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SUMMARY
Histone deacetylases (HDACs) are a family of proteins that play an important role in regulating
transcription as well as the function of a variety of cellular proteins. While these proteins are
expressed abundantly in the brain, little is known about their roles in brain function. A growing
body of evidence suggests that HDACs regulate neuronal survival. Results from studies conducted
in vertebrate and mammalian experimental systems indicate that while some of these proteins are
involved in promoting neuronal death, a majority of the HDACs studied thus far protect against
neurodegeneration. Here we review the research performed on the role played by individual
members of the HDAC family in the regulation of neuronal death. Chemical inhibitors of HDACs
have been used in a variety of models of neurodegenerative disorders. We summarize the results
from these studies, which indicate that HDAC inhibitors show great promise as therapeutic agents
for human neurodegenerative disorders.

Neurodegenerative diseases constitute a set of pathological conditions characterized by
persistent loss of neurons within specific regions of the brain or spinal cord, resulting in
progressive mental and physical dysfunction. Current medications alleviate only the
symptoms associated with the disorder and are generally only modestly effective. Because
neuronal loss continues unabated, such palliative treatments have no effect on disease
progression. The development of a cure or treatment for neurodegenerative diseases thus
represents an urgent and most significant medical challenge.

A strategy for treating neurodegenerative diseases that has generated considerable recent
enthusiasm is the use of small-molecule inhibitors of histone deacetylases (HDACs).
HDACs are a family of enzymes that were initially identified by their ability to remove an
acetyl group from lysine residues within histone tails. The effects of HDACs are reversed by
another family of enzymes called histone acetyl transferases (HATs), which acetylate
histones. Acetylation of histone tails neutralizes their positive charge, thereby promoting the
formation of a relaxed chromatin structure that is more accessible to transcription factors,
and thus promoting transcriptional activation. Conversely, histone deacetylation favors
transcriptional repression by causing chromatin compactation. The balance between the
actions of HATs and HDACs serves as a pivotal regulatory mechanism for gene expression,
controlling diverse physiological processes. It is now known that HATs and HDACs also act
on a large number of nonhistone substrates both in the nucleus and in the cytoplasm. These
include transcription factors, hormone receptors, chaperones and cytoskeletal proteins.
Acetylation/deacetylation of these proteins can affect their functional activity, stability,
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intracellular localization and associations with other proteins, resulting in effects on cell
growth, survival and differentiation as well as on cytoskeleton dynamics, endocytosis and
energy metabolism.

Perturbation of the balance between HAT and HDAC activities is emerging as an important
event in the pathogenesis of a number of disorders. This was first observed in cancer, many
forms of which are associated with increased expression and activity of HDACs.1–5

Elevated deacetylase activity has been found to result in the transcriptional repression of a
variety of genes, mainly involved in promoting differentiation or cell death. Treatment with
pharmacological HDAC inhibitors reverses epigenetic silencing and exerts antineoplastic
effects in tissue cultures and animal models of tumorigenesis. Consequently, a variety of
HDAC inhibitors are currently being tested in clinical trials for the treatment of cancer. It
was later found that these inhibitors may have therapeutic utility in other human disorders as
well, leading to an explosion in interest in their development and testing (reviewed in6, 7).

The focus of this review is not on HDAC inhibitors themselves, but on their primary targets.
Specifically, it covers much of what is known about the role of individual HDAC proteins in
the regulation of neurodegeneration. Although results from studies utilizing small-molecule
HDAC inhibitors in experimental models of neurodegenerative disease have been
summarized, the reader is referred to other recent reviews that describe the literature on this
subject in more detail.8, 9

THE HDAC PROTEIN FAMILY IN MAMMALS
Mammals express 18 HDAC proteins, which have been grouped into four classes based on
their homology to yeast deacetylase proteins (reviewed in10, 11). Class I HDACs (HDAC1,
HDAC2, HDAC3 and HDAC8) are homologues of the yeast HDAC RPD3 protein. These
HDACs are expressed ubiquitously, localized predominantly in the nucleus (with the
exception of HDAC3, which can also be found in the cytoplasm) and possess high
enzymatic activity. HDAC1 and HDAC2 are structurally very similar and within cells, are
found complexed with corepressors such as the mammalian paired amphipathic helix protein
Sin3 and the protein CoREST, as well as with the polycomb-repressive complex 2 (PRC2)
and the nucleosome remodeling and histone deacetylation (NuRD) complex. HDAC3
associates with distinct complexes such as the N-CoR-SMRT complex. Finally, HDAC8
does not appear to function as part of a protein complex.10, 11

Class II HDACs are homologous to the yeast HDAC HDA1 and are further divided into
class IIa (HDAC4, -5, -7 and -9) and class IIb (HDAC6 and -10) HDACs. Class IIa HDACs
are characterized by large N-terminal extensions with conserved binding sites for the
transcription factor myocyte-specific enhancer factor 2A (MEF2) and 14-3-3 protein eta,
and can shuttle between the nucleus and cytoplasm in a phosphorylation-dependent manner
(Fig. 1). Phosphorylation is mediated by kinases such as calcium/calmodulin-dependent
protein kinase (CaMK) and protein kinase D at conserved serine residues in the N-terminal
region of these proteins. Class IIa HDACs also display a restricted expression pattern. For
example, HDAC4, -5 and -9 are highly expressed in the brain, heart and skeletal muscle,
while HDAC7 is abundant in endothelial cells and thymocytes. Class IIb HDACs lack the N-
terminal extension but possess two nonidentical catalytic domains in tandem. HDAC6 is
localized exclusively in the cytoplasm where it is physically associated with tubulin.
Deacetylation of tubulin as well as other cytoskeletal and transmembrane proteins by
HDAC6 has been reported. Relatively little is known about the intracellular localization,
expression pattern or functions of HDAC10.
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HDAC11 shares sequence conservation with both RPD3 and HDA1 and is therefore placed
in class IV. Its expression is highest in the brain, heart, testis and kidney. Little is known
about the protein’s enzymatic activity, its substrates or the proteins with which it associates.

Classes I, II, and IV HDACs are all zinc-dependent enzymes, sometimes referred to as
“classical HDACs”. In contrast, class III HDACs require a nicotinamide adenine
dinucleotide ion (NAD+) for their catalytic activity and are homologous to the NAD-
dependent HDAC SIR2 yeast protein.12 These proteins, called sirtuins, share no sequence or
structural similarity with the classical HDACs and deacetylate proteins by a mechanism that
is distinct from the acetyl-lysine hyrolysis mechanism utilized by classical HDACs.13 The
sirtuin subclass is composed of 7 members (SIRT1–7), which share a conserved catalytic
core domain of approximately 275 amino acids but differ in their N- and C-terminal protein
sequences flanking this core (reviewed in12, 14, 15); Fig. 1). While SIRT1 and SIRT5 are
deacetylases, SIRT2 and SIRT3 have both deacetylase and mono-ADP-ribosyl transferase
activity. SIRT4 is believed to have only ADP-ribosyl transferase activity. Although initially
reported to act as an ADP-ribosyltransferase, SIRT6 was recently demonstrated to also
possess histone deacetylase activity.16 An enzymatic activity for SIRT7 has yet to be
established. The sirtuins also show differences in their subcellular localization. SIRT1,
which has the highest sequence similarity to yeast SIR2, is generally nuclear where it
deacetylates histones H3 and H4 as well as transcription factors such as nuclear factor NF-
kappa-B, tumor suppressor p53, forkhead box protein O (FOXO), Ku70 and PGC-1-alpha.15

A few recent studies have described nucleo–cytoplasmic shuttling of SIRT1 in response to
oxidative stress.17 SIRT2 is predominantly cytoplasmic where it associates with
microtubules and deacetylates alpha-tubulin.18, 19 SIRT2 can also deacetylate histone H4
when the nuclear membrane disassembles during mitosis.20 SIRT3, SIRT4 and SIRT5 have
been reported to localize to the mitochondria,21 although one recent study described that
SIRT5 localizes to the nucleus and cytoplasm in neurons.22 Within the mitochondria, these
SIRTs appear to localize to different subcompartments, suggesting distinct functions.23 A
recent study reported that SIRT5 localizes to the mitochondrial matrix where it deacetylates
and activates carbamoyl-phosphate synthetase I, the enzyme catalyzing the first step of the
urea cycle for ammonia detoxification.24 These authors found that under fasting conditions,
SIRT5 knock-out mice fail to upregulate carbamoyl-phosphate synthetase I activity,
resulting in elevated blood ammonia. SIRT5-deficient hepatocytes also show reduced
viability in nutrient-depleted medium, which mimics starvation in animals.24 Like SIRT1,
SIRT6 and SIRT7 are nuclear proteins although the three proteins display distinct
subnuclear localization patterns; SIRT6 associates with heterochromatin, SIRT7 localizes to
nucleoli and SIRT1 is largely associated with euchromatin within the nucleus.21

ROLE OF CLASSICAL HDACs IN THE REGULATION OF NEURONAL
SURVIVAL AND DEATH

A large number of studies have shown that small-molecule HDAC inhibitors, particularly of
the classical HDACs, have impressive protective effects in a variety of tissue culture and in
vivo models of neurodegeneration (reviewed in8, 9, 25). A shortcoming of these inhibitors
however, is that they inhibit the catalytic activity of all 11 classical HDAC proteins
effectively. As a result, the members of the HDAC family that are relevant to the
neuroprotective action of these inhibitors remain largely unidentified. Uncovering their
identity would be important in the design and development of inhibitors targeting only those
HDAC proteins responsible for the promotion of neurodegeneration. A number of recent
studies have focused on individual HDAC proteins with the goal of determining whether or
not they regulate neuronal survival or death. Somewhat unexpectedly, the results that have
been reported so far indicate that a majority of HDAC proteins does not promote
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neurodegeneration even when the proteins are overexpressed. On the contrary, most of the
classical HDAC proteins studied thus far have neuroprotective effects.

HDAC1, a class I HDAC, was shown to play a protective role in a p25/cyclin-dependent
kinase 5-inducible transgenic mouse model. Following induction of p25 expression, these
mice display postnatal neurodegeneration found to be mediated by a direct interaction
between p25 and a region within the catalytic domain of HDAC1. This results in reduced
HDAC1 activity, which in turn was reported to trigger aberrant expression of cell cycle
proteins and DNA damage, leading to neuronal death. The in vivo findings were
recapitulated in primary cortical neurons.26 In these neurons, the overexpression of HDAC1,
but not a catalytically inactive mutant, protected cultured neurons against p25-induced
neurotoxicity.26 Pharmacological inhibition of HAT activity was also protective against p25
neurotoxicity and the extent of protection was not increased by HDAC1 coexpression. These
findings suggest that the neuroprotective effect of HDAC1 is mediated by histone
deacetylation. Excitingly, these scientists showed that virally delivered HDAC1 protects
against ischemia-induced neuronal death in vivo.

Most studies pertaining to the regulation of neurodegeneration have focused on on the class
II HDACs (reviewed in27). Morrison et al. (2006), demonstrated that histone deacetylase-
related protein (HDRP), a naturally expressed truncated form of HDAC9, is a
neuroprotective protein. These authors reported that HDRP expression is downregulated in
cultured cerebellar granule neurons induced to die by low potassium treatment. Forced
expression completely prevented neuronal death whereas knock-down of endogenous HDRP
reduced the survival of healthy neurons. Similarly, neurons cultured from HDRP- and
HDAC9-deficient mice were more vulnerable to apoptosis. Neuroprotection by HDRP was
suggested to involve repressed transcription of JUN, the gene encoding the proto-oncogene
c-jun, through histone deacetylation at the JUN promoter.28 Although HDRP lacks a
catalytic domain, it was found to recruit deacetylase activity by direct interaction with
HDAC1. Treatment with HDAC inhibitors antagonizes the survival-promoting effect of
HDRP consistent with the requirement of deacetylase activity in the neuroprotection.28 In
addition to suppressing JUN transcription, HDRP inhibits the phosphorylation and activation
of the proto-oncogene c-jun through direct interaction with c-Jun N-terminal kinase (JNK).28

Disagreement exists over the role of HDAC4 in regulating neurodegeneration. Yao and
Bolger (2006) initially reported that the forced expression of HDAC4 in cultured cerebellar
granule neurons causes cell death. A subsequent study, also performed in cerebellar granule
neurons by Majdzadeh (2008), reported that HDAC4 expression protects neurons against
low-potassium-induced cell death. In this study, HDAC4 was also was shown to protect
cultured cortical neurons against homocysteic acid and 6-hydroxy dopamine induced
toxicity. Arguing strongly for a survival-promoting role for HDAC4 in neurons is the
finding that the cerebellums of HDAC4 knock-out mice, which die within 2 weeks of birth,
display postnatal degeneration of Purkinje neurons.29 Using HDAC inhibitors and mutant
HDAC4 constructs lacking the deactylase domain, it was found that HDAC4-mediated
neuroprotection does not require deacetylase activity. Rather, neuroprotection by HDAC4
involves an inhibition of cell cycle proteins such as cyclin-dependent kinase-1. A recently
published report by Chen and Cepko (2009) confirms a neuroprotective role for HDAC4.
These authors demionstrated that HDAC4 reduced naturally ocurring neuronal death in the
retina, and that HDAC4 overexpression in a mouse model of retinal degeneration prolonged
photoreceptor survival.30

The role of HDAC5 has been examined in cultured cerebellar granule neurons. Linseman et
al. (2003) reported that low-potassium-induced death of these neurons leads to a
dephosphorylation of HDAC5 and its translocation from the cytoplasm to the nucleus, where
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it induced apoptosis. Although depolarizing stimuli were shown to inactivate HDAC5’s
proapoptotic action by CaMK-mediated phosphorylation,31 our group has failed to
reproduce this finding (Majdzadeh and D’Mello, unpublished). Furthermore, we found that
overexpression of HDAC5 has little effect on the survival of cerebellar granule neurons
either in depolarizing or nondepolarizing medium.

Compelling evidence has been described for HDAC6 involvement in the protection of
neurons against the toxic effects of abnormal protein aggregates. Through interaction with
the microtubule-associated dynein motor and aggregated protein, HDAC6 transports
ubiquitinated protein aggregates to the aggrosome for subsequent clearance by autophagy;
cells deficient in HDAC6 fail to clear misfolded protein aggregates.321 HDAC6 was shown
to be required for the autophagic clearance of aggregated huntingtin protein.33 HDAC6 also
interacts with polyubiquitinated DJ-1, a protein mutated in early-onset form of PD,
facilitating the transport of mutant DJ-1 into aggresomes.34 HDAC6 localizes to Lewy
bodies in sporadic PD patients,33 suggesting that it may also play a similar role in the
formation of these inclusions characterizing PD, now believed to serve as a means of
sequestering otherwise harmful protein aggregates. Ectopically expressed HDAC6 rescues
neurons from degeneration in a Drosophila model of spinobulbar muscular atrophy in which
the androgen receptor containing a polyglutamine expansion (polyQ-AR) is
overexpressed.35 Once more, protection by HDAC6 involved the activation of the
autophagic degradation pathway that compensated for the impairment of the ubiquitin-
proteosome system caused by polyQ-AR aggregation. Besides stimulating autophagic
degradation, HDAC6 protects cells from the cytotoxic effects of protein aggregates by
deacetylating and activating major cellular chaperones such as HSP 90, which then helps
protein refolding or directs their delivery to the ubiquitin-proteosome system.36, 37 Taken
together, these findings indicate that HDAC6 is a key player in dealing with the
accumulation of protein aggregates in neurons and perhaps other cell types as well. It is not
clear whether HDAC6 is protective against neurodegenerative stimuli besides protein
aggregation.

The contribution of the different HDAC proteins to neurodegeneration has also been studied
in a Caenorhabditis elegans model of Huntington’s disease, generated by expression of
polyglutamine-expanded human huntingtin protein (polyQ-Htt). Loss of function alleles and
RNA interference was used to systematically reduce the function of each of the eight
classical HDACs expressed in the worm.38 While knock-down of Hda-3 (the C. elegans
orthologue of human HDAC3) reduced polyQ-Htt neurotoxicity, suppression of expression
of all other classical HDACs enhanced toxicity.38 Restoration of Hda-3 expression restored
polyQ-Htt toxicity, confirming that Had-3 promotes neurodegeneration in C. elegans. The
enhanced neurodegeneration observed with suppression of function of the other HDACs
suggests that they play a protective role against neurodegeneration at least in response to
polyglutamine toxicity. Taken together with the results emerging from mammalian
paradigms, this study’s data strengthen the contention that many of the HDAC proteins are
neuroprotective. Mice lacking most of the classical HDACs have been generated (Table 1).

With the exception of the HDAC4 knock-out mice, no overt effect on survival or death of
neurons has been observed. It deserves mention that all knock-out mice of class I HDACs
die at or before birth, precluding detailed analysis of the role of these proteins on the
regulation of neuronal viability. It is possible that compensatory effects of other HDACs in
the mutant mice could explain the absence of any neurodegeneration in mice lacking
HDACs 1, 6 and 9, all of which have been found to have neuroprotective effects as
described above.
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SIRTUINS AND THE REGULATION OF NEURODEGENERATION
Sirtuins also play an important role in the regulation of neurodegeneration (for
reviews,9, 39, 40). Emerging evidence suggests both protective and degenerative actions for
members of the sirtuin family, as described for the classical HDACs. The first direct
evidence of neuroprotective effects of sirtuins came from a study by Araki et al. (2004)
showing that the delay in axonal degeneration displayed by slow Wallerian degeneration
(WldS) mice is due to an increase in nicotinamide mononucleotide adenylyltransferase 1
activity. The protection afforded by that enzyme against axonal degeneration is blocked by
small interfering RNA (siRNA)-mediated suppression of SIRT1 expression or exposure to
sirtinol, a pharmacological SIRT1 inhibitor.41 It was thus concluded that the neuroprotective
effect of nicotinamide mononucleotide adenylyltransferase 1 was mediated by SIRT1
activation.41 This conclusion was challenged, however, by another study, which found no
differences in the extent of axonal degeneration between neurons from wild-type and SIRT1
knock-out mice.42 Furthermore, sirtinol did not inhibit the protective effect of nicotinamide
mononucleotide adenylyltransferase 1 on axonal degeneration in this second study.42

Despite these differences, a rapidly growing body of evidence indicates that SIRT1 does
exert impressive neuroprotective effects. In a mixed cortical neuronal/glia culture paradigm,
overexpression of the sirtuin protected against microglia-mediated amyloid beta
neurotoxicity by inhibiting the activation of NF-kappaB in microglia.43 Neuroprotection by
SIRT1 has also been observed in the Tg2576 transgenic mouse model of Alzheimer’s
disease (AD).44 This study found that caloric restriction caused an elevation of SIRT1
deacetylase activity in the brains of Tg2576 mice, which coincided with significantly
decreased amyloid beta peptide levels.

Encouragingly, the reduced amyloid beta production was accompanied by a dramatic
reduction of AD-type amyloid neuropathology.44 The neuroprotective effect of SIRT1 also
correlated with decreased expression of the rho-associated protein kinase 1, which has
previously been implicated in promoting nonamyloidogenic processing of amyloid beta A4
protein (APP). Using neuronal cultures from Tg2576 mice, these authors confirmed that
SIRT1 overexpression stimulates alpha-secretase activity through an inhibition of rho-
associated protein kinase 1 activity, resulting in dramatically reduced amyloid beta
generation.44

SIRT1 expression is upregulated in the p25-inducible mouse model of AD and the
Sod1G37R transgenic mouse model of amyotrophic lateral sclerosis.45 This increase was
proposed to represent a protective response to neurodegenerative conditions. Injection of
SIRT1 lentivirus in the hippocampus of these mice conferred significant protection against
p25-mediated neurodegeneration. Deacetylation and inactivation of cellular tumor antigen
p53 was proposed to be the mechanism by which SIRT1 protected against p25
neurotoxicity.45 Parker et al. (2005) described that elevated levels of protein sir-2.1, the
nematode homologue of SIRT1, increased the life span of C. elegans and reduced neuronal
dysfunction in a model of Huntington’s disease. The protective effect of sir-2.1 was
attributed to the activation of abnormal dauer formation protein 16, the nematode
homologue of the mammalian FOXO transcription factor.46

Much evidence of a role for SIRT1 in neuroprotection has come from the use of resveratrol,
a polyphenol with strong antioxidant effects.47 In the p25-inducible transgenic mouse
model, administration of resveratrol reduced hippocampal neurodegeneration and prevented
cognitive decline. This was accompanied by reduced acetylation of known SIRT1
substrates.45 Two separate studies have shown that resveratrol reduces amyloid beta plaque
formation in mice. In one of these studies, this was due to an alteration in the pattern of APP
processing, resulting in lowered amyloid beta production.44 This effect was proposed to be
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mediated by activation of SIRT1. The other study reported no activation of SIRT1 and found
no difference in the pattern of APP processing.48 Resveratrol protects rats against ischemic
brain damage and worms from polyQ-induced neurotoxicity.46, 49 The protective effect of
resveratrol in both of these studies was inhibited by pharmacological sirtuin inhibitors,
suggesting a SIRT1-mediated mechanism. Although resveratrol also provided robust
protection against degeneration of the substantia nigral induced by the dopaminergic
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and against kainite-
induced hippocampal neurodegeneration, evidence for the involvement of SIRT1 was not
presented in these reports.50, 51 In a study in which resveratrol was found to be protective in
the organotypic slice model of Parkinson’s disease (PD) involving exposure to 1-methyl-4-
phenylpyridinium (MPP+), the neurotoxic metabolite of MPTP, the protection was not
reduced by sirtuin inhibitors.52 Instead, resveratrol was found to prevent accumulation of
reactive oxygen species, depletion of cellular glutathione and cellular oxidative damage
induced by MPP+, suggesting involvement of an antioxidative rather than SIRT1-activating
mechanism in the neuroprotection.52 In another study, resveratrol was shown to protect rats
against 3-nitropropionic acid-induced motor and cognitive impairment. Again, the beneficial
effect of resveratrol was attributed to its antioxidant activity.53 A SIRT1-independent
mechanism for the neuroprotective effect of resveratrol has also been suggested by
others.52, 54 It is noteworthy that in addition to SIRT1, resveratrol modulates the activity of
other important signaling proteins including enzymes such as 5'-AMP-activated protein
kinase, COX-1 and PI3-kinase, many transcription factors, as well as other proteins that
regulate cell death (reviewed in55–58). Also noteworthy are reports from two different
laboratories that resveratrol is incapable of activating SIRT1 in intact cells. These scientists
discovered that the stimulatory effects of resveratrol on SIRT1 measured in vitro are
dependent on the fluorescently modified substrate used in the assay.59, 60 Resveratrol had no
effect when the same acetylated substrates were used without the fluorophore. It is possible
that some of the neuroprotective effects of resveratrol attributed to SIRT1 activation may be
mediated by other signaling molecules and mechanisms instead.

In sharp contrast to the neuroprotective activity of SIRT1, SIRT2 is involved in promoting
the toxic effects of a PD-associated mutant form of alpha-synuclein (alpha-SynA53T) in rat
midbrain neurons. Suppressing SIRT2 expression by siRNA or pharmacological inhibition
of its activity protected against alpha-synuclein-induced toxicity.61 These findings were
confirmed in a Drosophila model of PD in which alpha-synuclein was overexpressed
specifically in neurons. In addition to reducing toxicity, the inhibition of SIRT2 reduced the
number of intracellular alpha-synuclein aggregates, converting them into fewer but larger
aggregates.61 The mechanism by which SIRT2 inhibition affects alpha-synuclein
aggregation is not clear but it was proposed that SIRT2 inhibition might increase acetylation
of tubulin, a target of SIRT2.61 Since alpha-synuclein is associated with tubulin, tubulin
acetylation could stimulate aggregation of alpha-synuclein by mechanisms that have yet to
be uncovered. Intriguingly, SIRT2 is highly expressed in the brain. The relative level of
SIRT2 expression in the postnatal hippocampus was found to be at least ten fold higher than
that of any other sirtuin protein.62 It was also the most highly expressed of all the 18
HDACs in the hippoacampus.62 This suggests that SIRT2’s proapoptotic activity must be
inhibited by other proteins under normal circumstances. Downregulation or inactivation of
this protein would then permit SIRT2 to promote cell death.

Reduced SIRT2 activity has also been suggested to contribute to delayed Wallerian
degeneration in the WldS mice, and the resistance of these mice to axonal degeneration
caused by microtubule-depolymerizing drugs.63 Using cerebellar granule neurons cultured
from wild-type and WldS mice, Suzuki and Koike (2007) found that SIRT2 expression was
lower in neurons from WldS mice, and that this correlates with increased tubulin acetylation
and stabilization of microtubules in response to treatment with the microtubule-destabilizing
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drug, colchicine. Overexpression of SIRT2 in neurons from WldS mice abrogated
microtubule hyperacetylation and resistance to axonal degeneration, whereas siRNA-
mediated SIRT2 knock-down enhanced microtubule acetylation and resistance to axonal
degeneration in wild-type neurons.63

Relatively little is known about the effects of the other sirtuin proteins on the regulation of
neurodegeneration. In a recent study in which each of the seven sirtuins was overexpressed
in cultured cerebellar granule neurons, SIRT1 protected against low potassium-induced
apoptosis while SIRT2 was proapoptotic.22 These results are consistent with the previously
reported effects of SIRT1 and SIRT2 in other experimental paradigms of neurodegeneration.
In this study, SIRT3 and SIRT6 induced apoptosis in otherwise healthy neurons.22

Intriguingly, SIRT5 was described to exhibit both protective and apoptotic effects,
depending on its subcellular localization. When localized in the nucleus and cytoplasm,
SIRT5 was found to exert a protective effect whereas it promoted neuronal death when
localized in the mitochondria. As observed by other investigators, Pfister et al. (2008) found
that pharamacological inhibition of SIRT1 did not reduce the protein’s protective effect, and
neuronal death was not inhibited by SIRT1 activators. Interestingly, complete
neuroprotection was observed with two separate mutant forms of SIRT1 lacking deacetylase
activity, indicating that SIRT1 can protect neurons by a mechanism that does not require its
catalytic activity. Pfister et al. also analyzed the effect of sirtuin expression in HT-22
neuroblastoma cells, which can be induced to die by homocysteic acid treatment. While the
effects of most SIRTs were similar to those observed in primary neurons, SIRT6 was
modestly protective against homocysteic acid toxicity in HT-22 cells. SIRT5 was localized
predominantly in the mitochondria of these cells and was apoptotic.22

Knock-out mice have been produced of every sirtuin, except for SIRT2. These mice all
survive until birth (Table 1). While SIRT1−/− mice die perinatally, SIRT6−/− mice are viable
for about a month, by which time the development of the nervous system is complete. Mice
lacking SIRT3, SIRT4 or SIRT5 have a normal life span. As described for the classical
HDACs, none of the SIRT knock-out mice display overt effects on the nervous system
(Table 1). Compensatory effects by other sirtuins or HDACs could explain the lack of effect
on the regulation of neuronal survival.

EFFECT OF CLASSICAL HDAC INHIBITORS ON NEURODEGENERATION
HDAC inhibitors that are currently being used can be classified into four structurally distinct
groups: hydroxamic acids such as vorinostat and trichostatin A, cyclic tetrapeptides such as
depsipeptide and apicidin, benzamides such as entinostat, and short-chain fatty acids such as
sodium butyrate and valproic acid (for recent reviews,64–66). Of these, hydroxamic acids are
the largest class and represent the most potent HDAC inhibitors, functioning at nanomolar
concentrations by entering the HDAC’s active site where they chelate zinc.

Since the deacetylation of histones by HDACs has a repressive activity on gene
transcription, treatment with HDAC inhibitors could be expected to stimulate global
transcriptional activity within cells. Analysis of transcriptional effects resulting from HDAC
inhibition has revealed, however, both stimulatory and inhibitory effects on gene expression.
While previous studies have demonstrated that expression of less than 10% of the genes are
regulated by HDAC inhibitors,67–69 a more recent microarray study utilizing two different
HDAC inhibitors (vorinostat and depsipeptide) found that the expression of at least 22% was
altered, with slightly more genes being repressed than activated.70 It is possible that the
inhibitory effects of HDAC inhibitors on transcription might be secondary or downstream
effects resulting from the activation of genes encoding transcriptional repressors and
corepressors.
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Gene profiling studies conducted using RNA isolated from the brains of patients with
Huntington’s disease and from different Huntington’s disease mouse models have revealed
alterations in the expression of a large number of genes.71 In the mouse models, many of
these alterations occur before symptoms become obvious, suggesting that they play a causal
role in disease pathogenesis. In contrast to Huntington’s disease and other triplet-repeat
expansion disorders in which transcriptional dysregulation and alterations in acetylation
patterns are well described, evidence for a causal role of transcriptional dysfunction in the
pathogenesis of the more prevalent neurodegenerative disorders (e.g., AD, PD, amyotrophic
lateral sclerosis and stroke-induced brain injury) is somewhat limited. Despite the lack of
mechanistic rationale, however, HDAC inhibitors have been used in experimental models of
a large number of neurodegenerative disorders, and with great success, as is described
below. Indeed, their effectiveness might well be the best evidence for transcriptional
dysfunction in most neurodegenerative diseases.

The utility of HDAC inhibitors as potential therapeutic agents for neurodegenerative
disorders was first described in a Drosophila model of polyglutamine expansion disease.72

The best studied polyglutamine disorder is Huntington’s disease, which is caused by
glutamine expansion within the coding region of the huntingtin gene (HTT). Mutant Htt has
been shown to disrupt transcription through different mechanisms. For example, it inhibits
the activity of CREB-binding protein, a histone acetyl transferase with global effects on
transcription, through direct interaction and sequestration. Mutant Htt also interacts with
transcription factors such as Sp1, which regulates the transcription of a large number of
genes. Indeed, known targets of Sp1 display decreased expression in human Huntington’s
disease and in mouse models thereof. In addition to these mechanisms involving protein–
protein interaction, polyQ-expanded Htt can alter post-transcriptional modifications of
histones resulting in the condensation of chromatin to a more repressed conformation.
Vorinostat and butyrate were shown to arrest ongoing progressive neuronal degeneration
and reduce lethality induced by the polyglutamine domain of Htt (polyQ-Htt) or just a
polyglutamine peptide (Q48). Even when administered to flies already exhibiting
neurodegeneration, HDAC inhibitors reduced further neurodegeneration.72 A similar
reduction in the extent and rate of neurodegeneration was observed when a partial loss of
function mutant form of Drosophila Sin3A, a corepressor protein that is part of active
HDAC complexes, was overexpressed in the flies.72 Because this genetic manipulation
could be expected to reduce HDAC activity, it suggested that the HDAC inhibitors act by
inhibiting the activity of HDACs as opposed to affecting cellular processes other than the
deacetylase pathways. Drosophila expresses five different classical HDACs (Rpd3, Hdac3,
HDAC4, HDAC6 and histone deacetylase X, an orthologue of HDAC11) and it was not
known which HDACs were responsible for the neuroprotective effects of vorinostat and
butyrate. In a more recent study, the same group reported that polyQ-Htt-overexpressing
flies with a reduced level of Rpd3 suffered less neurodegeneration and lived longer than
those with normal Rpd3 expression.73 Reduced expression of each of the other four HDACs
using multiple heterozygous mutations and/or short hairpin-type RNA constructs had no
beneficial effect on neurodegeneration or life span.73 These observations suggest that
pharmacological inhibitors that selectively target human orthologues of Rpd3 would be
excellent therapeutic agents for neurodegenerative disorders. Rpd3 is most homologous to
human HDAC1, HDAC2 and HDAC3. Intriguingly, and as described above, HDAC1 can
also be neuroprotective in C. elegans and mammalian models of neurodegeneration.38, 74 In
addition to flies, HDAC inhibitors are protective in C. elegans and mouse models of
polyglutamine-induced neurodegeneration.38, 75–78 In the case of a vorinostat-related HDAC
inhibitor called HDACi 4b, improved behavioral performance in the R6/2 transgenic mouse
model of Huntington’s disease was observed even when the treatment was initiated after the
onset of motor deficits.78 Interestingly, microarray analysis revealed that HDACi 4b
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administration reversed only a relatively small proportion of gene expression alterations
caused by mutant Htt in the transgenic mice.

In a transgenic mouse model of spinal and bulbar muscular atrophy, caused by a
polyglutamine repeat in the androgen gene, the HDAC inhibitor sodium butyrate partially
alleviated disease symptoms. Benefit was observed within a narrow dose range, with higher
doses actually aggravating motor dysfunction.76

HDAC inhibitors may be useful in the treatment of Friedrich’s ataxia, a neurodegenerative
disorder caused by a triplet-repeat expansion within the frataxin gene (FXN), which leads to
its silencing (reviewed in79). Increased trimethylation of histone H3 and hypoacetylation of
histones H3 and H4 is associated with silencing of FXN.80 Administration of novel HDAC
inhibitors of the benzamide class to lymphocytes cultured from patients with Friedrich’s
ataxia was found to increase H3 and H4 acetylation and reverse FXN gene silencing.81

Increased FXN expression and histone acetylation in the brain after administration of HDAC
inhibitors has also been observed in a mouse knock-in model of Friedrich’s ataxia.82

HDAC inhibitors have been shown to prevent neuronal death in experimental models of
ischemic stroke. Administration of voronistat after induction of ischemic stroke by middle
cerebral artery occlusion reduced brain injury.83 Protection was accompanied by the
inhibition of histone H3 deactylation and the stimulation of expression of neuroprotective
proteins such as Bcl-2 and HSP70. Similar protection against brain injury and neurological
deficits caused by ischemic stroke was described following administration of valproic acid
administration.84 In this study, valproic acid also stimulated HSP70 expression and histone
acetylation. It also delays disease onset, reduces neurological deficits and prolongs survival
in the Sod1-1 G93A transgenic mouse model of amyotrophic lateral sclerosis. The beneficial
effect of valproic acid in this case was found to involve the inhibition of GSK-3 activity.85

HDAC inhibitors might be useful in treating spinal muscular atrophy (SMA), a
neuromuscular disease caused by the homozygous loss of the SMN1 gene (encoding the
survival motor neuron protein), which is characterized by motor neuron degeneration in the
spinal cord’s anterior horn cells. SMA disease severity depends on the splicing pattern of a
gene that is nearly identical to SMN1, called SMN2. The production of a protein from a full-
length form of SMN2 mRNA compensates for the loss of function the protein encoded by
SMN1 and impedes the onset and progression of the disease. However, the predominantly
produced SMN2 transcript is an alternatively spliced form lacking an exon and generates a
truncated and unstable protein, which is unable to compensate effectively. Treatment of
lymphoid cells obtained from SMA patients with sodium butyrate was found to increase
production of the full-length SMN2 mRNA and protein.86 Another study using valproic acid
confirmed these results using fibroblast cell lines derived from SMA patients.87 In these and
other studies, HDAC inhibitors increased transcription of SMN2 and altered the splicing
pattern to produce more full-length protein encoded by SMN2.86–89 HDAC inhibitors have
been found to ameliorate neurological symptoms and increase life span in a mouse model of
SMA.86 In a more recent study performed in humans, valproic acid was administered to
SMA patients and the levels of SMN2 transcripts and proteins were measured in blood
collected from these subjects.90 While full-length SMN2 mRNA and protein were elevated
in a third of the patients, one third of them showed no change and a third had reduced levels
after valproic acid treatment.90 Whether the treatment improved motor function in the
patients was not reported. The possibility that the alteration in SMN2 expression observed in
blood, does not occur in spinal cord motorneurons cannot be excluded.

In addition to neurodegenerative disorders, HDAC inhibitors may have potential to treat
neurodevelopmental disorders such as Rubinstein-Taybi syndrome and Rett’s syndrome that
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are caused by mutations affecting transcriptional and epigenetic mechanisms as previously
suggested.8, 9, 91 The potential utility of HDAC inhibitors in the treatment of mood and
anxiety disorders as well as schizophrenia has also been proposed.6, 8, 9

A limitation of the existing HDAC inhibitors as potential therapeutic drugs is their
nonselectivity against different members of the HDAC family. This is of particular
significance to diseases of the central nervous system because all HDACs are abundantly
expressed in the brain. Moreover, and as described in this review, it is becoming
increasingly evident that some HDACs have neuroprotective roles. Indeed, HDAC inhibitors
have been found to induce apoptosis in cultures of cerebellar granule neurons, even when
administered to the cells for only a few hours.28, 92, 93 Extended exposure to HDAC
inhibitors has also been reported to be toxic to cultured cortical neurons.94 Intensive efforts
are underway to develop class- and isoform-specific HDAC inhibitors that are also potent,
stable and brain-permeating.

SIRTUIN INHIBITORS AND NEURODEGENERATION
One of the most widely used sirtuin inhibitors in experimental systems is nicotinamide, an
end product inhibitor of the deacetylase reaction that suppresses sirtuin activity by directly
binding within a conserved pocket of the enzyme and inhibiting NAD+ hydrolysis. Not
unexpectedly, given its mechanism of action, it inhibits the activities of all sirtuins.
Moreover, nicotinamide inhibits other NAD+-dependent enzymes. One of these is poly
(ADP-ribose) polymerase-1 (PARP-1), a molecule that is often implicated in promoting
neurodegeneration (reviewed in95–97).

The neuroprotective effects of nicotinamide were first demonstrated in Drosophila models
of polyglutamine neurotoxicity.98 Nicotinamide administration is also protective in rodent
models of MPTP-induced neurodegeneration,99 focal cerebral ischemic stroke100 and
traumatic brain injury.101, 102 Furthermore, nicotinamide reduces ethanol-induced
neurodegeneration in the developing mouse brain and prevents hyperactivity and memory
impairment in adult mice caused by perinatal exposure to alcohol.103 These studies did not
assess the status of sirtuins or whether other sirtuin inhibitors had similar effects. Hence, the
involvement of mechanisms other than sirtuin inhibition, such as PARP inhibition, in the
neuroprotective effects of nicotinamide cannot be ruled out. In some studies, however,
evidence for sirtuin inhibition as the possible mechanism for nicotinamide’s beneficial
effects has been described. For example, nicotinamide was reported to prevent cognitive
deficits in a transgenic mouse model of Alzheimer’s disease. In this study, inhibition of the
effects of nicotinamide were similar to those obtained with SIRT1 deficiency. Nicotinamide
also dramatically increased acetylated alpha-tubulin in the brain of the transgenic mice.
Because alpha-tubulin is a primary SIRT2 substrate, the authors suggested that SIRT2
inhibition was also involved.104 Similarly, inhibition of SIRT1 activity was demonstrated in
a study in which nicotinamide protected cultured cortical neurons against excitotoxicity.
Sirtinol, an inhibitor of both SIRT1 and SIRT2, was also protective in this study.100

Neuroprotection by nicotinamide has also been found to be mediated through inhibition of
molecules other than sirtuins. For example, protection against N-methyl-N-nitrosourea-
induced retinal degeneration in rats was proposed to be mediated through inhibition of
PARP-1 and JNK signaling.105, 106

Several chemical sirtuin inhibitors have been synthesized recently. Among these, the most
commonly used are hydroxynapthaldehyde derivatives such as sitinol and cambinol,
splitomicin and its derivatives, indoles and suramins.107, 108 Most of these compounds,
however, are not particularly selective against individual sirtuin proteins. Given the
beneficial effects of SIRT1 on neuronal survival, SIRT1-specific inhibitors are unlikely to
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be useful for treatment of neurodegenerative disorders. On the other hand, pharmacologic
inhibition of SIRT2 activity could represent a therapeutic approach for degenerative
disorders of the central nervous system. Outiero and colleagues designed a chemical library
of 200 analogues using an alpha-cyanopropenamide scaffold and identified AGK-2, a
compound that selectively inhibited SIRT2 over SIRT1 and SIRT3. AGK-2 protected
cultured neurons and flies from alpha-synuclein-induced neurotoxicity.61 A number of other
selective SIRT2 inhibitors have been synthesized including para-sirtinol109 and EX-527,110

although these compounds have not been tested in paradigms of neurodegeneration.

CONCLUSIONS
A growing body of evidence suggests that HDAC proteins regulate the survival of neurons.
A majority of the HDACs studied thus far in mammalian systems, including HDAC1,
HDAC4 and HDAC6, have neuroprotective effects. Similarly evidence from C. elegans also
indicates that many HDACs protect against neurodegeneration. This is somewhat
unexpected given the impressive protection afforded by HDAC inhibitors in a variety of
experimental models of neurodegenerative disease. Existing HDAC inhibitors, and
particularly ones used in the studies described in this review, do not discriminate between
the different HDAC proteins. Such inhibitors can be expected to affect diverse cellular
processes that depend on protein deacetylation and acetylation, most of which may not be
involved in neurodegeneration. Determining the most relevant HDACs driving
neurodegeneration and developing inhibitors specifically targeting each of them, would be
an ideal approach. Given that several of the HDACs have neuroprotective effects,
pharmacological activators of these proteins could also be of value in treating
neurodegenerative disorders. Indeed, resveratrol, a compound that can activate SIRT1, has
been shown to be highly neuroprotective in a variety of experimental models of
neurodegenerative disease. Alternatively, the overexpression of neuroprotective HDACs via
viral vectors in vulnerable neuronal polulations can be considered.

An unanswered question is whether the neuroprotective effects of HDAC inhibitors are
epigenetic (via histone acetylation), non-epigenetic, or both. A related matter is whether
HDAC inhibitors target common pathways in different neurodegenerative conditions or
whether neuroprotection by the same HDAC inhibitor in different experimental models of
neurodegenerative disorders (e.g., Alzheimer’s, Huntington’s and Parkinson’s disease) are
mediated by affecting distinct molecules and mechanisms. The answers to these questions
notwithstanding, HDAC inhibitors represent an exciting therapeutic tool for the treatment of
neurodegenerative disorders.
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Figure 1.
The histone deacetylase (HDAC) family of proteins. The conserved deacetylase domain of
the classical HDACs (blue rectangles), deacetylase domain of the sirtuins (purple rectangles)
and the ADP-ribosyl transferase catalytic domain (red rectangles) are indicated. Histone
deacetylase-related protein (HDRP), also referred to as MITR, is a truncated form of
HDAC9, generated by alternative splicing. SIRT2, SIRT3 and SIRT6 have both deacetylase
and ADP-ribosyl transferase activities. No catalytic activity has been reported for SIRT7.
The myocyte-specific enhancer factor 2A (MEF2)-binding site is marked by a blue square
and the location of key serine residues that are phosphorylated, is indicated with “S”. The
leucine-rich region in HDAC10 and the C-terminal zinc finger (ZnF) are also shown.
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Table I

Phenotypes of HDAC knock-out mice

HDAC Time of
lethality

Phenotype Reference

HDAC1 E10.5 Proliferation defects in embryonic stem cells 111, 112

HDAC2 P1 Cardiac malformation 112, 113

HDAC3 E9.5 Vascular defects 114

HDAC4 P7–P14 Small size, bone and skeletal defects, neurodegeneration 29, 115

HDAC5 Viable Cardiac hypertrophy after stress 116

HDAC6 Viable Highly increased alpha-tubulin acetylation 117

HDAC7 E11 Cardiovascular defects 118

HDAC8 P1 Craniofacial defects 119

HDAC9 Viable Cardiac hypertrophy after stress 120

HDAC10 ND ND

HDAC11 ND ND

SIRT1 P1–P7 Small size, genomic instability, severe developmental defects 121, 122

SIRT2 ND ND

SIRT3 Viable Hyperacetylated mitochondrial proteins, no overt phenotype 123

SIRT4 Viable Increased glutamate dehydrogenase activity, no overt phenotypic abnormalities 125

SIRT5 Viable No overt phenotypic abnormalities 24

SIRT6 4 weeks Small size, genomic instability, premature aging 124

SIRT7 1 year Degenerative heart hypertrophy 125

E, embryonic day; P, postnatal day; ND, not determined.
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