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Abstract

Ischemic stroke is a leading cause of death and disability worldwide, with few available treatment
options. The pathophysiology of cerebral ischemia involves both early phase tissue damage,
characterized by neuronal death, inflammation, and blood-brain barrier breakdown, followed by
late phase neurovascular recovery. It is becoming clear that any promising treatment strategy must
target multiple points in the evolution of ischemic injury to provide substantial therapeutic benefit.
Histone deacetylase (HDAC) inhibitors are a class of drugs that increase the acetylation of histone
and non-histone proteins to activate transcription, enhance gene expression, and modify the
function of target proteins. Acetylation homeostasis is often disrupted in neurological conditions,
and accumulating evidence suggests that HDAC inhibitors have robust protective properties in
many preclinical models of these disorders, including ischemic stroke. Specifically, HDAC
inhibitors such as trichostatin A, valproic acid, sodium butyrate, sodium 4-phenylbutyrate, and
suberoylanilide hydroxamic acid have been shown to provide robust protection against
excitotoxicity, oxidative stress, ER stress, apoptosis, inflammation, and blood-brain barrier
breakdown. Concurrently, these agents can also promote angiogenesis, neurogenesis and stem cell
migration to dramatically reduce infarct volume and improve functional recovery after
experimental cerebral ischemia. In the following review, we discuss the mechanisms by which
HDAC inhibitors exert these protective effects and provide evidence for their strong potential to
ultimately improve stroke outcome in patients.
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INTRODUCTION

Stroke is a devastating neurological condition responsible for widespread mortality, serious
long-term disability, and enormous financial burden. In the United States alone
approximately 795,000 people experience a new or recurrent stroke each year, meaning that,
on average, someone suffers an attack every 40 seconds [1]. Stroke is also the fourth leading
cause of death, accounting for 1 out of every 18 mortalities [1-2]. The significant majority
of cases, 87%, are the result of impaired blood flow to the brain due to cerebral artery
occlusion [1]. These strokes are termed ischemic and are the focus of this review. Methods
to minimize the negative effects of cerebral ischemia are clearly of critical importance to
public health. Unfortunately, progress in this search has thus far been inadequate. Currently
the only Food and Drug Administration (FDA)-approved treatment for ischemic stroke is
recombinant tissue plasminogen activator (rtPA), which acts by breaking down clots to
restore blood flow and preserve brain tissue. rtPA is only effective when given within 4.5
hours of symptom onset, and otherwise carries a risk of intracranial hemorrhage that
outweighs the potential benefit [3]. As a result of these limitations, it is estimated that rtPA
is only used for 1.8-2.1% of ischemic stroke patients in the United States [4].

One major complication in the search for an effective stroke treatment is that the evolution
of ischemic brain injury takes place from hours to weeks after the initial event. With a high
basal metabolic rate, a reliance on precisely-maintained ionic gradients, and large
concentrations of excitotoxic neurotransmitters such as glutamate and aspartate, brain tissue
is particularly susceptible to the immediate effects of glucose and oxygen deprivation [5-6].
In the most severely affected region, known as the ischemic core, limited blood supply
rapidly prevents the generation of adenosine triphosphate (ATP), and in turn leads to the
failure of ATP-dependent ion pumps such as Na*/K* ATPase. The subsequent Na* influx,
glutamate accumulation, and Ca2* overload results in cytotoxic edema, acidosis, organelle
and membrane failure, and finally necrotic cell death [5-7]. The area immediately adjacent
to the core infarct zone, the ischemic penumbra, is subjected to more moderate reductions in
blood flow, and thus more delayed injury mechanisms [8]. Of particular importance,
ischemic stroke is associated with a robust immune response involving microglial activation,
infiltration of peripheral leukocytes, and amplification of inflammatory signaling cascades
[9-10]. These inflammatory reactions exacerbate cell death and disrupt the blood-brain
barrier (BBB) to induce brain edema. In the delayed phase after cerebral ischemia the
penumbra is the site of endogenous neurovascular repair, including angiogenesis and
neurogenesis, which takes place from days to weeks after stroke onset and determines the
ultimate extent of tissue regeneration and functional recovery [8, 11]. Because tissue in the
ischemic penumbra is damaged but not destroyed, it holds the greatest promise for
therapeutic intervention [8].

Given the complex pathophysiological processes involved in stroke, it is evident that an
effective treatment must have a broad spectrum of actions, from inhibiting excitotoxicity and
inflammation to augmenting tissue repair. Excitingly, recent preclinical advances have
identified histone deacetylase (HDAC) inhibitors as promising therapeutic agents in multiple
neurological conditions, including stroke [12—16]. By reversing the histone hypoacetylation
observed after ischemic brain damage, compounds such as trichostatin A (TSA), valproic
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acid (VPA), sodium butyrate (SB), and suberoylanilide hydroxamic acid (SAHA, or
vorinostat) can induce global changes in gene transcription and protein expression. As a
result, HDAC inhibitors regulate processes ranging from cell survival to regeneration, and
dramatically reduce infarct volume while promoting neurobehavioral recovery in multiple
animal models of cerebral ischemia [17-20]. In this review, we first briefly describe the
dynamic regulation of histone acetylation, and then discuss the accumulating evidence
supporting the diverse mechanisms and therapeutic promise of HDAC inhibitors in ischemic
stroke.

HISTONE ACETYLATION: HOMEOSTASIS AND REGULATION
1. HATs and HDACs

Chromatin is organized into structural units called nucleosomes, which consist of DNA
wrapped around an octamer of four core histone proteins (two each of H2A, H2B, H3, and
H4). Histone amino-terminal tails are subject to multiple post-translational modifications,
including acetylation at specific lysines. By neutralizing the positive charge of these
residues, acetylation reduces histone-DNA interaction to promote a loosely packed, open
chromatin conformation that is more accessible to transcription factors and machinery. As a
result, histone acetylation is generally associated with transcriptional activation and
increased gene expression [reviewed in 21, 22]. Endogenously, histone acetylation is tightly
regulated by histone acetyltransferases (HATS) and HDACs. These evolutionarily conserved
enzymes catalyze acetylation and deacetylation of histones, respectively. Many
transcriptional coactivators, such as cAMP response element-binding (CREB) binding
protein (CBP)/p300, have been characterized as HATSs [23], whereas many corepressor
complexes, such as cOREST, NuURD and mSin3A, interact with HDACs [24-26]. HATs and
HDACS can also regulate the acetylation of non-histone proteins, including a-tubulin,
molecular chaperone heat shock protein (HSP) 90, and transcription factors p53, E2F1,
nuclear transcription factor kappa B (NF-xB), Smad7, and STAT-3 [reviewed in 27].

Eighteen human HDACSs have been identified which can be divided into four major classes
[reviewed in 16, 28]. Class | HDACs (HDACI, 2, 3 and 8) are ubiquitously expressed, Zn?*-
dependent enzymes related to the yeast protein RPD3. HDAC1 and 2 are found in the
nucleus, whereas HDAC3 can shuttle between the nucleus and the cytoplasm [16] and
HDACS is predominantly in the cytosol of smooth muscle cells [29]. Class Il HDACs are
further subdivided into class Ila (HDAC4, 5, 7, and 9) and class Ilb (HDACG6 and 10). Both
subclasses are Zn%*-dependent and homologous to the yeast protein HDAL. Unlike class I,
class Il HDACSs show a tissue-specific distribution with the highest expression in heart,
skeletal muscle, and brain [16, 28]. Class Ila HDACs are shuttled between the cytoplasm and
nucleus, where they act as transcriptional corepressors via interaction with other proteins
such as the myocyte enhancer factor 2 family of transcription factors [30]. Of the class I1b
HDACS, only HDACS is well-characterized. It is located exclusively in the cytoplasm where
it deacetylates a-tubulin to regulate microtubule stability [31] and is crucial to the misfolded
protein stress response [32]. Notably, in neurons HDAC6 seems to regulate transport of the
key neurotrophin brain-derived neurotrophic factor (BDNF), as its inhibition augments
BDNF transport and release via increased a-tubulin acetylation [33]. Class 111 HDACs
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(SIRT1-7), are related to the yeast protein Sir2 and distinct from other HDACs in both
structure and function. Also known as sirtuins, class 111 HDACSs are dependent on
nicotinamide adenine dinucleotide (NAD™) and act on diverse substrates in both the nucleus
and cytoplasm [16]. The sole class IV HDAC, HDAC11, is Zn2*-dependent and shares
characteristics with both class | and class 1l HDACs. It is found primarily in the cell nucleus
of kidney, heart, skeletal muscle, testis, and brain [34-35]. (Fig. 1) provides an overview of
HDAC classification.

2. Dysregulation in Neurological Disease

Multiple lines of evidence have established that acetylation homeostasis is crucial for
healthy neuronal function and is impaired during neurodegeneration [36]. Diverse models of
neurological disorders, including stroke, are associated with a dramatic reduction of histone
H3 and H4 acetylation [reviewed in 14]. For example, both our laboratory and others have
observed significantly decreased histone acetylation levels after transient or permanent
cerebral ischemia in rat and mouse [17-18, 37]. This is presumably due to a deficit in HAT
activity, particularly CBP: the onset of neuronal apoptosis in cerebellar granule cells (CGCs)
was associated with a specific reduction in CBP/p300 HAT activity due to degradation of
CBP by caspases and calpains [38]. Furthermore, loss of CBP has been linked to cortical
neuron death induced by activation of amyloid precursor protein-dependent signaling [38],
motor neuron degeneration in a mouse model of amyotrophic lateral sclerosis [38], mutant
huntingtin-triggered cell death [39], and irreversible cortical culture damage by hypoxia
[40]. Under pro-apoptotic conditions, restoring histone acetylation levels by overexpressing
CBP or with HDAC inhibitors can significantly reduce neuronal loss /n vitro [38, 41].
Importantly, over the past decade HDAC inhibitors have been successfully applied to animal
models of neurodegeneration and brain injury including Huntington’s disease [41-42],
amyotrophic lateral sclerosis [43], Parkinson’s disease [44], Alzheimer’s disease [45],
traumatic brain injury [46], and stroke [19, 47-48].

The most commonly used HDAC inhibitors in preclinical ischemic stroke studies are TSA,
SAHA, VPA, SB, and sodium 4-phenylbutyrate (4-PB). These compounds are readily
permeable to the BBB and provide relatively nonspecific inhibition of multiple HDAC
isoforms. SAHA and TSA are hydroxamates that inhibit class | and |1 HDACs, although
with less efficacy against HDACS [49]. VPA, SB, and 4-PB are short chain fatty acid
derivatives that inhibit class | and class lla HDACs, but not 11b [14, 50-51]. Several studies
have also made use of the isoform-specific compounds MS275, a benzamide derivative that
preferentially inhibits HDACL, and apicidin, a cyclic tetrapeptide that primarily targets
HDAC?2 and 3 [49]. Finally, nicotinamide is a nicotinic acid amide that inhibits the NAD*-
dependent deacetylase activity of class 111 HDACs [52]. Since nicotinamide is not specific to
sirtuins and also inhibits other NAD*-dependent targets such as poly(ADP-ribose)
polymerase (PARP), its coverage in this review is limited [53]. Stroke-relevant HDAC
inhibitors are summarized in (Fig. 1).

In the following sections, we discuss in detail the beneficial mechanisms of HDAC
inhibitors in both alleviating tissue damage and promoting recovery in cellular and animal
models of ischemic brain injury.
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HDAC INHIBITION IN CEREBRAL ISCHEMIA I: CELLULAR PROTECTION
AND TISSUE PRESERVATION

1. Infarct Volume Reduction

Pre- or post-injury treatment with HDAC inhibitors can dramatically reduce infarct volume
after cerebral ischemia. However, published studies vary considerably in injury model,
dosing strategy, and the time point at which infarction was measured, making it difficult to
directly compare the efficacy of each treatment paradigm. One of the most common models
of focal cerebral ischemia in rodents is middle cerebral artery occlusion (MCAQ). The MCA
can either be permanently occluded (pMCAQ), or transiently occluded (tMCAQ) by
temporarily blocking the origin of the MCA.

Many groups have observed a substantial reduction in infarct volume when animals were
treated with HDAC inhibitors prior to the onset of experimental stroke. For example, in one
study mice were pretreated with 5 mg/kg TSA by intraperitoneal (7,p.) injection once per day
for 14 days and then subjected to 1 hour MCAO. At 24 hours post-injury, infarct volume was
reduced by approximately 24% compared to vehicle-treated MCAQO animals [54]. Rats given
1200 mg/kg SB by /7.p. injection 24 and 4 hours prior to pMCAO had significantly smaller
infarct volumes than vehicle-treated controls [55]. In both tMCAO and pMCAO mouse
models, /.p. injection of 300 mg/kg VPA 30 minutes prior to ischemia also significantly
reduced the infarct volume [56]. The protective effects of 4-PB have been investigated in a
mouse model of hypoxia-ischemia (H/I) in which right carotid artery ligation was followed
by 30 minutes of hypoxia at 6% O, [47]. Under these conditions, pretreatment with 40 or
120 mg/kg 4-PB /.p. 30 minutes before H/I and then once per day for 3 days reduced infarct
volumes by 40% and 70%, respectively.

Post-stroke treatment with HDAC inhibitors has also proved effective. For instance, in a
mouse pMCAO model, 1 mg/kg TSA given by /p. injection at the onset of occlusion and
again 6 hours later diminished infarction by 57% at 48 hours [57]. 25 mg/kg or 50 mg/kg
SAHA administered using the same stroke model and injection timing reduced infarction by
approximately 30% at 24 hours [18]. Histone H3 acetylation was significantly reduced in the
ischemic brains, although interestingly, no changes in HAT and HDAC activities were
observed. It is suggested that ischemia-induced histone hypoacetylation may be due to
limited HAT activity caused by ischemia-decreased acetyl-CoA contents [18]. SAHA
treatment restored histone acetylation levels. However, SAHA’s effect on HDAC or HAT
activity after ischemia is unclear and remains to be elucidated. In rats, 300 mg/kg SB
injected subcutaneously (s.c.) at the start and 12 hours after pMCAO [17] and 300 mg/kg
VPA delivered /.p. at the same time points after 1 hour tMCAQ both significantly reduced
infarct volume as well [19]. VPA treatment (300 mg/kg, Zp.) immediately after reperfusion
was also found to significantly reduce the infarct size in a 2-hour tMCAO mouse model [56].

Of particular importance to their potential therapeutic use in the clinic, HDAC inhibitors
remain efficacious when initially administered with a significant time delay after ischemic
onset. Notably, when 300 mg/kg VPA was first injected s.c. 3 hours after rat pMCAO, a
32.7% decrease in infarct volume at 24 hours was still observed [17]. Similarly, 300 mg/kg
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SB first injected s.c. 6 hours after pMCAO resulted in a 33.1% decrease in infarction
measured 24 hours post-injury [17]. Finally, when an initial /0. injection of 4-PB was given
1 hour after H/I, infarct volume was again markedly diminished by both 40 and 120 mg/kg
doses [47]. Notably, treatment with HDAC inhibitors increased histone acetylation in rodent
brains [17-19, 54-56], suggesting the involvement of HDAC inhibition in brain infarct
volume reduction. The consistent protective effects of structurally diverse HDAC inhibitors,
most importantly when administration was delayed 1-6 hours after ischemic onset, give this
class of drugs great clinical potential for the treatment of acute stroke (Table 1).

2. Neuroprotection

As alluded to previously, ischemic stroke involves multiple interdependent mechanisms of
neuronal death including excitotoxicity, oxidative stress, endoplasmic reticulum (ER) stress,
and apoptosis. Evidence suggests that HDAC inhibitors can mitigate many of these pathways
to reduce neuronal injury after both /n vitroand in vivo insult.

2.1. Excitotoxicity—Excessive glutamate release and inhibition of reuptake mechanisms
after ischemia leads to overstimulation of A~methyl-D-aspartate (NMDA) and alpha-
amino-3-hydroxy-5-methyl-4-isoxanole propionate (AMPA) receptors. The subsequent Ca2*
influx activates damaging lipases, nucleases, and proteases and can also stimulate pathways
such as arachidonic acid metabolism and superoxide production to trigger additional cell
death [6, 58-59]. Many studies have demonstrated the striking ability of HDAC inhibitors to
protect against excitotoxicity in neurons. For example, pioneering work by Kanai et a/used
a model of excitotoxicity induced by SYM 2081 ((2S, 4R)-4-methylglutamate), an inhibitor
of excitatory amino acid transporters and agonist of low-affinity kainate receptors, in mature
CGCs [60]. SYM toxicity was blocked by NMDA receptor antagonist MK-801 and resulted
in cell shrinkage, chromatin condensation, and DNA fragmentation, suggesting that it caused
glutamate-induced apoptosis by blocking excitatory amino acid reuptake. The study found
that 6 days pretreatment with VPA, SB, or TSA resulted in concentration-dependent
protection against SYM-induced cell death, with nearly complete protection at 1.6 mM, 1.0
mM, and 100 nM, respectively. VPA or TSA treatment was associated with a selective
increase in acetylated histone H3, and VVPA suppressed the SYM-induced nuclear
translocation of pro-apoptotic glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Soon afterwards, Leng and Chuang demonstrated that VPA, TSA, and 4-PB showed robust
protection against glutamate-induced, NMDA receptor-mediated excitotoxicity in CGCs.
Treatment with HDAC inhibitors markedly upregulated, while glutamate challenge
downregulated, levels of acetylated H3 and induction of a-synuclein [61]. Knockdown of
this presynaptic protein completely blocked the neuroprotective effects of VVPA against
glutamate-induced cell death, suggesting that a-synuclein, previously thought to be
neurotoxic, is critical to VPA’s ability to preserve cell viability. This may be due to the a-
synuclein-dependent upregulation of anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) and
down-regulation of pro-apoptotic ubiquitin-conjugating enzyme E2N. In support of these
findings, another study showed that VPA protected CGCs from 6-hydroxydopamine-induced
insult by increasing a.-synuclein expression and preventing its nuclear translocation [62].
Furthermore, VPA also exhibited neuroprotective effects in a rat rotenone model of
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Parkinson’s disease, and this neuroprotection may be mediated through its HDAC inhibition,
thereby preventing rotenone-induced nuclear accumulation of monoubiquitinated a.-
synuclein [63]. It is of interest to note that VVPA-increased histone H3 acetylation was closely
correlated with inhibition of HDAC activity in the rat brains. In addition, in a cortical culture
model VPA, TSA, SB, and class | HDAC-specific inhibitors MS-275 and apicidin all
robustly increased mRNA, protein, and promoter histone acetylation of HSP70, a stress-
inducible molecular chaperone with anti-apoptotic properties [64]. HSP70 upregulation by
HDAC inhibitors seemed to be mediated by activation of the phosphatidylinositol 3-kinase/
protein kinase B (PI13K/Akt) pathway and acetylation of the downstream transcription factor
Sp1, which binds to the HSP70 promoter. Importantly, transcriptional inhibition of HSP70
suppressed VPA-induced neuroprotection against glutamate excitotoxicity, suggesting that
HSP70 may be critical for the anti-excitotoxic effects of HDAC inhibitors. Supporting this
notion, superinduction of HSP70 and/or preservation of phospho-Akt have also been
observed after protective treatment with VPA, TSA, SB, and SAHA in rodent models of
cerebral ischemia [17-19].

The anti-excitotoxic effects of HDAC inhibitors may also involve regulation of the actin-
severing protein gelsolin. By modulating the actin cytoskeleton, gelsolin can regulate the
damaging Ca?* influx after NMDA receptor activation: Ca2* levels and cell death were
enhanced in gelsolin-null neurons after oxygen-glucose deprivation (OGD), while infarct
volume was significantly increased in gelsolin-null mice after MCAQ [65]. Notably, TSA
pretreatment was protective against OGD in wild-type, but not gelsolin-deficient, cortical
neurons, and was associated with increased gelsolin protein expression and promoter histone
acetylation as well as reduced intracellular Ca2* influx [54, 66]. /n vivo, 14 days treatment
with TSA (1 or 5 mg/kg 7.0.) in mice enhanced histone acetylation, increased gelsolin
expression, and conferred actin remodeling. Pretreatment with the higher dose was
protective against 60 minutes of MCAO in wild-type but not gelsolin knockout animals,
further establishing the key role of this protein in the anti-excitotoxic and neuroprotective
properties of TSA [54].

Finally, a study by Baltan ef a/ demonstrated the striking ability of SAHA and MS-275 to
reduce excitotoxic white matter damage, an often-overlooked component of ischemic injury
[67]. Pretreatment with either drug promoted axon functional recovery and preserved
morphology after OGD in isolated mouse optic nerves, a pure white matter tract model.
Protection was associated with upregulation of the glutamate transporter GLT-1 in
astrocytes, which functions to clear extracellular glutamate. As a result, MS-275
pretreatment reduced glutamate accumulation after OGD, and both drugs preserved axonal
mitochondria and ATP levels. It is of interest that this study observed extensive localization
of class I HDACs on glial cells in optic nerve preparations, suggesting that the actions of
HDAC inhibitors on glia require additional consideration in /n vivo stroke models.

2.2. Oxidative Stress—Brain damage following ischemia/reperfusion and NMDA
receptor activation is also closely linked to the rapid and prolonged generation of reactive
oxygen species (ROS) [6]. An initial burst of ROS occurs due to failure of the mitochondrial
respiratory chain, followed by ATP depletion and ROS production by xanthine oxidase [68].
After reoxygenation, activation of Ca2*-dependent NAPDH-oxidase causes a robust increase
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in superoxide [68—69]. Excitotoxic or ischemic conditions also activate neuronal nitric oxide
synthase (NNOS), resulting in a high concentration of nitric oxide (NO) which both
facilitates NAPDH oxidase activity and reacts with superoxide to form the damaging oxidant
peroxynitrite [59, 70]. The downstream effects of these processes include lipid peroxidation,
protein denaturation, PARP activation, and initiation of mitochondria-dependent caspase
cascades [71].

HDAC inhibitors provide strong protection against oxidative stress in cell culture. An early
study by Ryu et a/found that TSA, SAHA, and SB were all protective against an established
model of oxidative stress induced by glutathione depletion in cortical neurons [72].
Augmentation of Sp1 acetylation and activation, an adaptive response to glutathione
depletion in untreated cells, was necessary for the protective effects of these HDAC
inhibitors. Additionally, chronic VPA treatment in cortical cultures increased the expression
of glutathione S-transferase, an enzyme that converts oxidized products to non-toxic ones
via conjugation with glutathione [73]. Further confirming the antioxidative properties of
VPA, rat cortical neurons pretreated for 7 days at a therapeutically relevant dose were
protected against the lipid peroxidation and protein oxidation induced by both glutamate
[74] and the potent oxidant ferric chloride [75].

The neuroprotective and anti-oxidative properties of HDAC inhibitors might also be related
to modulation of transcription factor NF-E2-related factor 2 (Nrf2), which regulates
antioxidant-responsive genes. It was recently shown that TSA, which increased neuronal
survival after OGD (30 or 60 ng/mL) and reduced infarct volume after murine pMCAO (1
mg/kg £.p.), also suppressed the Nrf2 inhibitor Keapl and enhanced Nrf2 activation /n vitro.
TSA induced antioxidative proteins downstream of Nrf2, such as heme oxygenase-1, in
neuronal cultures, and was no longer protective against cerebral ischemia in Nrf2-deficient
mice [57]. The importance of Nrf2 regulation is further supported by the independent
finding that VVPA or TSA treatment could enhance histone acetylation and restore Nrf2 levels
to protect against oxidative death in astrocyte-enriched cultures [76].

Finally, one problem inherent to studying the protective pathways modulated by HDAC
inhibitors is their modest baseline toxicity after prolonged exposure. Langley et a/
circumvented this issue by pulse-treating cortical cultures with TSA for 2 hours, which was
sufficient to prevent oxidative death due to glutathione depletion without toxic effects [55].
In this study, HDAC inhibitor exposure was associated with an upregulation of the cyclin-
dependent kinase inhibitor p21Wwafl/cipl 'which was also upregulated after protective SB
treatment in a rat model of focal ischemia. p21Wafl/cipl seemed to be acting via a non-
canonical protective role in the cytoplasm, and while its overexpression was sufficient to
prevent oxidative stress-induced neuronal death, it was not always necessary for the
protective effects of HDAC inhibitors.

2.3. ER Stress—The ER is a subcellular organelle crucial for protein folding,
processing, and secretion. These functions require a high level of stored Ca2*, which is
maintained in the ER lumen by ATP-dependent ion pumps. After cerebral ischemia, reduced
ATP and elevated cytosolic Ca2* lead to ER Ca2* depletion. This initiates a conserved stress
response involving upregulation of a specific set of stress genes and suppressed protein
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synthesis through phosphorylation of eukaryotic initiation factor 2a (elF-2a) [77-78].
Severe ER stress can result in apoptosis via activation of the transcription factor C/EBP
homologous protein/growth arrest- and DNA damage-inducible gene 153 (CHOP/
GADD153) [78] as well as cleavage of procaspase-12 and downstream activation of
caspases-9 and -3 [79].

Evidence suggests that HDAC inhibitors can regulate ER stress pathways to mitigate
damage after cerebral ischemia. Chronic VVPA treatment induced the expression of ER stress
proteins glucose-regulated protein (GRP)78, GRP94, and calreticulin in the rat cerebral
cortex and hippocampus [80] as well as in rat C6 glioma cells [81]. Importantly,
overexpression of these molecular chaperones has been shown to preserve Ca2*
homeostasis, prevent oxidative stress, and reduce cell death [82]. Moreover, treatment with
4-PB (40 or 120 mg/kg £.p.) for three days either pre- or post-H/I significantly reduced
infarct volume and hemispheric swelling in mice. These protective effects were attributed to
reductions in ER stress-mediated apoptosis via suppression of elF-2a, CHOP/GADD153,
and caspase-12 after injury [47]. In mouse neuroblastoma cells, 4-PB inhibited cell death
and caspase-12 expression after hypoxia/reoxygenation or treatment with an ER stress
inducer [47]. Reinforcing these findings, the protective effects of 4-PB in a rat model of
cerebral ischemia with comorbid type 2 diabetes were also associated with reduced ER
stress and DNA fragmentation [83]. It is worth noting that these studies did not directly
attribute the protective effects of 4-PB to inhibition of HDACSs. Furthermore, in contrast to
the effects of 4-PB, the structurally dissimilar HDAC inhibitor TSA has been shown to
enhance CHOP stabilization and accumulation [84]. To clarify this discrepancy, the specific
effects of HDAC inhibition on ER stress after ischemic insult require further investigation.

2.4. Apoptosis—After cerebral ischemia cellular stressors such as ionic imbalance,
protease activation, excess free radical formation, DNA damage, and disruption of
mitochondrial membrane integrity can trigger apoptotic cascades, particularly in the
penumbra region [85]. The initiation of apoptosis depends on a delicate balance between
anti-and pro-apoptotic factors. Prominent anti-apoptotic proteins include Bcl-2 and closely
related Bcl-xI, which inhibit mitochondrial transition pore formation [85], as well as HSP70,
which, among other actions, reduces stress signal transmission by preventing c-Jun N-
terminal kinase (JNK) pathway activation [86]. On the other side of this equilibrium are
apoptosis inducers such as p53, p53-upregulated modulator of apoptosis (PUMA), Bcl-2—
associated X protein (BAX), as well as activated executioner caspase-3, which is considered
a hallmark of apoptosis [85].

Treatment with HDAC inhibitors can both induce the expression of anti-apoptotic factors
and attenuate the upregulation of pro-apoptotic proteins to reduce cellular apoptosis after
ischemic insult. In rodent models of cerebral ischemia, HDAC inhibitor treatment robustly
increased levels of Bcl-2 [18], phospho-Akt [17], and HSP70 [17-19, 87], but prevented the
ischemia-induced upregulation of p53 [17] and activation of caspase-3 [19]. These effects
were also observed after protective VPA treatment in a rat model of intracerebral
hemorrhage [88]. In this study, twice-daily post-injury treatment with 300 mg/kg VPA
increased histone acetylation and upregulated pro-survival proteins phospho-extracellular
signal-regulated kinase (ERK), phospho-Akt, phospho-CREB, HSP70, Bcl-2, and Bcl-xl|
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while simultaneously downregulating pro-apoptotic BAX, reducing caspase activity, and
diminishing the number of terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive apoptotic cells. Similar results have been observed in cortical neuronal
cultures undergoing hypoxia, where VVPA treatment markedly reduced apoptosis as measured
by caspase-3 activation in association with inhibition of INK. Furthermore, an elegant study
by Uo et al demonstrated that structurally distinct HDAC inhibitors could significantly
protect neurons from BAX-mediated apoptosis induced by both p53-dependent and
independent cell death pathways [89]. Together, these results suggest that the
neuroprotective actions of HDAC inhibitors are at least partially due to their potent anti-
apoptotic effects in response to the complex convergence of cellular stressors after cerebral
ischemia.

3. Anti-inflammation

Although much of early stroke research focused predominantly on neuronal injury,
inflammation is now recognized as an integral component of post-ischemic progression and
pathology [9]. Cerebral ischemia-reperfusion activates a dynamic and long-lasting
inflammatory cascade involving interactions between blood vessels, brain tissue, and
peripheral immune cells. Occlusion rapidly upregulates adhesion molecules such as P-
selectin and intercellular adhesion molecule 1 (ICAM-1) on endothelial cell walls [90-91].
Within hours, this stimulates the recruitment and infiltration of circulating leukocytes to the
injury site, where they amplify inflammatory cytokine/chemokine signaling, produce
inducible NO synthase (iNOS) and ROS, promote BBB breakdown, and exacerbate neuronal
death [9-10, 92]. Additionally, activation of microglia, the brain’s resident immune cells, is
mediated by ATP released from astrocytes and observed within the first 24 hours after stroke
[93-94]. Activated microglia act as macrophages and propagate inflammation-mediated
neurotoxicity via NF-xB-activation and cytokine release [95]. Together, these inflammatory
processes aggravate BBB breakdown, edema, and tissue injury, making them a crucial target
for effective stroke therapy.

An early study demonstrating the anti-inflammatory effects of HDAC inhibition showed that
pretreatment with VPA could inhibit lipopolysaccharide (LPS)-induced NF-xB nuclear
translocation in human monocytic leukemia and glioma cell lines [96]. Under basal
conditions, NF-xB is inactive and complexed to the inhibitory protein IB in the cytoplasm.
Upon stimulation with a stressor, 1xB is rapidly degraded and NF-xB is released for
translocation to the nucleus where it activates the transcription of a number of downstream
mediators [97]. In line with this mechanism, VVPA pretreatment in monocytic cells also
suppressed the production of NF-xB-dependent pro-inflammatory cytokines tumor necrosis
factor a (TNF-a) and interleukin 6 (IL-6) [96]. The strong anti-inflammatory effects of
HDAC inhibition against LPS stimulation have also been established in neuron-glia co-
cultures from rat midbrain. In this model, pretreatment with VPA, TSA, or SB protected
neurons, notably dopaminergic neurons, from LPS-stimulated neurotoxicity; these effects
were in part due to HDAC inhibition-mediated production and release of glial cell line-
derived neurotrophic factor (GDNF) from astrocytes [98-99]. Further, pretreatment of these
co-cultures with VPA suppressed LPS-induced microglial activation and reduced microglia
number, while completely blocking the increase in TNF-a and moderately inhibiting
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production of NO and intracellular ROS [100]. A subsequent study demonstrated that the
anti-inflammatory effects of HDAC inhibition were facilitated by the induction of apoptosis
in LPS-activated microglia [101]. The structurally distinct HDAC inhibitor SAHA and its
analog ITF2357 were similarly effective in suppressing the LPS-stimulated inflammatory
response in mouse primary glial cultures [102].

The robust anti-inflammatory properties of HDAC inhibitors have also been investigated
directly in the context of stroke. For example, Kim ef a/ demonstrated that post-insult VPA
administration in a rat pMCAO model reduced the activation and number of microglia and
attenuated the infiltration of monocytes/macrophages to the ischemic cortex 24 and 48 hours
after injury. In addition, VVPA blocked the pMCAO-induced increase in iNOS
immunoreactivity in the ischemic striatum and frontal cortex. These anti-inflammatory
effects were replicated by post-insult treatment with SB, which also suppressed microglia
activation and number, and prevented the pMCAO-induced upregulation of iNOS and
cyclooxygenase-2 (COX-2) [17]. COX-2, the enzyme responsible for prostaglandin
synthesis, interacts with iNOS to propagate inflammation and ROS production after stroke
[103]; inhibition of either significantly attenuated ischemia-induced brain damage [104—
105]. Therefore, suppression of these enzymes likely contributes significantly to the
protective effects of HDAC inhibitors. Moreover, the anti-inflammatory properties of HDAC
inhibition in cerebral ischemia are consistent with findings from a rat intracerebral
hemorraghic model of stroke. At 24 hours after injury, post-insult treatment with VPA
reduced microglial activation and neutrophil infiltration as well as downregulated mRNA
levels of inflammatory mediators I1L-6 and TNF family member Fas ligand [88]. In both
cerebral ischemic and hemorraghic models, VPA treatment led to upregulation of histone
acetylation in rat brains, suggesting a link between HDAC inhibition and VPA’s anti-
inflammatory effects.

As addressed previously, HDAC inhibitors VPA, TSA, SB, MS-275 and apicidin all
superinduced endogenous HSP70 in neurons, likely through acetylation of the transcription
factor Sp1, enhanced association between Spl and the HAT p300, and recruitment of p300
to the HSP70 promoter [64]. In addition, VPA and MS-275 increased histone 3 lysine 4
dimethylation, which is associated with transcriptional activation, at the HSP70 promoter in
neurons and astrocytes [106]. Importantly, overexpression of HSP70 in a mouse tMCAO
model decreased infarct volume and reduced the number of activated microglia/macrophages
in the ischemic cortex. Moreover, it inhibited activation and nuclear translocation of NF-xB
and suppressed the tMCAO-induced upregulation of NF-xB-dependent proinflammatory
genes TNF-a, IL-1p, ICAM-1, and iNOS [107]. Since NF-xB was also inhibited by VPA
and SB in a rat tMCAQO model [37] as well as by TSA in an astrocytic OGD model [108],
evidence suggests that superinduction of HSP70 and subsequent inhibition of NF-xB and its
downstream mediators constitutes a prominent anti-inflammatory mechanism of HDAC
inhibitors after cerebral ischemia.

4. BBB Preservation

The BBB is a highly selective physical barrier between the central nervous system and
peripheral blood stream. It is formed by a layer of cerebral capillary endothelial cells as well
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as surrounding basal lamina, pericytes, astrocytic end-feet, and perivascular neurons.
Together, these components are termed the neurovascular unit [109-110]. The low
permeability of the BBB is maintained by two types of interendothelial junctions: adherens
junctions and tight junctions. Adherens junctions are made up of transmembrane cadherin
family proteins and mediate cell-cell adhesion [109]. Tight junctions are comprised of the
three transmembrane proteins claudins, occludin, and junctional adhesion molecule, as well
as cytoplasmic accessory proteins such as zonula occludens (ZO-1, Z0-2, ZO-3). These
junctions form the primary barrier to paracellular permeability across the BBB by sealing
adjacent endothelial cells together, maintaining electrical resistance, and regulating
leukocyte infiltration [111]. Disruption of tight junctions and increased BBB permeability
play a major role in the pathogenesis of stroke [112-113]. BBB breakdown allows
circulating blood constituents to leak into the brain parenchyma, leading to vasogenic
edema, hemorrhage, and peripheral immune cell infiltration. This occurs in two phases - the
first within hours of reperfusion and the second 24-72 hours later - which correlate with the
biphasic activation of matrix metalloproteinases (MMPs), zinc-dependent endopeptidases
that degrade tight junctions and basal lamina proteins [114]. Evidence suggests that both
MMP-2 and MMP-9 increase BBB permeability in the early phase after stroke, whereas
MMP-9 is primarily responsible for later phase damage [114-116]. MMP-9 is largely
produced by infilitrating leukocytes and upregulated by activation of transcription factor NF-
xB [113, 117-118], although immunoreactivity has also been observed in vessels and
microglia after MCAO [119].

In a rat model of tMCAQ, post-insult treatment with VPA (200 or 300 mg/kg £.p.) reduced
BBB disruption and brain edema for up to three days after reperfusion [37]. By inhibiting
HDACSs, VPA suppressed the nuclear translocation of NF-xB subunit p65 and attenuated the
activation of MMP-9 in the ischemic cortex and striatum 24 hours post-injury. Furthermore,
VPA administration restored the brain levels of tight junction proteins claudin-5 and ZO-1
which were downregulated by ischemia. Treatment with the HDAC inhibitor SB (300 mg/kg
£.p.) similarly blocked BBB breakdown, NF-xB nuclear translocation, and MMP-9
activation in this model [37]. These results are supported by recent findings from a rat spinal
cord contusion model, which demonstrated that postinjury VPA treatment attenuated blood-
spinal cord barrier permeability, inhibited MMP-9 activity, and suppressed degradation of
occludin and ZO-1 [120]. In addition, administration of VVPA after traumatic brain injury in
rats, another acute CNS insult that leads to BBB damage, significantly improved BBB
integrity at 48 hours post-insult and enhanced motor and cognitive recovery [46]. The effects
of HDAC inhibition on NF-xB—mediated BBB breakdown and inflammation after ischemic
stroke are summarized in (Fig. 2).

HDAC INHIBITION IN CEREBRAL ISCHEMIA 1I: REGENERATION AND
RECOVERY

During the chronic phase (days to weeks) after stroke, there is a shift in the ischemic
penumbra from processes that exacerbate tissue damage to those that promote neurovascular
regeneration and repair [8]. Accumulating evidence suggests that HDAC inhibitors not only
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suppress post-stroke injury, but also augment this recovery phase to generate significant
functional and behavioral improvement.

1. Pro-angiogenesis

Angiogenesis, the formation of new capillaries through directed migration and proliferation
of endothelial progenitor cells from preexisting blood vessels, is a critical component of
neurovascular remodeling after stroke. Angiogenesis increases collateral circulation,
restoring oxygen and nutrient supply to damaged tissue and promoting concurrent
neurogenesis and synaptogenesis [121]. In humans, stroke activates endogenous blood vessel
formation in the penumbra, with higher capillary density correlating with increased patient
survival time [122]. Revascularization has also been characterized in rodent models of
cerebral ischemia. After tMCAO in mice, proliferating endothelial cells are observed as
early as 1 day after injury and increased vessel density by 3 days [123]; these growing blood
vessels ultimately form a pattern similar to normal brain tissue [124]. Two key molecular
players in post-stroke angiogenesis are vascular endothelial growth factor (VEGF) and
MMPs. Both are biphasic factors that initially contribute to BBB breakdown but have later
regenerative functions. VEGF is a potent proangiogenic factor that stimulates endothelial
cell proliferation and interacts with other molecules to direct vessel formation. It is robustly
upregulated by multiple cell types after stroke, and remains elevated for several weeks
[reviewed in 125]. Notably, delayed administration of recombinant VEGF at 48 hours post-
insult enhances angiogenesis and promotes neurological recovery in ischemic rats [126].
There is also a prolonged elevation of MMPs, particularly MMP-2/9, after cerebral ischemia
[127]. MMPs degrade extracellular matrix to set the stage for endothelial cell migration, and
can cleave matrix-bound VEGF to increase its bioavailability [128]. Delayed administration
of MMP inhibitors suppresses neurovascular remodeling and worsens stroke outcome in
rats, supporting the role of these proteases in neurovascular recovery [129].

Recent work from our laboratory demonstrated that chronic post-stroke treatment with VPA
robustly enhanced histone acetylation, angiogenesis, and functional recovery in a rat tMCAO
model [130]. Once daily administration of VPA (200 mg/kg /.p.) initiated at the onset of
ischemia significantly reduced infarct volume on day 14 and concurrently increased
microvessel density and endothelial cell proliferation in the ipsilateral cortex. Furthermore,
VPA treatment markedly enhanced relative cerebral blood flow in the ipsilateral cortex as
measured by perfusion-weighted imaging at day 14. These effects were associated with an
upregulation of VEGF protein levels and MMP-2/9 activities after VPA treatment. Both
VEGF and MMPs are downstream of transcription factor hypoxia-inducible factor (HIF)-1,
a highly conserved complex that is activated under hypoxia via stabilization of the a subunit
[131]. Notably, post-MCAQO VPA treatment was also associated with an increase in HIF-1a.,
and inhibition of this transcription factor suppressed the VPA-induced augmentation of
VEGEF protein levels, MMP-2/9 activities, microvessel density, and functional recovery
[130]. VPA has additionally been shown to promote endothelial functional preservation
through regulation of transforming growth factor-p and VEGF pathways in a swine
hemorrhagic shock model [132]. VPA treatment therefore appears to have biphasic effects
on post-ischemic endothelial cell function that correlate with endogenous damage/repair
processes after stroke. Specifically, it can inhibit NF-xB activation to suppress MMP-9
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activity and reduce BBB breakdown at 24 hours after MCAQO [37], but then enhance HIF-1
activation to upregulate MMP-2/9 and VEGF and promote angiogenesis during the recovery
period.

Supporting these /n vivo findings, a recent study demonstrated that both VPA and SAHA
improved VEGF-induced endothelial cell spheroid sprout formation [133]. In addition,
microvascular pericytes are adjacent to endothelial cells and play a major role in vessel
formation, stabilization, and maintenance. An angiogenesis mRNA array demonstrated that
chronic VPA treatment in human microvascular pericytes upregulated multiple angiogenesis-
related genes involved in vessel stabilization and maturation. This included genes related to
endothelial survival, tube formation, maintenance of cell-cell contact between pericytes and
endothelial cells, and basement membrane formation [134]. Together, these results indicate
that under certain conditions such as ischemic stroke, HDAC inhibitors can promote
angiogenesis both /n vivoand in vitro, likely contributing to their beneficial effects on long-
term recovery after experimental brain ischemia.

2. Pro-neurogenesis

Neurogenesis, the process by which neural progenitor cells proliferate, migrate, and
differentiate into functionally integrated neurons, occurs in both adult rodents and primates.
Under normal physiological conditions, the two brain regions that typically produce neural
progenitor cells are the subventricular zone and the hippocampal dentate gyrus [135-136].
Cerebral ischemia can stimulate neurogenesis in both of these areas [137-138], as well as in
non-neurogenic injury regions such as the striatum and cortex [139-140]. Attenuating neural
regeneration after global ischemia exacerbated behavioral deficits in gerbils [141],
supporting the hypothesis that these new neurons contribute to endogenous functional
recovery after stroke.

There is a significant body of evidence supporting the proneurogenic actions of HDAC
inhibitors, both /n vitroand in vivo. For instance, an early study demonstrated that VPA
treatment promoted neurite growth and neurogenesis in primary cortical cultures. This
depended on activation of the ERK1/2 pathway, which is also downstream of many
canonical neurotrophic factors [142]. In line with these findings, chronic VVPA treatment
increased neurogenesis in the dentate gyrus of adult mice, possibly through a similar ERK-
dependent mechanism [142]. Additionally, VPA, TSA, and SB have all been shown to
increase neuronal differentiation of hippocampal neural progenitor cells isolated from adult
rats. VPA simultaneously suppressed glial differentiation, and these actions were associated
with maintenance of histone acetylation and upregulation of the neuron-specific basic helix-
loop-helix transcription factor NeuroD [143]. The pro-neurogenic effects of HDAC
inhibition may also be due to induction of BDNF and activation of its receptor TrkB, which
have well-established roles in neuronal growth and survival, synaptic plasticity, brain
development, and neurogenesis [144]. Notably, treatment with VPA, TSA, SB, or HDAC1-
specific SIRNA significantly upregulated BDNF promoter 1V activity in cortical neurons
[145]. Interestingly, VPA has been shown to reduce cell proliferation in the subgranular zone
of the dentate gyrus and cause a reduction in BDNF levels in the hippocampus of adult rats
[146]. Another study showed that chronic VVPA treatment did not affect cell proliferation,
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cell survival or neurogenesis in the developing rat hippocampus [147]. This discrepancy may
be due to differing VPA treatment conditions, and thus further research is required to address
this issue.

A key study by Kim et a/demonstrated the pro-neurogenic effects of HDAC inhibition in the
specific context of ischemic stroke [20]. In a rat model of pMCAO, post-insult treatment
with SB or TSA robustly increased cell proliferation in the subventricular zone, dentate
gyrus, striatum, and frontal cortex of the ischemic brain. SB concurrently induced multiple
neuroblast markers such as nestin and polysialylated neuronal cell adhesion molecule,
suggesting that treatment stimulated the migration of neural precursors to areas of injury. In
addition, SB treatment upregulated levels of BDNF and downstream pro-neurogenic
transcription factor phospho-CREB in multiple brain regions after ischemia. When K252a, a
TrkB antagonist, was injected into the lateral ventricle prior to MCAO, SB-induced cell
proliferation, neuronal differentiation and CREB activation were inhibited, as were the long-
term behavioral benefits of SB in this model. Together, these findings indicate the
significance of BDNF-TrkB-dependent neurogenesis on the restorative effects of HDAC
inhibition after ischemic injury. Recently, VPA has been shown to promote neurogenesis
after brain ischemia [148]. It is worth noting that 100 mg/kg VPA was administered daily to
rats for 7 days starting 24 hours after MCAO. The delayed VPA treatment increased the
number of neuroblasts in the ischemic boundary zone 28 days after MCAQO. Meanwhile,
VPA enhanced histone H4 acetylation in neuroblasts and neural progenitor cells, suggesting
that HDAC inhibition may be involved in VPA’s proneurogenic effects.

Finally, it is important to note that post-stroke neurogenesis is closely tied to angiogenesis,
with neuroblasts migrating along blood vessels for several months after ischemic injury
[149]. Therefore, the HDAC inhibitor-induced microvessel proliferation in the ischemic
penumbra, described in the previous section, may also promote neurogenesis indirectly.

3. Stem Cell Migration

Research from the past decade has generated great interest in using stem cells to treat stroke.
Excitingly, intravenous infusion of bone marrow-derived mesenchymal stem cells (MSCs)
successfully improved functional recovery after cerebral ischemia in both rats [150] and
human patients [151]. One major obstacle to the widespread application of this technique,
however, is the poor baseline homing and migratory capacity of MSCs to a specific region of
interest [152]. Interaction between the chemoattractant stromal cell-derived factor-1la
(SDF-1a), which is upregulated in the ischemic penumbra, and its cellular receptor CXC
chemokine receptor type 4 (CXCRA4) plays an essential role in mediating MSC migration to
the ischemic brain [153]. Therefore, modulation of this signaling pathway in MSCs has the
potential to increase their homing ability and overall therapeutic efficacy.

Groundbreaking work by Tsai ef a/ demonstrated that pulse-treating MSCs with VVPA for 3
hours resulted in a dramatic, dose-dependent upregulation of CXCR4 without detrimental
effects on proliferation or morphology [154]. This increase correlated with an overall
augmentation of acetylated histone H3 as well as histone hyperacetylation at the CXCR4
promoter. Furthermore, CXCR4 upregulation was mimicked by treatment with TSA, SB, or
the HDAC1-specific inhibitor MS-275, strongly implicating HDAC inhibition in this
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phenomenon. When SDF-1a was used as a chemoattractant, 3 hour VVPA pretreatment
robustly increased the migratory capacity of MSCs, an effect that was abolished by
cotreatment with a CXCR4 antagonist. This is consistent with an independent study
demonstrating that VPA could similarly enhance CXCR4 transcript expression, promoter
histone acetylation, and migration towards a SDF-1a. gradient in hematopoietic stem cells
[155]. Notably, Tsai and colleagues also showed that combined pretreatment with both VPA
and lithium, a glycogen synthase kinase (GSK)-3p inhibitor and upregulator of MMP-9,
further increased MSC migration [154]. In a follow-up /n vivo study, MSCs primed with
VVPA were transplanted into ischemic rats 24 hours after 60 minutes of tMCAO [156].
Priming significantly increased MSC homing to the ischemic frontal cortex and striatum.
VPA priming also enhanced functional recovery, reduced infarct volume, and increased
microvessel density on day 15 after MCAQ, with even greater improvements observed in
animals that received MSCs co-primed with lithium. Again, this was most likely due to
upregulation of CXCR4 and MMP-9, respectively, and suggests that HDAC inhibitor
priming may be a promising strategy to increase the clinical utility of MSCs in stroke,
particularly when used in combination with a GSK-3p inhibitor such as lithium.

4. Neurobehavioral Recovery

Stroke patients are often severely debilitated as a result of their injury. In a 6 month follow-
up study of patients over age 65, 43% suffered moderate to severe neurological deficits,
most frequently including hemiparesis (50%) and cognitive decline (46%). Moreover, 26%
were institutionalized in nursing homes by 6 months after their initial stroke, reflecting a
drastic decline in basic functional abilities [157]. Due to their protective and regenerative
actions, treatment with HDAC inhibitors can markedly improve neurological function after
ischemic stroke in rodents. In a rat model of pMCAO, post-insult treatment with VPA, SB,
or TSA all improved neurological impairment based on motor, sensory, and reflex
performance at 24 hours [17]. Of even greater importance to their therapeutic potential in the
clinic, delayed administration of VPA or SB 3 hours after injury still significantly improved
neurological deficit score and rotarod performance, a measure of motor coordination, at 24
hours. When SB was first given as late as 6 hours after stroke onset, there was a trend toward
improvement in both of these tests [17]. Likewise, 120 mg/kg 4-PB delayed by 1 or 3 hours
after H/I in mice improved neurological status 1-3 days later [47]. The beneficial effects of
HDAC inhibitors are also relatively long-lasting. In the rat pPMCAO model described above,
immediate post-insult treatment with SB followed by once-daily injections improved
neurological scoring and rotarod performance at both days 7 and 14 after injury [20]; post-
insult VVPA treatment after tMCAQ yielded similar rotarod performance improvement [130].
Notably, VPA, injected daily for 7 days starting 24 hours after MCAQO, has recently been
shown to improve neurological outcomes in foot fault test, adhesive test and neurological
severity score as determined 28 days after MCAQ [148]. It has been suggested that HDAC
inhibition contributes to the neurobehavioral benefits of HDAC inhibitors [17, 130, 148].
The long-term (several weeks to months) effects of HDAC inhibitors on neurological
function after stroke are currently unknown and require follow-up.

Cognitive impairment, particularly deficits in memory, language, orientation, and attention,
is a frequent outcome for patients who have suffered ischemic stroke. This has significant
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functional consequences independent from physical disability, including higher rates of
dependent living either at home or in nursing facilities [158]. Indirect evidence suggests that
HDAC inhibition could contribute to cognitive recovery after cerebral ischemia [reviewed in
15]. An imbalance in chromatin acetylation has been linked to defects in synaptogenesis,
plasticity, memory, and cognition which could be restored by treatment with HDAC
inhibitors [159-161]. Specifically, Guan et a/ demonstrated in non-ischemic mice that
neuronal overexpression of HDAC2 decreased dendritic spine density, synaptic plasticity,
and memory formation whereas HDACZ knockout mice showed enhanced memory and
synapse formation [162]. Chronic treatment with SAHA restored associative learning, spine
density, and synapse humber in HDAC2 overexpression mice but had no effect in the
knockout animals, suggesting that HDAC?2 is a primary target for the HDAC inhibitor-
mediated enhancement of learning and memory [162]. Since this isoform is categorized as a
class | HDAC, it is targeted by all of the pan-HDAC inhibitors commonly evaluated in
experimental stroke. Notably, in a rat model of transient global ischemia VPA ameliorated
post-injury deficiencies in the Morris water maze task, an established measure of
hippocampal-dependent learning and memory [87]. Meanwhile, VVPA treatment significantly
increased the levels of acetylated histones H3 and H4 in the hippocampus. This raises the
exciting possibility that HDAC inhibitors could facilitate cognitive recovery after human
stroke, thereby allowing patients to regain functional independence.

CONCLUSION AND PROPOSED NOVEL DIRECTIONS

There is strong evidence to suggest that pharmacological inhibition of HDACs can increase
the acetylation of histone and non-histone proteins to beneficially modulate a number of
endogenous responses to cerebral ischemia. Specifically, HDAC inhibitors can: block
excitotoxicity by suppressing GAPDH nuclear accumulation, increasing a.-synuclein,
HSP70, and gelsolin expression, and preserving white matter; prevent oxidative stress
through increasing Sp1 acetylation, activating Nrf2, and upregulating p21Wafl/cipl: redyce
the expression of ER stress proteins; and upregulate anti-apoptotic Bcl-2, phospho-Akt, and
HSP70 while downregulating pro-apoptotic p53 and caspase-3. Concurrently, inhibition of
HDACS preserves the BBB and reduces inflammatory processes including microglial
activation, immune cell infiltration, NF-xB nuclear translocation, and expression of iNOS,
COX-2, and pro-inflammatory cytokines. In the chronic phase after stroke, this class of
drugs can promote angiogenesis via delayed upregulation of HIF-1a, MMP-2/9 and VEGF,
increase BDNF-TrkB-dependent neurogenesis, and promote stem cell migration to the
ischemic brain. As a result, cerebral ischemic animals treated with HDAC inhibitors have
reduced infarct volumes and dramatically improved motor, sensory, and reflex responses
after injury, as well as potentially enhanced cognitive function. (Fig. 3) illustrates an
overview of the beneficial effects and underlying mechanisms of HDAC inhibitors after
ischemic stroke.

Despite substantial data supporting the therapeutic efficacy of HDAC inhibition in ischemic
stroke, several important unknowns require further investigation. For example, our current
understanding of how inhibition of class Il HDACs affects ischemic stroke outcome is
limited. Nicotinamide, a pan-inhibitor of SIRT1-7, had robust beneficial effects against focal
cerebral ischemia in rodents, with a therapeutic window of up to 6 hours [163-165].
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However, several important caveats hinder our ability to draw a conclusion about class I11
HDAC inhibition from these results. First, SIRT1, the most well-characterized of the class
I11 HDAC isoforms thus far and a key regulator of cellular survival, metabolism, and stress
response, was protective in multiple neurodegenerative conditions such as Alzheimer’s,
Huntington’s, and amyotrophic lateral sclerosis [166—168]. In hippocampal slice cultures
exposed to OGD, the neuroprotective effects of resverotrol, a pharmacological SIRT1
inducer, were abolished by SIRT1 inhibition [169]. Together, these results suggest that the
beneficial actions of nicotinamide in experimental stroke may be despite its inhibition of
SIRT1, rather than because of it. Moreover, this drug has a number of additional targets that
may account for its positive effects on stroke outcome. For example, high concentrations of
nicotinamide inhibited PARP [170], a NAD*-dependent DNA repair enzyme that is
overactivated in ischemia and exacerbates energy depletion, inflammation, and cell death
[171-172]. Nicotinamide has also been shown to inhibit iINOS and pro-inflammatory
cytokine signaling through additional PARP-independent pathways [173-174]. It is therefore
reasonable to hypothesize, for example, that the robust attenuation of immune cell
infiltration, NF-xB signaling, and iNOS synthesis by nicotinamide in rat MCAO [165] were
due to mechanisms other than suppression of SIRT1, which itself is characterized as an NF-
xB inhibitor [175]. The function of SIRT2-7 inhibition in the protective effects of
nicotinamide against cerebral ischemic injury cannot be deduced from the current literature.

To directly address the role of class I1l HDAC inhibition in stroke, antagonists specific for
sirtuins, particularly SIRT2-7, must be developed and evaluated. Intriguingly, the SIRT2-
specific inhibitor AGK2 and SIRT2 siRNA protected dopaminergic neurons from a-
synuclein toxicity /n vitro and in a Drosophila model of Parkinson’s disease [176].
Moreover, a study utilizing both healthy CGCs and cultures subjected to potassium
depletion-induced cell death found that exogenous administration of SIRT1-7 had opposing
effects on cell viability: while SIRT1 and cytoplasmic SIRT5 were neuroprotective, SIRT2,
3, 6, and mitochondrial SIRT5 induced apoptosis in healthy CGCs and SIRT4 and 7 had no
effect [177]. It is of particular interest that in this study the neuroprotective effects of SIRT1
were not inhibited by nicotinamide or the SIRT1-specific inhibitor sirtinol, and were
reproduced by two SIRT1 mutants lacking deacetylase activity [177]. It is therefore possible
that SIRT1 has protective actions independent of its enzymatic activity, which may account
for the robust beneficial effects of nicotinamide in experimental stroke despite the putative
neuroprotective role of this target. This hypothesis is challenged, however, by the contrasting
finding that SIRT1 deacetylase activity was required for SIRT1-mediated neuroprotection in
cellular models of Huntington’s disease [168]. Clearly, the effects of sirtuin isoforms on
neuronal survival, the mechanisms of their inhibitors, and the relevance of these pathways to
cerebral ischemia are highly complex and require further investigation.

In addition, even among class | and class 1l HDACs the roles of specific isoforms in
ischemic pathology and treatment response are unclear [15]. Evidence from Drosophila
suggests that each HDAC has a unique expression pattern and regulates a distinct set of
genes [178], which has been observed in rodents as well. For instance, as detected by
immunohistochemistry in the mouse brain, HDAC1, 2, and 3 have been associated with a
higher expression in cortical and hippocampal neurons [179], while HDAC6 has been found
to be enriched in serotonin neurons and to be dominantly localized in the dorsal and median
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raphe nuclei [180-181]. The Allen Mouse Brain Atlas, by RNA /n situ hybridization,
revealed high transcription of HDAC2 and 3, mild transcription of HDACS6 but trace
transcription of HDAC1 in various brain regions (http://mouse.brain-map.org/, accessed on
August 7th, 2012). This discrepancy could be owing to different detection methods (protein
versus RNA) and the specificity of the brain regions studied. In support of HDAC isoforms
regulating distinct sets of gens, Guan et a/reported that the detrimental effects of neuronal
HDAC2 overexpression on dendritic spine density, synaptic plasticity, and memory
formation were not reproduced by overexpression of HDAC1 [162]. Therefore, HDAC2 may
be a unique target for facilitating cognitive recovery after stroke. In contrast, inhibition of
HDACL in cortical neurons led to DNA damage, aberrant cell cycle activity, and
neurotoxicity, whereas HDAC1 overexpression in the striatum of ischemic rats conferred
significant neuroprotection [182]. Evidence suggests that in some contexts HDAC4 might
also have neuroprotective properties, as forced expression provided near-complete protection
against both potassium-induced apoptosis in CGCs and oxidative stress in neuroblastoma
cells [183]. However, knockdown of HDAC4 was found to reduce infarct size following
myocardial ischemia-induced reperfusion injury [184]. Further investigation is necessary to
define the role of HDAC4 in stroke. A recent study demonstrated a substantial early
induction of HDAC3 and 6 in the mouse cortex after cerebral ischemia and knockdown of
HDACS3 or 6 by small hairpin RNAs protected cortical neurons from OGD insult [185].
Poststroke depression and anxiety are common complications following brain ischemia.
HDACS6 knockout or loss of its deacetylase activity has been shown to induce
antidepressant-like and anxiolytic-like behavior in mice [181]. Therefore, HDAC6 may be a
promising therapeutic target for post-stroke depression and anxiety. Given the apparent
opposing effects of different HDAC isoforms, it is likely that strategic isoform-specific
inhibition could provide improved protection compared to the relatively broad-spectrum
effects of drugs such as VPA. Furthermore, a more nuanced understanding of HDAC
function throughout the pathophysiology of stroke will be important to guide dose and
timing decisions in future trials, both preclinical and clinical.

Another novel strategy to improve the efficacy of HDAC inhibitors in stroke may be
combination treatment with other pharmacological agents. Our lab has demonstrated that
aging CGCs are insensitive to monotherapy with either HDAC inhibitors or lithium, both of
which have robust protective effects against glutamate excitotoxicity in young cultures.
However, co-treatment with lithium and VVPA, SB, 4-PB, or TSA prior to glutamate
challenge resulted in near-complete neuroprotection in this aging model, likely due to
potentiation of GSK-3 inhibition [186]. Lithium and VVPA co-treatment also caused a more
robust upregulation of brain BDNF and HSP70 as well as greater behavioral improvements
in transgenic Huntington’s disease mice [187], and delayed disease onset, prolonged
lifespan, and decreased neurological deficit scores in a mouse model of amyotrophic lateral
sclerosis [188]. Furthermore, as discussed previously, co-priming MSCs with lithium and
VPA increased their homing efficiency to the ischemic brain and resulted in superior
functional improvement [156]. Taken together, these /n vitro and in vivo results suggest that
combined treatment with lithium may increase the therapeutic potency of HDAC inhibitors
in models of cerebral ischemia. Future studies are necessary to test this hypothesis.
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Finally, accumulating evidence suggests that microRNAs (miRNAs), small non-coding
RNAs that function in translation repression, play a role in stroke pathogenesis [189]. We
recently observed significant miRNA regulation in rats subjected to 60 minutes tMCAQO as
well as those treated with a therapeutic post-insult dose of VPA [190]. miRNA-331 and
miRNA-885-3p were two promising VPA-regulated candidates following brain ischemia
and their predicted mRNA targets are suggested to be associated with diverse neurological
diseases. Chronic VPA treatment has been shown by others to modulate brain miRNA
expression in rats [191], and HDAC inhibition rapidly altered miRNA levels in multiple
cancer models [192-193]. Therefore, further evaluation of HDAC inhibitor-regulated
miRNAs in the context of cerebral ischemia may offer new insights to the protective
mechanisms of these drugs.

In addition to their remarkable therapeutic benefits in the laboratory, the safety profiles of
many HDAC inhibitors are already well-established in the clinic. For example, VPA has long
been used as a mood stabilizer and anti-epileptic drug [194], and SAHA was FDA-approved
in 2006 for the treatment of advanced cutaneous T-cell lymphoma [195]. Given the huge
public health burden of stroke and the alarmingly limited treatment options currently
available, clinical trials to evaluate HDAC inhibitors in cerebral ischemia are certainly
warranted.

ACKNOWLEDGEMENTS

This work was supported by the Intramural Research Program of the National Institute of Mental Health (NIMH),
National Institutes of Health (NIH), and the Hsu family gift fund. The authors would like to thank members of the
Molecular Neurobiology Section, NIMH, NIH for their helpful discussions and assistance.

ABBREVIATIONS

4-PB 4-phenylbutyrate

4-PB Alpha-amino-3-hydroxy-5-methyl-4-1soxanole propionate
ATP Adenosine triphosphate

BAX Bcl-2-associated X protein

BBB Blood brain barrier

Bcl-2 B-cell lymphoma 2

BDNF Brain-derived neurotrophic factor
CGCs Cerebellar granule cells

CNS Central nervous system

COX-2 Cyclooxygenase-2

CREB CAMP response element-binding

CXCR4 CXC chemokine receptor type 4
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elF-2a
ER
ERK
GAPDH
GRP
GSK

H/I

HAT
HDAC
HIF-1
HSP
ICAM-1
iNOS
INK
LPS
MEF2
MMPs
MSCs
NAD*
NF-xB
NM DA
nNOS
NO
Nrf2
OGD
p/tM CAO
P13K
PARP

PUMA

Eukaryotic initiation factor 2a
Endoplasmic reticulum
Extracellular signal-regulated kinase
Glyceraldehydes-3-phosphate dehydrogenase
Glucose-related protein

Glycogen synthase kinase
Hypoxia/ischemia

Histone acetyltransferase

Histone deacetylase
Hypoxia-inducible factor 1

Heat shock protein

Intercellular adhesion molecule 1
Inducible NO synthase

C-Jun N-terminal Kinase
Lipopolysaccharide

Myocyte enhancer factor 2

Matrix metalloproteinases
Mesenchymal stem cells
Nicotinamide adenine dinucleotide
Nuclear transcription factor kappa B
N-methyl-D-aspartate

Neuronal nitric oxide synthase
Nitric oxide

NF-E2-related factor 2
Oxygen-glucose deprivation
Permanent/transient middle cerebral artery occlusion
Phosphatidylinositol-3-kinase

Poly (ADP-ribose) polymerase

p53-upregulated modulator of apoptosis
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ROS Reactive oxygen species
rtPA Recombinant tissue plasminogen activator
SAHA Suberoylanilide hydroxamic acid
SB Sodium butyrate
SYM 2081 (2S, 4R)-4-methylglutamate
TNF-a Tumor necrosis factor a
TSA Trichostatin A
TUNEL Terminal deoxynucleotidyl transferase dUPT nick end labeling
VEGF Vascular endothelial growth factor
VPA Valproic acid
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Fig. (1).

HDAC isoforms and their pharmacological inhibitors. Eighteen human HDACs are divided
into 4 major classes: I, lla/b, 111, and IV. The HDAC inhibitors most commonly utilized in
models of cerebral ischemia are class I and Il inhibitors trichostatin A (TSA) and
suberoylanilide hydroxamic acid (SAHA), class | and Ila inhibitors valproic acid (VPA),
sodium butyrate (SB), and 4-phenylbutyrate (4-PB), and class | isoform-specific inhibitors
MS-275 and apicidin. Nicotinamide is a non-specific inhibitor of class 111 HDACs.
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Fig. (2).
Schematic diagram depicting the effects of HDAC inhibition on inflammation and BBB

integrity in ischemic stroke models. Inhibition of HDAC activity results in multiple
mechanisms that promote BBB integrity and anti-inflammation. HDAC inhibitors enhance
the expression of the neuroprotective molecule HSP70, likely through increasing Spl
acetylation, enhancing the association between Spl and the HAT p300, and promoting the
recruitment of p300 to the HSP70 promoter. HSP70 in turn inhibits the activation of NF-xB
which reduces the expression of pro-inflammatory factors such as TNF-a,, IL-68, COX-2,
and iNOS, thereby suppressing inflammatory damage to both brain tissue and the BBB. NF-
xB inhibition induced by HDAC inhibitors also contributes to BBB integrity via tight
junction preservation. Reduced NF-«xB activation leads to the downregulation of MMP-9, a
matrix-degrading enzyme induced after ischemia, ultimately preventing the degradation of
tight junction proteins such as ZO-1 and claudin 5. BBB preservation reduces the number of
infiltrating immune cells, thereby concurrently suppressing neuroinflammatory damage.
Lines with arrows represent stimulatory connections; lines with flattened ends represent
inhibitory connections. Dashed lines represent pathways with reduced activity as a result
HDAC inhibition. A: acetylation.
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Fig. (3).
Proposed effects of HDAC inhibition in models of ischemic stroke. Pan-HDAC inhibitors

TSA, VPA, SAHA, SB, and 4-PB as well as class I-specific inhibitors MS-275 and apicidin
can increase the acetylation of both histone and non-histone proteins to induce gene
expression and cause a plethora of downstream effects after cerebral ischemia. To reduce
damage in the acute injury phase, this class of drugs inhibits excitotoxicity, prevents
oxidative stress, downregulates ER stress proteins, and blocks apoptosis by increasing
protective proteins while suppressing pro-apoptotic factors. Furthermore, HDAC inhibitors
demonstrate robust anti-inflammatory effects, including inhibition of pleiotropic
transcription factor NF-xB and suppression of pro-inflammatory cytokines and enzymes.
HDAC inhibitors also preserve the BBB by suppressing NF-xB and matrix-degrading
enzyme MMP-9 leading to the upregulation of tight junction proteins. During the chronic
recovery phase, lasting days to weeks after stroke, HDAC inhibition promotes important
endogenous repair processes. These include angiogenesis, via delayed upregulation of
HIF-1a, VEGF, and MMPs, and neurogenesis, via induction of BDNF, p-ERK, and pro-
neurogenic transcription factors. Finally, priming with HDAC inhibitors can increase stem
cell migration to the site of ischemic injury. Together, these actions both mitigate tissue
damage and promote regeneration after cerebral ischemia. As a result, rodents treated with
HDAC inhibitors before or after ischemic onset have dramatically reduced infarct volumes
and enhanced functional recovery. A: acetylation; p: phosphorylation; casp: caspase; a-syn:
a-synuclein.
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