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ABSTRACT 

Valproic acid (VA) is used worldwide as an antiepileptic drug and a mood stabilizer. Recently, VA was shown to act on 
cell growth, differentiation and apoptosis, by regulating gene expression at the molecular level, through epigenetic 
mechanisms. Thus, VA was demonstrated to act on the chromatin remodeling what is a consequence of the drug inhibition 
of histone deacetylases (HDACs) activity. Other studies uncovered the potential of VA to interfere with multiple regulatory 
mechanisms besides HDACs, as the GSK3 alpha and beta, Akt, ERK and phosphoinositol pathways, tricarboxylic acid 
cycle, GABA and OXPHOS system. The review focuses on the mechanisms of action of VA, showing that HDAC 
inhibitors, as VA, can be successfully used in the treatment of neurodegenerative disorders. This molecule, whose 
biological activities range from interactions with receptors and ion channels to the regulation of many catalytic reactions, has 
a central role in cellular cascades that regulate gene expression. Thus, inhibitors of HDACs, by positively affecting both 
neuronal degeneration and cognitive deficits, appear as promising drugs against various pathological conditions and 
neurodegenerative diseases. VA is known to present anti-inflammatory and antioxidative properties. And, since inflammation 
and oxidative stress are common links in neurodegeneration, VA is a drug that, from a clinical point of view, shows a 
great potential as a candidate for the treatment of neurodegenerative diseases related to excitotoxic events. 
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1. Introduction 

Valproic acid (VA, 2-propylvaleric acid, 2-propylpentanoic 
acid or n-dipropylacetic acid) is a short-chain fatty acid 
(Figure 1) synthesized in 1882, as an analogue of valeric 
acid (present in the species Valeriana officinalis). VA was 
used as a metabolically inert solvent for organic compounds 
for eight decades. In 1962, Pierre Eymard, a research 
student at the University of Lyon (France) and colleagues, 
investigating potentially anticonvulsant drugs with low 
aqueous solubility, used VA as a solvent [1]. A strong an- 
ticonvulsant activity was observed in all solutions were VA 
was present, leading these authors to study VA as a po- 
tentially useful agent for epilepsy [2]. VA is rapidly me- 
tabolized in the liver, and the various resulting metabolites 
are also pharmacologically active [3]. 

VA bioavailability is attributed to the high permeability 
of the cell membrane to this compound and the virtual 
absence of first pass hepatic mechanism. In a previous work, 
the mechanisms of active transport of VA into the brain 

were demonstrated. This active transport results in high 
levels of VA in the CNS, minutes after its parenteral 
administration, in spite of its association with plasma 
proteins [4]. 

2. Clinical Uses of VA 

VA is widely used in clinics as an anti-epileptic drug and 
for the therapy of bipolar disorders and migraine prophylaxis. 
The mechanism of VA action was initially related to its 
effects on amino acid neurotransmitters and modulation 
of intracellular pathways. Recently, VA showed pharma- 
cological characteristics similar to those of other anti- 
cancer agents, acting on cell growth, differentiation and 
apoptosis. Other studies [5] showed that the drug exerts 

 

 

Figure 1. Molecular structure of Valproic acid (VA). *Corresponding author. 
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its effects by regulating gene expression at the molecular 
level, through epigenetic mechanisms. Thus, VA was de- 
monstrated to act on the chromatin remodeling, a con- 
sequence of the drug inhibition of histone deacetylases 
(HDACs) activity, as it will be discussed later. 

VA is generally regarded as a first choice agent for 
most forms of idiopathic and symptomatic generalized 
epilepsy. Many of these syndromes are associated with 
various types of seizures, including tonic-clonic, absence 
and myoclonic seizures. Thus, the prescription of broad- 
spectrum antiepileptic drugs such as VA presents clear 
advantages. Evidences suggest that VA administered in- 
travenously may be of value in the treatment of status 
epilepticus and non-convulsive seizures, but further studies 
are needed to determine its role in these clinical indi- 
cations [6]. 

VA mechanism of action with respect to its antiepileptic 
effect is related to increased concentrations of the inhibitory 
neurotransmitter gamma-aminobutyric acid (GABA). In 
vitro studies showed that VA increases the activity of 
glutamic acid decarboxylase (GAD), an enzyme responsible 
for the synthesis of GABA, and inhibits the activity of the 
enzyme responsible for its degradation, GABA transa- 
minase (GABA-T). Similarly to other anticonvulsants, 
such as carbamazepine and phenytoin, VA decreases the 
recovery time of the voltage-dependent sodium channel 
when in its inactivated state. In addition, VA limits the 
activity of calcium channels of type T, an action resembling 
that presented by ethosuximide, another anticonvulsant drug. 
It is accepted that reduction of the GABAergic activity 
leads to a pro-convulsant action, while its increase results 
in anticonvulsant effects. Moreover, differences of the VA 
effect on GABA concentrations in different brain areas 
were found [3]. 

There are at least four major mechanisms for increasing 
GABA concentrations in the brain: 1) inhibition of GABA 
degradation, 2) increase of GABA synthesis, 3) decrease 
in GABA turnover, and 4) reduction in the reuptake of 
GABA. The region with the greatest increase in VA- 
induced GABA production is the substantia nigra [3]. 

In the regulation of mood disorders, VA has been 
proven effective for decreasing the excitatory glutamatergic 
and increasing the GABAergic inhibitory neurotrans- 
missions. Similarly to lithium, intracellular mechanisms 
of VA also include the regulation of various signaling 
pathways of protein kinases and gene expression. However, 
the effects of VA on the excitatory and inhibitory brain 
neurotransmitter systems, only partly justify the anti- 
epileptic and neuroprotective effects of this drug. In patients, 
therapeutic doses of VA were observed to increase brain 
levels of GABA without affecting glutamate levels [7]. 

One of VA action mechanisms is to affect the neuronal 
function through modulation of ion channels. With respect 
to voltage-gated channels, VA reduces neuronal excitability, 

by acting on the conductances of sodium and potassium 
channels [8]. Data from the literature lead us to conclude 
that the direct effects of VA on voltage-gated ion channels 
are possibly less important for neuroprotective properties 
of antiepileptic drugs than the mechanisms involved in 
the regulation of cellular signaling pathways [5]. 

Recent studies have found beneficial effects of VA in 
the treatment of vascular and chronic daily headaches 
that may have components of migraine or tension head- 
aches. Subsequently, placebo-controlled, randomized and 
prospective clinical trials demonstrated the efficacy of 
VA in the treatment of acute and chronic migraine. Thus, 
unlike what is already known in relation to neurological 
and psychiatric clinical uses of VA, its prescription to the 
therapy of migraine was proven to be effective in less 
than a decade [2]. 

Thus, sodium divalproex (a stable combination of sodium 
valproate and valproic acid in a 1:1 ratio) was approved 
by the Food and Drug Administration (FDA) for the 
prophylaxis of migraine, since the year 1996. A recent 
study revealed that 10% of American neurologists consider 
Depakote the first or second choice for migraine prophy- 
laxis. According to a recent work, VA has proven to be 
efficacious in migraine prevention and is suitable for rou- 
tine clinical use [9]. An important caveat must be taken 
into account, because this drug has a known teratogenic 
effect and its prescription to women in childbearing age 
should be done with caution [10]. 

Studies on mania and depression using VA started 
around the late nineties, when other antiepileptic agents 
were being tested in affective disorders. The drug’s 
approval by the FDA in 1995, for the treatment of mania, 
was based on randomized, prospective and blinded clinical 
studies by comparing VA with placebo or lithium. Overall, 
the kinetics of VA and its adverse effects appeared to be 
somehow different in observations of bipolar disorder 
and epilepsy. More recently, a controlled clinical trial 
found several aspects of the attenuation of depressive 
morbidity in patients with bipolar disorders chronically 
treated with VA, as compared to lithium. 

3. VA and Neuroprotection 

The term neuroprotection refers to a set of treatments or 
measures designed to protect nerve tissues against adverse 
cellular events induced by a reduced supply of oxygen, 
glucose or both to the brain [11]. The development of 
new drugs with a neuroprotective profile is necessary, 
due to the increasing number of diseases related to processes 
of neurodegeneration such as Alzheimer’s or Parkinson’s 
diseases and bipolar affective disorders. The further study 
of drugs already known is also of fundamental impor- 
tance, since they may eventually be used in the treatment 
of neurodegenerative diseases [12]. Some anticonvul- 
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sants show neuroprotective effects and may be beneficial 
in reducing neuronal death. Thus, recently, the use of 
antiepileptic drugs as a possible neuroprotective strategy 
in brain ischemia is receiving increased attention, and 
many of them have been tested in animal models of stroke, 
providing encouraging results [13]. 

There is in the market a wide variety of pharmacological 
agents, used alone or in combination, which have the 
potential to offer protection to brain tissues over periods 
of hypoxia or ischemia. Nowadays, the use of neuropro- 
tective agents in combination with hypothermia has su- 
pporters and also outspoken critics. There are several 
protocols in use and their advocates illustrate promising 
results, while other investigators point out to the ineffective- 
ness of their use. It is expected that, in the near future, 
pharmacological neuroprotection constitutes an impor- 
tant resource during procedures in which the cerebral 
circulation is interrupted or modified [11]. 

VA, with recognized properties of an antimania and 
antiepileptic drug, has recently been characterized as a 
neuroprotective drug. Some anticonvulsants show neuro- 
protective effects, and may be beneficial in reducing 
neuronal death resulting from cerebrovascular accidents 
(CVA) [14,15]. It is of interest to note that the excessive 
release of excitatory amino acids or reduction of the in- 
hibitory amino acid GABA occur not only in epilepsy but 
also in cerebral ischemia [16,17]. The objective of the 
use of antiepileptic drugs as neuroprotective agents is to 
balance the abnormal brain excitability, by decreasing the 
excitatory transmission and/or increasing the neuronal in- 
hibition [18,19]. 

It is known that antioxidant properties contribute to the 
neuroprotective effects of VA and lithium, and the pro- 
motion of antioxidant defense to the body may be in 
general the primary mechanism of neuroprotection by 
VA [5]. Recent evidence has demonstrated that VA re- 
duces brain damage, leading to a functional improvement 
in a model of transient focal cerebral ischemia in rats, by 
modulating the activity of caspases [20]. This raises the 
possibility that the neuroprotective effect of VA requires 
a repeated treatment and probably involves apoptotic and 
not necrotic mechanisms [21,22]. It is known that the 
pathophysiology of cerebral ischemia is associated with 
multiple mechanisms, including neuroinflammation me- 
diated by activated microglia and the infiltration of ma- 
crophages/monocytes. 

In a recent work [23], the model of permanent occlusion 
of the middle cerebral artery (MCA) was used to study 
the effects of histone deacetylases (HDACs) inhibition in 
brain infarction induced by ischemia, neuroinflammation, 
gene expression and neurological deficits. The authors 
showed that inhibitors of HDACs as VA decreased the 
volume of cerebral infarction, suppressed the activation 
of microglia, reduced the number of these cells and in- 

hibited other markers of ischemic brain, with no reduc- 
tion on the levels of H3 acetylated histone. VA and other 
inhibitors of HDACs caused an increased expression of 
HSP70 (a 70 KDa inducible heat shock protein involved 
in excitatory neuropathologies), blocked the “downre- 
gulation” of phospho-Akt (being Akt a serine/threonine 
protein kinase that mediates growth factor associated 
with cell survival, and whose phosphorylation or phospho- 
Akt has been observed in human cancers) and “upre- 
gulation” of p53 (it is a protein crucial in multicellular 
organisms, where it regulates the cell cycle and, thus, 
functions as a tumor suppressor involved in preventing 
cancer), inducible nitric oxidase synthase (iNOS) and 
cyclooxygenase (COX-2), as observed in the model of 
permanent occlusion of MCA. 

Other authors [20] showed, in a global model of transient 
focal ischemia in rats, that VA decreases the infarct size 
and reduces ischemia-induced neurological deficits. These 
authors also found that VA suppressed the activation of 
caspase-3 in the cerebral cortex induced by ischemia, 
increased levels of acetylated histone H3 in the cortex 
and striatum, and caused upregulation in the levels of 
HSP70 in both the ipsilateral and contralateral portions 
of cerebral hemispheres. These data indicate that VA has 
neuroprotective properties in cerebral ischemia models 
resulting from the inhibition of HDACs and induction of 
HSP70. 

The neuroprotective effects, characteristic of mood 
stabilizers such as lithium and valproate, can be seen in 
conditions such as acute and chronic treatments with am- 
phetamine [24], glutamatergic excitotoxicity [25,26] and 
neurotoxicity caused by accumulation of the amyloid 
protein [27]. In fact, studies have shown that lithium and 
valproate have the ability to mitigate certain neurode- 
generative events, such as lipid peroxidation and protein 
oxidation induced by excitotoxicity [28,29], oxidative 
stress produced by FeCl3 [25], and brain damage caused 
by ischemia [30]. 

Despite their wide use in clinics, the mechanisms by 
which lithium and VA exert their effects are not yet 
completely understood [31]. It is known that lithium acts 
on a number of neurotransmitter systems and mechanisms 
for transmitting signals, as the hydrolysis of phosphoino- 
sitols, G proteins such as adenylate cyclase, glycogen 
synthase kinase (GSK-3) and protein kinase C (PKC) 
[26]. GSK-3 is a ubiquitous cellular serine/threonine protein 
kinase initially shown to regulate the glycogen metabolism 
and to inhibit the insulin signaling pathway [32-34]. It is 
involved in the formation of neuropathological lesions, 
cholinergic depletion and cell death associated with Al- 
zheimer’s disease [35]. Such effects are believed to be 
responsible for long-term changes in neural transmission 
that lead to the prophylactic effects of lithium in the 
treatment of bipolar disorders. Through its effects on 
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GSK-3 and PKC, lithium may also alter the phosphory- 
lation of cytoskeletal proteins, which leads to plastic 
changes [36]. Lately, the in vivo inhibition of GSK-3 was 
shown to produce antidepressive-like behaviors [37], 
suggesting the potential of GSK-3 inhibitors as antide- 
pressants. 

The role of VA on kinase signaling pathways is well 
established and, in this respect, there are differences and 
similarities between the effect of VA and that produced 
by lithium [38]. In particular, VA activates protein kinases 
important for neuronal survival, such as Akt (also known 
as PKB) and mitogen-activated protein kinase (MAPKs), 
among others, and inhibits glycogen synthase kinase 
(GSK-3β). The cycle of phosphoinositol is particularly 
important to explain the effects of VA on neuroprotec- 
tion, and is closely associated with the PI3K/PKB path- 
way. This pathway impinges upon a remarkable array of 
intracellular events, either directly or indirectly influencing 
whether or not a cell will undergo apoptosis [21,39,40], 
thus having a key role in neuronal survival [39,41,42]. 
VA causes an increase in the activation of Akt-dependent 
phosphorylation which seems to be mediated by PI3K 
pathway, as shown by in vitro and in vivo models [23, 
43-49]. 

Other protein kinases involved in neuronal survival 
[50] and activated by VA are the mitogen-activated pro- 
tein kinases (MAPKs). Aberrant or inappropriate fun- 
ctions of MAPKs have been identified in diseases such as 
cancer, diabetes and inflammatory processes [51]. Among 
the several MAPK enzymes regulating cell proliferation, 
differentiation, motility and survival, the best known are 
the extracellular signal-regulated kinases 1 and 2 (ERK1/ 
2) [52]. In fact, VA was shown to activate ERKs in vivo 
and in vitro and, as a result, to regulate activation of 
transcription factors and gene expression [53,54]. These 
data support the fact that the neurotrophic effects of VA 
occur via ERK. VA shows opposite effects inhibiting 
GSK-3β which is also a serine/threonine protein kinase 
implicated in multiple cellular processes, including neuronal 
survival, and regulated through phosphorylation by several 
kinases, such as Akt, MAPKs, PKC and PKA. GSK-3β 
plays a fundamental role in the CNS by regulating va- 
rious proteins in the cytoskeleton, as well as long-term 
nuclear events, and it is a common therapeutic target for 
lithium and VA that inhibit its activity, as raised before 
[32,55,56]. 

Both lithium and VA also inhibit the activity of PKC 
in vitro and in vivo [57]. VA decreased PKC activity [58] 
and expression of subunits alpha and epsilon, as well as 
the expression of the main substrate of PKC. In vivo, 
both lithium and VA prevent memory deficits and de- 
crease the activity of PKCα-dependent phosphorylation 
[59]. Phosphorylation of substrates by kinases is an in- 
termediate step, common to many signaling cascades that 

regulate important cellular functions. The involvement of 
VA, in many of these mechanisms regulated by kinases, 
indicates the enormous potential of this drug that, there- 
fore, can interfere with the fundamental mechanisms of 
cellular function or dysfunction. 

4. VA, Histone Deacetylase Inhibition and 
Cellular Gene Activity 

The enzymes histone deacetylase (HDAC) and histone 
acetyltransferase (HAT) catalyze the acetylation and dea- 
cetylation, respectively, of lysine residues located at the 
NH2 end of histone and non-histone type proteins. The 
disturbance of this balance is often observed in cancers 
and, thus, the inhibition of HDAC appears as a new 
therapeutic strategy in cancer treatment [60]. The acety- 
lation of lysine residues in the N-terminal of histone pro- 
teins removes positive charges of the molecule, thereby 
reducing the affinity between histones and DNA. This 
facilitates the access of RNA polymerase and transcrip- 
tion factors to the promoter region of DNA. Thus, histone 
acetylation increases gene transcription, while histone 
deacetylation suppresses the transcription process (Figure 
2). 

Therefore, inhibition of HDAC shifts the balance be- 
tween the deacetylation activity of HDAC enzymes and 
the activity of histone acetylation acetyltransferases, re- 
sulting in histone core hyperacetilation [61]. Thus, HDACs 
remove acetyl groups from the ends of histone lysine 
residues present in the nuclear chromatin, and also acety- 
lated sites in non-histone proteins [62]. Histones are pro- 
teins intimately associated with DNA molecules and are 
responsible for the structural integrity of chromatin, playing 
a key role in the regulation of gene expression (Figure 
3). 

On the other hand, nucleosomes (above) are subunits 
of chromatin, consisting of a piece of DNA coiled around 
a core of a histone type protein. In fact, the chromosomal 
DNA is compacted with the aid of such specialized pro- 
teins. Thus, histone proteins compact chromosomal DNA 

 

 

Figure 2. Acetylation and deacetylation of lysine residues 
(Source: http://www.web-books.com). 
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Figure 3. Nucleosome: basic unit of DNA packaging in eu-
karyotes, consisting of a segment of DNA wraped around a 
core of histone proteins (Source: http://www.molecularsta- 
tion.com). 

 
into the microscopic space of the eukaryotic nucleus, re- 
sulting in a DNA-protein complex called chromatin. Based 
on sequence phylogeny and function there are four distinct 
classes of HDACs: “class I (HDAC 1, 2, 3 and 8), class II 
(HDAC 4, 5, 6, 7, 9 and 10), class III is comprised by 
sirtuins (Sirt 1 - 7) and class IV (HDAC 11)” [63]. The 
HDAC inhibitors of diverse structures are capable of in- 
terrupting cell cycle progression, resulting in the stabili- 
zation of cell growth, differentiation and apoptosis [64]. 
Earlier studies have shown that some HDAC inhibitors 
exert neuroprotective effects in several neurodegenera- 
tive models [20, 65-71]. However, most of these reports 
focused on the direct effect of HDAC inhibitors in neurons, 
with little regard to the role of microglia in neuropro- 
tection [72]. 

VA was demonstrated to exert its effects on the re- 
gulation of gene expression through two main mechanisms: 
on one hand, it regulates gene expression, acting on 
transcription factors, mainly by controlling protein phos- 
phorylation, while on the other hand, it acts as an in- 
hibitor of HDACs (from classes I and II), affecting epi- 
genetic modulation of gene expression. Since the clinical 
performance of VA demands some time to occur, and its 
effects do not cease immediately after drug discontinua- 
tion, one may suggest that VA operates at the level of 
gene expression by regulating the activity of key trans- 
cription factors, as the transcription factor activator pro- 
tein 1 (AP-1). It is known that AP-1 is a transcription 
factor for several important brain functions, such as 
development, plasticity and neurodegeneration [73]. 

Although there are several mechanisms of VA action, 

the current interest focuses on its use as a neuroprotective 
drug for the treatment of neurodegenerative diseases. The 
most likely way by which VA protects the brain against 
ischemia seems to be the inhibition of histone deace- 
tylase (HDAC) [20,70,74-78]. The effects include, among 
others, protection against neuronal injury mediated by 
amino acids [3], as shown by in vitro and in vivo models 
of neuroprotection. VA produced an increased concen- 
tration of acetylated histone H3, accompanied by a de- 
crease in cell damage and improved clinical outcomes 
[74]. 

Recent experiments have shown that VA can directly 
inhibit the HDAC activity, causing histone hyperacetilation. 
VA neuprotector activities appear to result from the 
activation of signaling pathways and also the inhibition 
of pro-apoptotic factors. Thus, in a model of intracerebral 
hemorrhage, VA activated not only histone H3 acetylation, 
but also pErk, pAkt, pCREB (cAMP response element- 
binding, a transcription factor), and HSP70. In addition, 
it causes upregulation of Bcl-2 and Bcl-XL and down- 
regulation of Bax (apoptotic regulatory proteins) and of 
the expression of Fas-L (Fas ligand; Fas is a protein be- 
longing to the TNF family), IL-6 (interleukin-6), MMP-9 
(matrix metallopeptidase 9), MIP-1 (macrophage inflam- 
matory protein 1), MCP-1 (monocyte chemoattractant 
protein 1) and tPA (tissue plasminogen activator) [79]. 

New studies have shown that the neuroprotective effect 
of VA is related to the inhibition of some forms of 
apoptosis. The drug also protects against cell death induced 
by stress in the endoplasmic reticulum of glioma cells. In 
addition, VA induces axonal remodeling and clustering 
of synapses, probably through the indirect inhibition of 
GSK-3 [76]. This ability of VA to protect the body against 
apoptotic insults has been demonstrated in vitro and in 
vivo. A recent study [80] has shown that the pretreatment 
with VA, in association with lithium, protects brain neurons 
from glutamate-induced excitotoxicity in vitro. In addition, 
VA had beneficial effects in cellular and animal models 
of neurodegenerative diseases, such as Alzheimer’s, Par- 
kinson’s and Huntington’s, spinal cord injury, spinal 
muscular atrophy, retinal degeneration, and infectious 
processes in patients with HIV-induced immunodeficiency 
[81]. The concentrations of native forms of alpha-synu- 
clein, a protein marker for PD, were demonstrated to de- 
crease in the substantia nigra and striatum of rats treated 
with rotenone, while nonubiquitinated forms of alpha- 
synuclein increased in the same brain regions [5,82]. The 
treatment with VA reversed such changes. 

A current study showed that the efficacy of VA in 
cases of medulloblastomas correlates with the induction 
of H3 and H4 histones hyperacetilation, activation of p21 
(a potent cyclin-dependent kinase-CDK inhibitor) via the 
restoration of p16/CDK4 (p16 plays an important role in 
regulating the cell cycle, and its mutations increase the 
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risk of developing a variety of cancers), and suppression 
of the oncogene CMYC. Moreover, in vitro effects of 
VA were shown to be concentration and time-dependent, 
and the irreversible inhibition of cell growth could be 
achieved with a prolonged treatment. These data suggest, 
therefore, that VA has a great inhibitory activity against 
medulloblastoma tumor cells [83]. 

VA also has a role in the chromatin structure by altering 
gene expression and affecting other signaling systems, 
such as pathways regulated by Wnt/β-catenin (Wnt be- 
longs to a family of secreted glycolipoproteins and, via 
the transcriptional co-activator β-catenin, controls the 
embryonic development and adult homeostasis). In addition, 
VA directly or indirectly alters Wnt/β-catenin signaling 
by inhibiting the activity of GSK-3β [84], as previously 
described. VA also increases the activity of transcription 
factors, in a family of activating proteins, as well as their 
DNA binding activity, through ERK. It is known that 
transcription factors, through receptor tyrosine kinases, 
recruit a large number of signaling proteins in order to 
execute cellular events. One of these is the signal trans- 
duction cascade of RAS-RAF-ERK (which has a role in 
regulating many physiological processes) [85,86]. Sustained 
signaling through this pathway often acts to promote cell 
differentiation [87]. The ERK pathway is used by several 
chemical mediators, whose effects include neuronal di- 
fferentiation, neuronal survival, neuroplasticity, and po- 
tentially long-term learning and memory [88]. Aberrations 
in the ERK cascade are involved in various types of can- 
cers and, thus, different proteins present in the cascade are 
potential therapeutic targets for the treatment of these 
pathologies. 

VA promotes an increase in the number of neurites, 
the activation of ERKs [89], and an increase in the ex- 
pression of genes related to the ERK pathway, such as 
the cone growth associated protein 43, and Bcl-2. It also 
affects nerve regeneration and, through its inhibition of 
the enzyme GSK-3, can block the synthesis of pro-apop- 
totic factors that contribute to neuronal loss, leading to 
cell survival and increased uptake and release of nore- 
pinephrine [75]. 

Until recently, the loss or atrophy of large numbers of 
neurons were regarded as inevitable facts, and neuro- 
genesis in the adult human brain, as implausible. Several 
pathways that regulate cell survival are already known, 
and neurogenesis was, in fact, shown recently to occur in 
the adult human brain. In summary, VA has been re- 
ported to prolong the lifespan of neuronal cultures [66], 
activate Akt [90] and extracellular signal-regulated kinase 
[89,91,92], to stimulate neuronal differentiation [92], and 
to induce cytoprotective proteins such as Bcl-2 [93], glu- 
cose-regulated protein 78 [93,94], brain-derived neuro- 
trophic factor [95] and HSP70 [20,66]. 

Similarly to lithium, VA in therapeutic doses has an 

inhibitory effect on GSK-3β, and its association with 
lithium results in synergistic effects on this enzyme inhibi- 
tion [93,96]. In a study testing the mechanisms involved 
in the protection of cerebellar granule cells from neuro- 
nal apoptosis, lithium and VA, although having different 
chemical structures, were shown to present neuroprotec- 
tive effects. However, the most characteristic protection 
mediated by VA occurs only in the presence of insulin or 
IGF-1, because under this condition GSK-3β would be 
inactive. When GSK-3 is active, VA is unable to induce 
the survival of cultures, ruling out the possibility of pro- 
tection against apoptosis [97]. Active GSK-3 phosphory- 
lates and promotes the degradation of substrates involved 
in molecular pathways, including Wnt/βcatenin in normal 
cells, thus blunting important oncogenic signaling. 

VA at concentrations around 1 mM is able to induce 
differentiation and to inhibit proliferation of neural pro- 
genitor cells (NPCs), overcoming the effect of the basic 
fibroblast growth factor (bFGF), which inhibits the di- 
fferentiation of NPCs. The activation of ERK-p21Cip/ 
WAF1 (p21Cip/WAF1 factor is an important regulator of 
cell proliferation induced by p53 and ERK pathways), 
produced by VA, does not occur through the common 
pathway involving the epidermal growth factor receptor 
(EGFR), a component above ERK in the normal sequen- 
ce, due to significant reduction in the level of EGFR in 
the presence of VA. The level of the Ras protein (sub- 
family of small GTPases involved in cellular signal trans- 
duction), another component that precedes ERK, is signi- 
ficantly increased by the treatment with VA. Thus, ERK 
activation induced by VA occurs by an increased Ras 
stability, mediated by Wnt/β-catenin (which has an im- 
portant role in both embryonic development and tumori- 
genesis). Also, the common path of Ras-ERK-p21CIP/ 
WAF1 is involved in mutual exclusive phenotypes of 
differentiation and proliferation in NPCs, and in the cere- 
bral cortex of developing embryos [84]. The inhibitor of 
cyclin-dependent kinase, p21CIP/WAF1 (it negatively 
regulates the progression of cell cycle and has a potential 
usefulness in gene therapy), positively regulates cell 
proliferation induced by the insulin-growth factor (IGF-1) 
in cell lines of breast cancer [98]. 

VA has been recently described to be responsible for 
the phosphorylation of ERK in the induction of apoptosis, 
a statement that supports the Ca2+ hypothesis, since this 
cation is responsible for activating that pathway. Thus, 
VA seems to affect not only a transduction pathway (ERK), 
but also Ca2+, the main factor involved in neuronal trans- 
mission of electrical stimulation [97]. 

It is known that VA regulates the differentiation and 
proliferation of various cell types, such as mesenchymal and 
hematopoietic cells, neuroblastoma cells, primary neurons 
and neural progenitor cells (NPCs). Thus, it can reduce 
the proliferation of neuroblastoma cells by induction of 
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the cell cycle regulator p21 Cip/WAF1, also important in 
the differentiation of hematopoietic cells induced by VA. 
However, the mechanism by which VA regulates diffe- 
rentiation and proliferation is not yet fully understood [84]. 

Furthermore, it has been recently shown that VA when 
systemically administered, reinforces the long-term memory 
for extinction of conditioned fear. Evidences showed that 
chromatin, a DNA-protein complex that packages the 
genomic DNA, has an important role in learning and 
memory. The modification of histones is a fundamental 
mechanism involved in epigenetic regulation, contribu- 
ting to the consolidation of long-term memory. These 
histone modifications are mediated by direct enzymatic 
interactions with lysine residues, causing dynamic changes 
in the chromatin structure and helping to regulate gene 
expression induced by learning [99,100]. Changes in 
chromatin via inhibitors of histone acetyltransferases and 
HDACs can increase synaptic plasticity and hippocam- 
pus-dependent memory. 

A useful paradigm for studying long-term memory is 
the Pavlovian fear conditioning, in which a conditioned 
stimulus is associated with an aversive unconditioned sti- 
mulus. It is known, however, that the repeated submi- 
ssion to a cue, in the absence of an associated stimulus, 
reduces the likelihood of expression of this memory, i.e., 
leads to its extinction. According to Cammarota et al., 
2007 [101], this memory extinction is the inhibition of 
the original memory, and then does not involve forget- 
ting, but instead a new learning. 

Using a paradigm of contextual fear conditioning, 
Lattal et al. (2007) [102] showed that the systemic ad- 
ministration or direct infusion of a HDAC inhibitor, in 
the dorsal hippocampus, enhances long-term memory, re- 
ducing the likelihood of memory extinction. These re- 
sults suggest that inhibitors of HDACs may even in- 
crease learning during extinction, being consistent with 
other studies showing the role of the hippocampus in the 
extinction context. Bredy and Barad (2008) [103] de- 
monstrated that VA increases the processes of acquisition, 
extinction and reconsolidation of conditioned fear, that 
according to these authors have important implications 
for the use of HDACs inhibitors as co-adjuvants in the 
treatment of phobias and anxiety disorders. Recent findings 
[104] indicate that VA, given soon after a traumatic brain 
injury, can be neuroprotective, and improves the cogni- 
tive function in rats. 

New evidence supports the idea that VA also has neuro- 
protective effects in vitro against glutamatergic excito- 
toxicity, endoplasmic reticulum stress, microglial activa- 
tion induced by lipopolysaccharide (LPS) and death of 
dopaminergic neurons. In a model of cerebral ischemia in 
rats, the post-injury treatment with VA suppressed the 
ischemia-induced brain damage and neurological deficits. 
A large number of studies have suggested the potential of 

HDAC inhibitors, including VA, for the treatment of 
acute and chronic neurological diseases, such as amyo- 
trophic lateral sclerosis and Alzheimer’s disease, among 
others [78,105,106]. 

Another study [107] with rats treated with VA for 14 
days (300 mg/kg, twice a day), before an intrastriatal 
injection of 1.5 mM malonate (an inhibitor of the enzyme 
succinate dehydrogenase), showed that VA decreased the 
extracellular malonate-induced glutamate accumulation. 
This effect occurred in parallel with increased levels of 
the striatal glutamate transporter that, in turn, increased 
the high affinity glutamate uptake, suggesting this in- 
crease to contribute to the observed VA neuroprotection. 
The striatal levels of FOS (the FOS gene family encode 
proteins that can dimerize with proteins of the JUN family, 
forming the transcription factor complex AP-1, and are 
implicated in cell proliferation, differentiation, and trans- 
formation. On the other hand, c-fos and c-jun are proto- 
oncogenes of the immediate early genes-IEG class, that 
code FOS and JUN proteins, which in turn are inducible 
transcription factors-ITF controlling gene transcription) 
and HSP-70 were reduced, the levels of Bcl-2 and ERK 
remained unchanged, but an increase in histone acetyla- 
tion was observed after VA treatment. These results suggest 
that the increase in glutamate uptake may contribute to 
the neuroprotection mediated by VA in the striatum 
[107]. 

While both lithium and VA regulate gene expression 
through transcription factors [108], VA also seems to 
work through distinct mechanisms involving epigenetic 
regulation of transcription. In fact, VA effectively in- 
hibits HDACs, negative regulators of gene expression in 
various conditions, at therapeutic levels [109]. In addition, 
VA changes the structure of chromatin through the nega- 
tive regulation of proteins associated with it, as already 
described. The downregulation of these proteins is related 
to the decondensation and increased sensitivity of DNA 
to nucleases. VA inhibits the activity of HDACs, possibly 
by binding to the enzyme’s catalytic center [110]. Litera- 
ture data support the concept that the acetylation of chro- 
matin and methylation of DNA are interrelated in a dyna- 
mic way, and that the effects of inhibitors of HDACs are 
not limited to changes in histone acetylation, but also 
cause changes in the state of the DNA, especially in its 
methylation [111,112]. 

The effects of VA as an inhibitor of HDACs could 
also be responsible for the increased expression of neuro- 
trophins, such as BDNF and GDNF, related to neuro- 
protective and nootropic properties or yet stimulating 
memory processes [100,113,114]. All these effects of 
VA on cell development lead to the association of the 
drug-induced teratogenesis with its inhibitory effect on 
HDACs observed in vivo, explaining why VA causes 
spina bifida if taken during pregnancy [115]. In cell lines 
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as neuroblastoma, VA attenuated the apoptosis induced 
by rotenone, a potent inhibitor of the mitochondrial res- 
piratory chain complex 1, which induces neuronal death 
in a way similar to Parkinson’s disease. VA also protec- 
ted cultures of dopaminergic neurons against the neuro- 
toxicity induced by MPP+, another model of neurode- 
generation in PD [47,77]. 

5. VA and Inflammation 

Uncontrolled, chronic inflammation is now considered a 
major component of many widely occurring diseases, in- 
cluding asthma, atherosclerosis and peripheral vascular 
disease, Alzheimer’s disease, and cancer. These patholo- 
gies now join the group of disorders, such as arthritis and 
periodontitis, which have been well-recognized as being 
“inflammatory diseases”. While inflammation may not 
be the causative factor in these pathological conditions, it 
is now believed to contribute to their progression, tissue 
dysfunction, and ultimately to organ failure. Resolution 
of inflammation was once considered a passive process. 
In recent years, evidence has emerged that this is a bio- 
chemically active process, and more recent results have 
established some of the chemical mediators involved. 
Elucidation of biochemical pathways contributing to the 
resolution of inflammation has provided many new anti- 
inflammatory targets and an opportunity for resolution- 
based pharmacology for the treatment and prevention of 
inflammatory disorders. 

An inflammatory response requires the recruitment of 
innate immune cells (e.g. neutrophils and monocyte/ma- 
crophages) and the induction of processes that allow 
them to engulf targets and to eliminate the aberrant stimuli. 
The resolution of inflammation involves apoptosis and 
subsequent clearance of activated inflammatory cells, a 
tightly regulated event. Furthermore, chronic inflamma- 
tion is a characteristic feature in virtually all inflamma- 
tory diseases [116]. Epigenetic modifications occur in 
response to environmental changes, and play a funda- 
mental role in gene expression following environmental 
stimuli. Among the several major epigenetic events are 
methylation and acetylation of histones and regulatory 
factors, DNA methylation and small non-coding RNAs. 
Despite evidences of the environmental role on gene 
expression, little is known about the epigenetic pathways 
involved in the modulation of inflammatory and anti- 
inflammatory genes [117]. 

Although HDACs inhibitors (HDACsI) hyperacetylate 
histones, via the conserved N-terminal lysines present on 
histones, they also hyperacetylate cytoplasmic proteins, 
including transcription factors. Therefore unraveling chro- 
matin and thus permitting transcription factors to bind to 
DNA is a prominent property of HDACsI, but not their 
only mechanism of action. Thus, they have been shown 
that, besides modulating gene expression, they can also 

modulate cytokine production after several stimuli [118]. 
Recent evidences have shown that HDACsI, besides 

their potential as anticancer agents, could also be used 
for the treatment of chronic immune and inflammatory 
disorders. Thus, although the majority of drug develop- 
ment in these areas has focused on the treatment of cancer, a 
number of HDACsI have emerged as promising anti-in- 
flammatory agents [119]. 

We recently showed that VA reduces polymerphonu- 
clear cells migration and myeloperoxidase (a biomarker 
of inflammation) release, as evaluated by in vivo and in 
vitro models [120]. Besides exerting an anti-inflamma- 
tory activity, VA also presents a potent antinociceptive 
effect as recently demonstrated by us [121,122]. Other in 
vitro and in vivo data indicate that HDACsI may be anti- 
inflammatory, due to their effects on cell death, acting 
through acetylation of non-histone proteins [123]. As dis- 
cussed earlier, HDACsI have potent in vivo and in vitro 
anticancer actions. They also exhibit strong anti-inflam- 
matory effects, as demonstrated in several experimental 
models, what makes HDACsI a promising new class of 
drugs for the treatment of various diseases where the 
inflammatory component is associated. Besides, they are 
being studied in several disease models not related to 
their pro-apoptotic properties used to treat cancer. 

The spectrum of these diseases responsive to HDACsI 
is mainly due to their anti-inflammatory properties, ob- 
served in vitro as well as in animal models. A unifying 
property is the reduction in cytokine production and in- 
hibition of cytokine post-receptor signaling. Distinctly 
from their use in cancer, the reduction in inflammation 
by HDACsI is consistently observed at low concentra- 
tions, if compared to higher concentrations required for 
killing tumor cells [124]. Recent data have shown that 
glial cells of mice present histone deacetylase activities, 
and the inhibition of this enzyme suppresses the neuro- 
inflammatory response, due to changes in the transcrip- 
tional machinery [125]. 

Evidences have demonstrated immunomodulatory effects 
of HDACs on microglia [126,127], and previous studies 
reported that VA attenuated neuronal damage induced by 
lipopolysaccharide (LPS), in mixed cultures of mesen- 
cephalic, neuronal and glial cells. According to Peng et 
al. (2005) [70], this neuroprotection is partly associated 
with the suppression of inflammation, mediated by mi- 
croglia, and the decrease in the number of microglial 
cells. Another study [128] showed that VA induces apop- 
tosis in microglial BV-2 cell lines, however, the mecha- 
nism responsible for the decreased cell numbers or the 
process of apoptotic microglia is not yet fully under- 
stood. 

It is worthwhile knowing that granulocytes are im- 
portant in the pathogenesis of various inflammatory di- 
seases. Apoptosis is crucial in resolving the inflamma- 
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blockade of the synthesis of pro-apoptotic factors. tory process and, in cancer cells, apoptosis is induced by 
HDACsI as VA, not occuring in normal cells. Therefore, 
the inhibition of histone deacetylase by VA makes this 
drug a promising new pharmacological strategy in the 
treatment of cancer and neurodegenerative diseases, among 
others, where the inflammatory process is directly or in- 
directly involved in the pathogenesis [129]. 

Furthermore, some of VA actions result from its in- 
hibitory properties on the enzyme histone deacetylase 
(HDAC), and therefore the drug can specifically modu- 
late gene expression. However, many questions concern- 
ing the role of inhibitors of HDACs, in the regulation of 
epigenetic mechanisms in the brain, are still open. Firstly, 
the incomplete knowledge on chromatin remodeling 
complexes in the brain, and how its components are 
dynamically regulated according to cells development and 
type or brain area. Secondly, the target genes for HDACsI 
that are involved in the mediation and formation of 
memory should be better known. Thirdly, the potential 
role of non-histone protein substrates for HDACs, in 
neuroplasticity and brain functions, needs to be better 
known, beyond the classical view on the role presented 
by inhibitors of HDACs in the regulation of epigenetic 
mechanisms via histone acetylation. Fourthly, the needed 
identification of new molecules and allosteric inhibitors 
of HDACs with an increased selectivity may help to a 
better understanding of the different modes of enzyme 
regulation. Although various non-selective HDACsI, in- 
cluding VA, are generally well tolerated by animals and 
humans, the search for more selective compounds, acting 
on different HDAC family members, is of significant 
importance. Surely, this may lead to drugs with fewer 
side effects and greater efficacy, as potential therapeutic 
agents for the treatment of neuropsychiatric and neuro- 
degenerative diseases [131-133]. It has been shown that 
the combination of antipsychotic drugs with VA, increas- 
ing DNA methylation by an unknown mechanism, causes 
a chromatin remodeling that brings about a beneficial 

Figure 4 shows that neurological and psychiatric dis-
orders involve epigenetic modifications of key neu- ronal 
genes and the possible intervention of HDACsI. Neu-
rodegenerative diseases, as well as psychiatric and neu-
rodevelopmental disorders can involve aberrant ace- ty-
lation and methylation of histones and/or DNA methyl- 
lation. These epigenetic modifications can determine the 
transcriptional state of regulatory genes crucial to synap- 
tic plasticity, cognition, and mood. VA by inhibiting the 
activity of HDACs shifts the balance toward the active 
transcription of neuronal genes and the amelioration of 
plasticity and cognitive deficits.  

6. Conclusions 

The literature review shows that valproic acid is a ver- 
satile anticonvulsant drug, worldwide used in the treat- 
ment of epilepsy and prophylaxis of migraine. With res- 
pect to its neuroprotective effect, the majority of data, 
although sometimes controversial, come from studies per- 
formed in the last decade. The inhibition of HDACs en- 
hances the acetylation of chromatin, and promotes the 
reduction of neuronal damage. Its effects against apopto- 
tic insults, induced by both endoplasmic reticulum stress 
and glutamatergic excitotoxicity, as well as by the inhibi- 
tion of the enzyme GSK-3 lead to axonal remodeling and 

 

 

Figure 4. Shows the possible intervention of HDACsI, including valproic acid, on neurological and psychiatric disorders. 
Source: Abel and Zukin (2008) [130], with permission from the publishers of Current Opinion in Pharmacology. 
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change in the epigenetic GABAergic dysfunction, typical 
of schizophrenic and bipolar disorder patients [134]. It is 
believed that the identification of a brain enzyme facili- 
tating DNA demethylation, and the understanding of how 
drugs induce DNA demethylation are crucial for the ad- 
vancement of a new line of pharmacological interven- 
tions to treat neurodevelopmental, neuropsychiatric, and 
neurodegenerative diseases. 

In recent years, more and more evidence has been 
accumulated showing that HDACsI, such as VA, can be 
successfully used in the treatment of neurodegenerative 
disorders [106]. However, the results are not conclusive, 
since lately some studies showed that the chronic treat- 
ment with valproate did not delay agitation or the fun- 
ctional decline in Alzheimer’s disease patients, and was 
even associated with accelerated brain volume loss [135, 
136]. 

Finally, the literature shows a plethora of molecular in- 
teractions and cellular processes affected by VA, besides 
HDACs, as the GSK3 alpha and beta, Akt, ERK and 
phosphoinositol pathways, tricarboxylic acid cycle, GABA 
and the OXPHOS system (comprised of five enzyme 
complexes implicated in various functions, in addition to 
their primary role in energy generating processes) [48, 
137]. This system, whose biological activities range from 
interactions with receptors and ion channels to the re- 
gulation of many catalytic reactions, has a central role in 
cellular cascades that regulate gene expression. Such 
studies have stimulated a vast array of investigators, phar- 
macologists, molecular biologists, physiologists and clini- 
cians. 

Thus, inhibitors of HDACs, positively affecting both 
neuronal degeneration and cognitive deficits, appear as 
promising drugs against various pathological conditions 
and neurodegenerative diseases [130]. It is also important 
to emphasize that many overlapping events occur in neuro- 
degenerative diseases. VA is a pleitropic drug acting on 
multiple molecular targets, and thus may interfere directly 
or indirectly with all the common links involved with 
neurodegenerative diseases, as shown above (Tables 1 
and 2). In particular, from a clinical point of view, al- 
though VA is a drug that shows a great potential as a 

 
Table 1. Common links in part or totally involved with neuro- 
degenerative diseases. 

Links References 

Aberrant proteins [138-140] 

Ubiquitine-proteosome dysfunction [141-143] 

Oxidative stress [144-147] 

Inflammation [148-151] 

Microglia/astrocytes activation [152-155] 

Excitotoxicity [156-158] 

Mitochondrial dysfunction [159-162] 

Table 2. Main molecular targets involved in VA neuro- 
protection. 

VA argets References 

HDACs [20,22,61-64,76,79] 

GSK-3 [33,90,93,96] 

Akt/ERK pathways [79,85,86,89,90-92] 

GABA/Glutamate neurotransmitters [3,5-7,19] 

Na+ and Ca2+ voltage-dependent channels [3,5,8] 

Phosphoinositol/TCA pathways [40,41,44] 

OXPHOS system [48,137] 

 
candidate for the treatment of neurodegenerative diseases 
related to excitotoxic events, more and well designed clini- 
cal studies are greatly needed in order to clarify better and 
safer conditions for its chronic use. 
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