 9, chemokine (c-c motif)
ligand (CCL)-4, CCL2 and tPA, yet the
role of these changes in overall im-
provement remains to be further estab-
lished. VPA also demonstrated consider-
able antiinflammatory effects,
highlighted by attenuated inflammatory
cell infiltration. Taken together, the re-
sults obtained using the ICH model in-
dicate a protective role for VPA in hem-
orrhagic cerebral injury that is most
likely mediated by several mechanisms
that work in concert to yield the overall
benefit. It is likely that these mecha-
nisms include enhancement of neuro-
protective factors, possibly via increased
transcription, as well as an antiinflam-
matory effect. Altogether, the body of
evidence regarding ischemic and hem-
orrhagic stroke supports the potential
use of HDAC inhibitors in treating both
forms of injury despite their divergent
etiologies. Hence, HDAC inhibitor ther-
apy may represent a common class of
therapeutics with applications in both
indications. Following the same line of
thought, the pathophysiological similar-
ities between stroke and TBI suggest
that HDAC inhibitors may prove pro-
tective when administered in the setting
of traumatic impact.

HDAC INHIBITORS AND TRAUMATIC
CNS INJURY

CNS trauma and TBI in particular are
a major health care problem worldwide.
Approximately 1.5 million new TBI cases
occur annually in the United States
alone, with mortality rates ranging be-
tween 35–40% in severe patients (59). De-
spite the incidence of these injuries and
their substantial socioeconomic implica-
tions, no specific pharmacological inter-

vention is currently available for clinical
use. Specifically, the efforts to develop
new therapies for treating affected pa-
tients have repeatedly failed in transla-
tion from experimental lab data to the
clinical setting. In light of this, identifica-
tion of new therapeutic classes that may
be applicable in TBI is of great impor-
tance. The accumulating data regarding
the protective effects of HDAC inhibitors
in stroke models has led to a growing in-
terest in their potential usefulness in TBI.
Although this issue has only been
brought forth during the past couple of
years, the available data indicate signifi-
cant improvement in injury outcome and
encourages further consideration of
HDAC inhibitor therapy for treating
traumatic CNS injuries.

It was initially reported that the
HDAC inhibitor 4-dimethylamino-N-
[5-(2-mercaptoacetylamino) pentyl] 
benzamide (DMA-PB), when given im-
mediately after lateral fluid percussion,
attenuates the postinjury decrease in
acetylated histone H3 levels within hip-
pocampal tissue (60). This observation
was accompanied by decreased density
of phagocytic microglia within the same
anatomical area and a slight decrease in
neurodegeneration that did not reach
statistical significance. These findings
suggested that HDAC inhibitors such as
DMA-PB may inhibit TBI-induced in-
flammation. However, the interpretation
of these results was greatly hindered by
several shortcomings of the initial report.
First, the overall functional value of
HDAC therapy was not shown. Second,
as the ability to effectively intervene in
posttrauma pathological processes is lim-
ited by a narrow timeframe for effica-
cious drug administration and belated
arrival of injured individuals to the hos-
pital (61), the ability to administer
HDAC inhibitors within a clinically fea-
sible timeframe after TBI must be ad-
dressed in the scope of evaluating their
potential clinical value. Finally, it should
be advantageous to conduct additional
study in another experimental model
that is of high relevance to the human
pathological setting.
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ENHANCED FUNCTIONAL RECOVERY
AND ATTENUATED TISSUE DAMAGE
AFTER POSTINJURY HDAC INHIBITOR
TREATMENT

We conducted a series of experiments
using the HDAC inhibitor ITF2357 (53).
These experiments examined the func-
tional and molecular consequences of
ITF2357 treatment in a well-established
mouse model of closed head injury
(CHI). ITF2357 was chosen as the candi-
date HDAC inhibitor in light of its potent
pan-HDAC–inhibiting activity and favor-
able safety profile in humans (52,62).
Mice subjected to CHI were treated with
ITF2357 1 or 24 h after injury and dis-
played significant greater long-term re-
covery of neurological function compared
with vehicle-treated mice. Moreover,
ITF2357 significantly reduced the number
of degenerating cells (evaluated by Flu-
oro Jade staining) on day 3 as well as day
21 after injury compared with control.
Moreover, lesion volume (evaluated by
2,3,5-triphenyltetrazolium chloride
[TTC]) was 22% smaller than in control (P
≤ 0.01) (53). Our results indicated that
ITF2357 is beneficial in the setting of CHI,
demonstrating for the first time the abil-
ity of postinjury HDAC inhibitor treat-
ment to enhance functional, neurobehav-
ioral outcome after brain trauma. Of
particular importance was the sustainable
benefit observed after a single adminis-
tration of ITF2357 given 24 h after injury.
As opposed to immediate postinsult ad-
ministration, the interpretation of which
is greatly limited by lack of clinical appli-
cability, our data may be relevant to the
treatment of TBI patients, since many ar-
rive late to seek medical attention. It is
noteworthy that a single dose of ITF2357
given at 24 h after injury was sufficient to
induce improved functional recovery for
over 1 week. Further study of even later
time of administration or repeated
postinjury ITF2357 dosing is warranted.

Similar to findings reported in ischemic
stroke models (43,49), ITF2357 was found
to reduce lesion volume after CHI. This
result would indicate that postinjury ad-
ministration of the compound not only fa-
cilitates improved functional recovery, but

also reduces underlying tissue damage, a
notion further corroborated by its ability
to reduce the extent of neurodegeneration
(53). The neuroprotective properties of
ITF2357 were associated with its ability to
restore adequate histone acetylation lev-
els. Particularly, HDAC inhibitor treat-
ment attenuated the robust decrease in
the levels of acetylated histone H3 ob-
served in nontreated injured animals. This
effect confirmed the availability and ex-
pected activity of ITF2357, and, as the at-
tenuated decrease of histone H3 preceded
the reduction in lesion volume and im-
provement in functional performance,
may well have contributed to these bene-
fits. Interestingly, HDAC inhibitor admin-
istration also attenuated the decrease in
the levels of HSP70 after injury but only
slightly affected pAkt expression. It
should be noted in this context that the ef-
fects of HDAC inhibitors on both HSP70
and pAkt appear to be dose and agent de-
pendent. Faraco et al. (49) demonstrated
that the extent of the effect of SAHA on
HSP70 varies with different administered
doses. Additionally, these investigators
did not observe any effect of SAHA on
pAkt, whereas a significant induction was
reported using SB or TSA (43). As HSP70
and pAkt levels were evaluated at later
times after CHI, the lack of any change in
pAkt levels may reflect the presence of
prominent apoptotic processes in the in-
jured tissue within this timeframe
(53,63,64). Given the well- established neu-
roprotective nature of HSP70, a role for
maintenance of higher levels of this factor
in HDAC-induced neuroprotection from
brain trauma is plausible. Furthermore,
the similarity in the findings obtained in
stroke and trauma models may indicate
the involvement of common protective
mechanisms in neuroprotection, including
increased expression of HSP70. The pre-
cise mechanism by which HSP70 is upreg-
ulated in vivo remains unknown; yet, in
vitro experiments suggest the involvement
of the phosphatidylinositol 3-kinase/Akt
pathway and Sp1 acetylation in its induc-
tion (65).

HDAC inhibitors were shown to con-
vey antiinflammatory effects in both

stroke and trauma models—namely, a re-
duction in postinsult cyclooxygenase-2
levels and attenuated accumulation of
phagocytic microglia (43,60). It was also
shown that 4-PBA and SB inhibit inflam-
matory markers including nitric oxide, in-
ducible nitric oxide synthase, interleukin-
6 and tumor necrosis factor-α in vitro
(46,66). After CHI, we demonstrated a re-
duction in microglia/macrophage accu-
mulation within the injured tissue upon
ITF2357 treatment (53). Importantly,
 microglia/macrophages at the area of
trauma were apoptotic, suggesting accel-
erated clearance of these cells from the in-
jured tissue. At the same time, the num-
ber of astrocytes and their level of
activation were also reduced, indicating a
global reduction in the amount of inflam-
matory cells present after injury. It re-
mains to be determined whether reduced
post-CHI gliosis after HDAC inhibitor
treatment is the consequence of enhanced
clearance of activated  microglia/
macrophages via apoptosis and whether
it may involve additional mechanisms
such as chemokine inhibition, as shown in
models of inflammatory bowel disease
and ICH (58,67,68).

Certainly, the induction of tumor cell
death by HDAC inhibitors is the basis
for their clinical use in human cancer pa-
tients (69,70). As a matter of fact, acetyla-
tion of p53 has been proposed as a mech-
anism for tumor cell death induced by
TSA, SAHA and ITF2357 (71). After CHI,
we observed an increase in total p53 lev-
els within the trauma area after ITF2357
treatment. Given the presence of many
glial cells within the tissue after injury,
the involvement of p53 acetylation in
 microglial/macrophage apoptosis war-
rants examination and may well con-
tribute to the antiinflammatory and func-
tional effects of ITF2357.

Recently, the ability of VPA to provide
neuroprotection from TBI and improve
cognitive function was experimentally
demonstrated. A set of studies using a rat
brain trauma model was conducted in an
effort to determine whether  postinjury
administration of valproate can decrease
blood-brain barrier permeability, reduce
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neural damage and improve neurobehav-
ioral outcome (72). A dose of 400 mg/kg
valproate administered intraperitoneally
increased histone acetylation and re-
duced the activity of glycogen synthase
kinase 3 in the hippocampus. When 400
mg/kg valproate was administered 30
min after injury, it improved blood-brain
barrier permeability. The same dose was
also effective in reducing cortical contu-
sion and hippocampal dendritic damage
and, most importantly, improved motor
function and spatial memory. The ob-
served enhancement in memory function
may be associated with previous observa-
tions by the same group in which it was
demonstrated that SB administration is
capable of improving learning and mem-
ory in brain-injured mice when given
concurrently with behavioral testing (73).
It should also be considered that HDAC
inhibitors have previously been shown to
augment memory and synaptic plasticity
and promote neuronal outgrowth (74–76).
This occurrence was suggested to be me-
diated, at least in part, via CREB-binding
protein–dependent p53 acetylation (74).

VPA-induced neuroprotection was also
demonstrated after optic nerve crush (77).
Specifically, increased survival of retinal
ganglion cells was observed after subcu-
taneous VPA administration given twice
daily at 300 mg/kg. A similar effect was
obtained with a single intra-vitreal injec-
tion of VPA immediately after injury. In
addition, axonal regeneration in culture
was enhanced in VPA-treated retinal gan-
glion cells compared with controls. Mo-
lecular changes included a decrease in
caspase-3 activity, induction of CREB and
phosphorylated extracellular
 signal–activated kinase (pERK) but no
change in histone acetylation. However,
the VPA doses used in this study are
rather high and may even be toxic. In-
deed, in a recent study, Matalon et al. (78)
compared the ability of VPA and ITF2357
to induce the expression of HIV-1 in a
dose-response study that included the
plasma concentrations of each HDAC in-
hibitor achieved in humans. The effects of
VPA were achieved in concentrations that
are often toxic to humans (in the mmol/L

range), whereas ITF2357 yielded a more
pronounced effect at lower 10–5 concen-
trations. Thus, ITF2357 appears to be
both a more promising and a safer candi-
date for clinical use as a neuroprotectant.

Taken together, the studies conducted
using CNS trauma models establish a
neuroprotective role for HDAC inhibitor
treatment after traumatic impact. The re-
ported neurobehavioral beneficial effects
have been associated with changes in var-
ious molecular pathways and suggest the
involvement of several mechanisms in
overall protection, as summarized in Fig-
ure 1. The urgent requirement for identi-
fying and testing new pharmacological
entities for clinical use dictates the need
for focused and efficient evaluation of the
usefulness of HDAC- inhibiting com-
pounds in the context of acute CNS in-
jury. The main aspects warranting investi-
gation are the unraveling of mechanisms
that underlie HDAC inhibitor–mediated
neuroprotection and, most importantly,
resolution of issues concerning the safety
and efficacy of this treatment.

CONSIDERATIONS IN
PHARMACOLOGICAL DEVELOPMENT

Studies conducted using various
HDAC-inhibiting compounds reveal their
effectiveness in promoting neuroprotec-
tion and improving postinjury outcome.
However, the majority of these studies
used agents that display pan-HADC–in-
hibiting activity or, at the very best, par-
tial class selectivity. In particular, the
small carboxylate inhibitors used for
evaluating the effects of HDAC inhibition
in stroke models harbor HDAC class I se-
lectivity in the case of VPA and are selec-
tive for both class I and class IIa HDACs
in the case of SB and 4-PBA. Similarly,
SAHA and TSA target both class I and
class II HDACs. SAHA also targets class
IV enzymes (51,52). The effects of HDAC
inhibitors in CNS trauma have only been
investigated using VPA, ITF2357, SB and
MDA-PB, all of which are not selective
toward a particular HDAC isoform
(52,79). Hence, it remains unclear
whether overall functional benefits result
from multiple mechanisms activated con-

currently or alternatively, whether func-
tional improvement may be achieved by
inhibiting individual HDAC isoforms.
The ability to induce functional improve-
ment by administering VPA indicates that
increased histone acetylation contributes
to neuroprotection. This result can be
suggested since class I HDACs primarily
target histones as substrates and are in-
hibited by VPA. However, because class
II HDACs are capable of deacetylating
nonhistone targets including transcrip-
tion factors, their inhibition may well
contribute to any increase in gene tran-
scription occurring upon administration
of a class I–class II combined inhibitor
(SB, 4-PBA, SAHA and TSA). Further-
more, because each class of enzymes con-
sists of several isoforms, it remains un-
clear whether a specific isoform can be
implicated in facilitating a particular ef-
fect. It should also be noted that investi-
gating the involvement of other classes of
HDACs including HDAC IIb, III and IV
in neuroprotection would require the de-
sign of inhibitors selective for these sub-
strates. Although these issues are mecha-
nistic in nature, they carry significant
practical implications. Increasing the
specificity of HDAC inhibitors is not only
desirable for better defining underlying
molecular mechanisms of action but,
even more importantly, will reduce non-
specific side effects. Along these lines, the
development of isoform- selective HDAC
inhibitors has been pursued (80–84). The
usefulness of selective HDAC inhibition
in shedding new light on the role carried
out by specific HDACs in the context of
acute CNS injury was demonstrated in a
recent study by Rivieccio et al. (85). In
their report, these investigators show that
selective HDAC6 inhibition protects
against oxidative stress–induced neu-
rodegeneration and promotes neurite
growth in cortical neurons and dorsal
root ganglion neurons (85). Another
study indicated that mercaptoacetamide-
based HDAC inhibitors may provide pro-
tection that is not accompanied by the
toxicity displayed by hydroxamate-based
compounds at high concentrations (79).
This would indicate that selectively in-
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hibiting particular HDACs may still con-
vey protection without interfering with
the activity of other isoforms. However,
one should bear in mind that narrowing
the range of inhibitory activity may also

compromise the desired beneficial effect.
This concern highlights the fragile bal-
ance between the need to identify thera-
peutics that achieve sustainable overall
functional improvement and, at the same

time, to minimize undesired side effects.
Altogether, it would appear that the ben-
efits of applying pan-HDAC inhibitors
for acute CNS treatment currently out-
weigh their disadvantages in terms of se-
lectivity. This result is suggested given
the narrow therapeutic repertoire for
treating acute CNS injury–affected pa-
tients and the already approved clinical
use of HDAC inhibitors such as valproate
and ITF2357 for a variety of indications
and in ongoing clinical trials (39,40,62).

In addition to the issues outlined here,
drugs administered for treating CNS dis-
orders must also be able to efficiently pen-
etrate the barriers separating this system
from the periphery. Indeed, the ability of
HDAC inhibitors to penetrate the blood-
brain barrier (BBB) and the blood-retina
barrier is well established by their re-
ported neuroprotective effects (43,49,53).
Yet, it should be noted that the degree of
barrier penetration may well vary with
time after injury. Because BBB permeabil-
ity is modified by various mediators pres-
ent after either stroke or trauma, includ-
ing reactive oxygen species, inflammatory
cytokines and other factors affecting en-
dothelial cells (86–88), the effects intro-
duced by a given dose of any drug should
be established within a standardized
timeframe, and the dynamic changes in
BBB integrity must be considered when
administering the drug systemically. Par-
ticular caution in determining the appro-
priate intervention schedule for HDAC
inhibitor treatment is called for in light of
its pronounced antiinflammatory effect.
This step is warranted given that postin-
jury inflammatory responses within the
CNS are known to convey both detrimen-
tal and beneficial roles in a time- and
 context-dependent manner (56,89–91).
Hence, careful selection of the time at
which an antiinflammatory agent is given
after acute CNS injury is pivotal for assur-
ing that it exerts a beneficial effect while
not interfering with recovery processes. In
regard to the potential practicality of ap-
plying HDAC inhibitors for treating acute
CNS injury, findings demonstrating func-
tional benefits obtained after administra-
tion as late as 24 h after injury and with

Figure 1. Functional and molecular effects of HDAC inhibitor treatment in stroke and CNS
trauma. Examples of common cell damage mechanisms shared by traumatic CNS impact
and stroke include excitotoxicity, calcium overload, oxidative stress, acute inflammation and
apoptosis. The discovery that relative over-deacetylation is a hallmark of neurodegenera-
tive disorders led to the hypothesis that its correction will improve injury outcome. HDAC in-
hibitor administration was shown to improve neurobehavioral performance, decrease lesion
volume, reduce BBB permeability and attenuate neurodegeneration. This step has been
suggested to be mediated by multiple mechanisms leading to the restoration of acetyla-
tion homeostasis, most likely involving augmented acetylation of histones as well as nonhis-
tone targets, as described in the text. Functional improvement was associated with a multi-
tude of cellular and molecular changes affecting  factors known to convey neuroprotective
or antiapoptotic properties and with anti inflammatory effects including attenuated gliosis
as well as reduced levels of inflammatory mediators. Ac-p53, acetylated p53; COX-2, cy-
clooxygenase-2; GSK-3, glycogen synthase kinase 3; iNOS, inducible nitric oxide synthase;
MMP9, matrix metalloproteinase 9; TF, transcription factor; TNFα, tumor necrosis factor-α.
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repeated dosing are promising and en-
courage further pursuit of this new av-
enue of therapy (50,53).

FUTURE PROSPECTS
HDAC inhibitors represent a promising

new class of therapeutics for acute CNS
injury. As several of these compounds are
already used clinically and reveal a favor-
able safety profile in humans, widening
the range of indications for which they
are used to include stroke and CNS
trauma may provide an efficient and
timely means of expanding the lacking
range of therapeutic agents available for
treating affected patients. Because opti-
mization of the druglike properties and
dosing regimen of candidate HDAC in-
hibitors will surely be required for suc-
cessfully translating experimental data to
the clinic, future research efforts and the
development of novel HDAC inhibitors
should focus on addressing these issues
as well as unraveling particular mecha-
nisms contributing to functional benefit.
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