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Abstract: After more than a century from its discovery, valproic acid (VPA) still represents one of 
the most efficient antiepileptic drugs (AEDs). Pre and post-synaptic effects of VPA depend on a 
very broad spectrum of actions, including the regulation of ionic currents and the facilitation of 
GABAergic over glutamatergic transmission. As a result, VPA indirectly modulates neurotransmit-
ter release and strengthens the threshold for seizure activity. However, even though participating to 
the anticonvulsant action, such mechanisms seem to have minor impact on epileptogenesis. None-
theless, VPA has been reported to exert anti-epileptogenic effects. Epigenetic mechanisms, includ-
ing histone deacetylases (HDACs), BDNF and GDNF modulation are pivotal to orientate neurons 
toward a neuroprotective status and promote dendritic spines organization. From such broad spec-
trum of actions comes constantly enlarging indications for VPA. It represents a drug of choice in 
child and adult with epilepsy, with either general or focal seizures, and is a consistent and safe IV 
option in generalized convulsive status epilepticus. Moreover, since VPA modulates DNA tran-
scription through HDACs, recent evidences point to its use as an anti-nociceptive in migraine pro-
phylaxis, and, even more interestingly, as a positive modulator of chemotherapy in cancer treat-
ment. Furthermore, VPA-induced neuroprotection is under investigation for benefit in stroke and 
traumatic brain injury. Hence, VPA has still got its place in epilepsy, and yet deserves attention for 
its use far beyond neurological diseases. In this review, we aim to highlight, with a translational 
intent, the molecular basis and the clinical indications of VPA. 
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1. INTRODUCTION 

 Valproate was introduced in clinical practice about 50 
years ago, and its efficacy and tolerability profiles have been 
well reported in preclinical and clinical settings. It is a main-
stay of antiepileptic therapy because of a broad spectrum of 
effectiveness for a wide range of seizures and epileptic syn-
dromes. Indeed, data from several clinical trials suggest that 
valproate has the broadest spectrum of anticonvulsant action 
compared to all currently available antiepileptic drugs 
(AEDs), both in adults and children suffering from epilepsy 
[1]. The aim of this review is to analyze both clinical  
and preclinical aspects regarding the use of valproic acid  
(N-dipropylacetic acid or VPA), moving from preclinical  
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evidences of anticonvulsant activity and neuroprotection to 
clinical data on efficacy and tolerability profile both in the 
pediatric and adult population. We examined specific review 
articles, preclinical studies, systematic reviews, textbooks, 
meta-analysis, retrospective studies and evinced that because 
of a good compromise between multiple clinical uses and 
tolerability of side effects, beyond specific precautions in 
female of childbearing potential [2], VPA is a first choice 
drug to this day in the treatment of many epileptic and non-
epileptic diseases, and still deserves attention for the impli-
cation of its epigenetic effect in several fields, from epilep-
togenesis to cancer treatment [3, 4] . 

2. HISTORICAL BACKGROUND 
 VPA is a unique drug, and is to date one of the most pre-
scribed AEDs worldwide. VPA is a branched short-chain 
fatty acid deriving from valeric acid, a low molecular weight 
carboxylic acid. In 1882, Beverley Burton, an American 
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chemist, was the first to synthetize VPA, which was consid-
ered at first an organic solvent [5]. However, VPA antiepi-
leptic property was discovered after more than 50 years, in 
1962, when it was tested as a solvent for other molecules 
being checked for potential anticonvulsant activity [6]. After 
laboratory studies demonstrated its anticonvulsant activity, 
the first clinical trial using VPA in epilepsy was performed 
in 1964 [7]. The drug made its way to the European market 
under the brand Depakine in France in 1967, followed by the 
UK in 1973 and other European countries in the following 
decade. Being liquid, it is used as a coniugated sodium salt, 
constituting a water-soluble powder. After Food and Drug 
Administration (FDA) approval in 1978, it also became 
available in the US [8]. 

3. PHARMACOKINETICS AND PHARMACO- 
DYNAMICS 

 The bioavailability of VPA ranges from 96 to 100% for 
all commonly used formulations, which include normal and 
sustained-release tablets, film-coated tablets, capsules and 
oral or intravenous solutions. VPA bioavailability is main-
tained during chronic treatment when its absorption is even 
quicker compared to absorption after a single dose. Absorp-
tion is consistently delayed if the drug is taken 2 to 3 hours 
after a meal, which explains why it tends to be significantly 
slower in the afternoon, after lunch, than in the morning, 
after breakfast. VPA highly binds to proteins (87-95%), re-
sulting in low clearance rates (6-20 ml/h/Kg) [8]. However, 
protein binding depends on VPA concentration, so that if the 
serum level of VPA is above the therapeutic range (>600 
µmol/L, 80 µg/mL), protein binding may decrease up to 
67%. Some conditions, usually linked with hypoproteinemia, 
are likely to reduce VPA protein bound fraction: renal dis-
ease, liver disease, old age, pregnancy and use of other pro-
tein-bound drugs, depending on competitor’s affinity to 
plasma proteins. In human beings, VPA is metabolized via 
three major pathways: glucuronidation, beta-oxidation and 
cytochrome P450 (CYP)-mediated oxidation. The first two 
pathways are predominant, since they made up for 50% and 
40% of the VPA metabolized respectively, while CYP de-
pendent oxidation represents a minor route, managing less 
than 10% of VPA [9]. Valproate glucuronide is the principal 
metabolite of VPA in urine (30-50%), and is not considered 
to be toxic for cells. On the contrary, some of the products of 
VPA metabolism produced by mitochondrial and non-
mitochondrial pathways are known to be hepatotoxic. In-
deed, a pivotal step in VPA metabolism is the CYP2C9, 2A6 
and 2B6 mediated production of 4-ene-VPA, toxic to cells. 
VPA half-life ranges from 9 to 18 hours, with shorter tim-
ings, from 5 to 12 hours, only observed with concomitant 
treatment with enzyme-inducing drugs, including phenytoine 
(PHT), carbamazepine (CBZ) and barbiturates [10]. VPA 
enhances γ aminobutyric acid (GABA) synthesis and release, 
leading to the potentiation of GABA-ergic transmission in 
specific brain regions [11]. At the same time, it also reduces 
the release of the excitatory molecules, such as β-
hydroxybutyric acid, and reduces neuronal excitation due to 
the activation of N-metyl-D-aspartate (NMDA) glutamate 
receptors [12]. In addition to these properties, the anticon-
vulsant effect of VPA also derives from the attenuation of 

the high frequency neuronal firing, obtained via the blockade 
of voltage gated ionic channels, including sodium, potassium 
and calcium channels [13]. Results from preclinical and 
clinical studies also suggest that VPA modulates dopaminer-
gic (DA-ergic) and serotoninergic (5HT-ergic) transmission, 
paramount for its effectiveness in psychiatric disorders, as 
well as in neurological disorders beyond epilepsy [14]. Re-
cently VPA has been shown to inhibit the histone deacety-
lases (HDAC), especially HDAC1, potentially regulating the 
expression of genes participating in apoptosis and antitumor 
action. Thus, VPA has been proposed as a possible antican-
cer drug, able to boost the effects of chemotherapeutics [15]. 
VPA is unique among all AEDs for the wide spectrum of 
effectiveness against all the types of seizure and epileptic 
syndromes, both in pediatric and adult patients. In particular, 
it has been tested in both generalized (tonic-clonic, absences 
and myoclonic) and focal seizures, and it has been found 
effective in Lennox-Gastaut, West and Dravet syndrome 
(Table 1). The efficacy, safety and tolerability of intravenous 
(IV) VPA has also been evaluated in the management of 
generalized convulsive status epilepticus (GCSE) [16] (Table 
1). VPA is a multitarget drug with strong antinociceptive and 
anti-inflammatory action at low dosages, with such effects 
deriving from the inhibition of the TNF-α related pathways. 
Hence, it is currently used in migraine prophylaxis as well as 
for the treatment of several psychiatric diseases, including 
bipolar and mood disorders [3, 17]. In the last decades, the 
neuroprotective effects of VPA have been reported in a 
broad variety of acute CNS injuries models, including stroke 
and hypoxia, traumatic brain injury and spinal cord injury 
[18]. 

4. MECHANISM OF ACTION AND EFFECTS IN 
EXPERIMENTAL MODELS 

4.1. Effect on GABA and Glutamate Systems 

 During the last half century, a broad spectrum of mecha-
nisms have been discovered to participate in the anti-epileptic, 
mood-stabilizer and neuroprotective properties of VPA. One 
of the main mechanisms of VPA concerns a pre and post-
synaptic modulation of GABA-ergic transmission (Fig. 1). 
Specifically, VPA increases the inhibitory activity of 
gamma-aminobutyric acid (GABA) with both pre-synaptic 
and post-synaptic mechanisms, promoting the availability of 
synaptic GABA as well as facilitating GABA mediated re-
sponses [19]. Moreover, VPA directly acts on GABA recep-
tors, enhancing the stimulus-induced responses of both 
GABA-A and GABA-B receptors [20]. In particular, through 
a direct interaction with the benzodiazepines regulatory re-
gions of GABA receptors, VPA delays the extinction of the 
post-synaptic inhibitory potential due to the activation of 
GABA-A receptors, and also facilitates the tethering of ba-
clofen to GABA-B receptors [11, 21, 14]. The selective en-
hancement of GABA-ergic mediated transmission explains 
the increase in brain GABA concentration under VPA treat-
ment [22, 23]. Beyond influencing the inhibitory GABAer-
gic system, VPA also modulates the transmission of excita-
tory aminoacids, such as glutamate. In rat models, VPA re-
duced the NMDA and kainate-induced excitatory responses 
within the medial prefrontal cortex [24]. Moreover, VPA 
increases the expression of NR2A and NR2B subunits of the 
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NMDAR, promoting neural cortex neuroplasticity, though 
controlling excitotoxicity and apoptosis via the overexpres-
sion of associated calcium/calmodulin-dependent protein 
kinase II [25] (Fig. 1). Moreover, NR2A/2B expression regu-
lation allows an indirect regulation of Ras-ERK pathway and 
glutamate receptor trafficking [26]. In mice with Bassoon 
gene (Bsn) mutation, with irregular neuronal activity and 
spontaneous persistent cortical seizures also associated with 
altered NR2A/2B ratio in NMDAR, VPA has been reported 
to rebalance NR2A/2B ratio, rescue striatal synaptic plastic-
ity, and reduce seizures and mortality [27]. Moreover, the 
chronic administration of VPA reduced the hippocampal 
neurons surface expression and synaptic localization of 
GluR1/2 [28] (Fig. 1). 

4.2. Effect on Serotonin and Dopamine Systems 

 VPA has been shown to enhance the extracellular level of 
serotonin (5-HT) and dopamine (DA) in the hippocampus 
and striatum, even though this modulation seemed to be un-
related to the antiepileptic effect of VPA [29, 30]. On the 
contrary, VPA-induced modulation of the DA-ergic and se-
rotoninergic systems was demonstrated relevant for the an-
tipsychotic and neuropsychiatric actions of VPA. Moreover, 
VPA participates in DA signaling pathways via epigenetic 
mechanisms, increasing the transcription of the prostate 
apoptosis response-4 (Par-4) factor [31]. Since Par-4 posi-
tively modulates the intracellular DA D2 receptor (D2R) 
pathway [32], VPA indirectly enhances the activity of the 
D2R cascade [31]. Furthermore, VPA, activating the 5-
HT1A receptors, increases DA-release in pre-frontal areas 
[1, 14, 30, 33] (Fig. 1 and Table 2). Moreover, in animal 
models of depression, both up-regulation of 5-HT transporter 
and downregulation of monoamine oxidases type A (MAO-

A) have been linked to the antidepressant action of VPA 
[34]. 

4.3. Effect on Ionic Channels 

 VPA action on neuronal firing is concentration and activ-
ity dependent. Indeed, VPA has been reported to limit high 
frequency repetitive firing in cultured neurons at concentra-
tions much lower than those required to depress a normal 
neuronal cell activity [35]. This effect, critical for the anti-
convulsant action of VPA, is linked to the modulation of 
sodium, calcium and potassium channels, especially with a 
use-dependent decrease in inward sodium currents [36]. Spe-
cifically, VPA blocks both persistent and fast sodium cur-
rents [37]. The limitation of persistent sodium channel-
induced currents, being selective, confers VPA the property 
of protecting against seizures, at the same time having mini-
mal interference with normal neuronal function [36]. In pe-
ripheral ganglion neurons, VPA has also been shown to 
block low threshold T calcium channels activity, acting on 
both pre and post-synaptic level [38]. Moreover, even though 
only achievable with high concentrations, VPA increases the 
amplitude of the late potassium outward currents, further 
increasing the threshold for epileptiform activity [39] (Fig. 
1). However, it should be noted that the ion channel regula-
tion seems not to have a crucial role in VPA-mediated neu-
roprotection against ischemic damage in in vitro setting [40] 
or in experimental epileptogenesis models [41]. Further chal-
lenging the role of ionic channel regulation as primary to 
VPA action, a recent experimental study, addressing mem-
brane permeability in an animal-derived hippocampal epi-
lepsy model, reported that VPA effects were unrelated to  
the reduction in presynaptic sodium or calcium currents [42]. 
On the contrary, an anticonvulsant direct effect has been 

Table 1. VPA monotherapy in epilepsy from 1978 to 2018. 

Seizure Type Adult/Infant Patient Number Evidences Refs. 

AS I 25 ** [165] 

PGTC, FS A 181 ** [177] 

GTC, FS A 88 ** [176]  

AS I 7 *** [164] 

SGTC, FIAS A 480 **and* [179] 

GS, GTC, AS, LG A N/A (review) ***and** [165] 

SGTC, FIAS A 143 *** [180] 

VSE A N/A (review) *** [182] 

GS A 716 (RCT) *** [178] 

SE A and I N/A (review) ** [16] 

AS A N/A (review) *** [166] 

Abbreviations: AS=absence seizure; GTC=generalised tonic clonic seizures; GS=generalized seizures, or myoclonic seizures, tonic clonic seizures, myoclonic astatic seizures; 
FIAS=focal impaired awareness seizures (previously known as complex partial seizures; LG=Lennox-Gastaut; PGTC=primary generalized tonic-clonic seizures; FS=focal seizures; 
SGTC=secondary generalised tonic-clonic seizures; SE=status epilepticus (convulsive and non convulsive); VSE=visual sensitive epilepsies: absences, myoclonic seizures, GTC 
seizures precipitated by photic stimulation in idiopathic generalized epilepsies and in Dravet syndrome. Evidences: *= inferior efficacy in seizure control compared to other antiepi-
leptic drugs (AEDs); **=comparable efficacy in seizure control with that of other AEDs (not considering adverse reactions); ***=complete seizure control, or better efficacy than 
other drugs, or therapy of choice. 
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Fig. (1). Valproate effects on synaptic cleft and intracellular pathways. The increase in GABAergic transmission pairs with a modulation other 
aminergic systems; the excitatory ionic channels, such as calcium and sodium channels, are negatively modulated, while potassium currents are 
enhanced. Moreover, epigenetic mechanisms influence receptor expression and neuroprotective pathways. Legend. AMPAR: α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid –AMPA- receptor; BDNF: brain derived neurotrophic factor; DA: dopamine; D2R: dopamine D2 
receptor; GABA: gaba-amino-butirric acid; GABAR: GABA receptors; GABA-A: GABA receptor type A; GABA-B: GABA receptor type B; 
HSPs: heat shock proteins; HSP-70: heat shock protein 70; K

+
: potassium; IDO: indoleamine 2,3 dioxygenase; MAO-A: mono-amines oxidase 

type A; M-channel: low-threshold noninactivating voltage-gated potassium current; MMP-9: metalloproteinases-9; Na
+
 channel: sodium channel; 

NMDAR: N-metyl-D-aspartate -NMDA- receptor; NR2A: 2A subunit of NMDAR; NR2B: 2B subunit of NMDAR; Par-4: prostate apoptosis 
response-4; T-Ca

+
 channel: low-threshold T-calcium channel; TNF-α: tumor necrosis factor α; VPA: valproate; 5HT: serotonin. 
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Table 2. Effects of VPA in different animal models of epilepsy. 

VPA Effects in Animal 
Model 

Maximal Electroshock 
Seizures (MES) 

Pentyl-enetetrazole 

Seizure Test (PTZ) 
Amygdala-

kindling Model 
Kainate 
Model 

Pilocarpine 
Model 

Mice Lacking 
Bassoon Protein 

Animal model  
characteristic 

acute tonic seizures 
acute 

clonic seizures 
chronic focal 

seizures 
chemically 
induced SE 

chemically 
induced SE 

genetic epilepsy 

VPA Anti-epileptogenic 
effects 

+ + + + +/- + 

VPA Neuroprotective 
effects 

NA NA + + +/- + 

VPA protection from 
seizure-induced damage 

NA NA + + +/- + 

References 1, 33, 90 1, 85, 87 92, 93, 94, 108 79, 95 79, 83, 84, 91 27, 28, 99 

Legend: “NE”=not effective; “+”=VPA effective; “+/-“= inconclusive data on VPA effectiveness; “NA”=data not available. 

 

postulated for the VPA-induced regulation of the M-channel, 
that generates a low-threshold voltage-gated potassium  
current restoring neuron rest potential. The preservation of 
M-channel induced currents has thus been proposed as a 
possible therapeutic target for antiepileptic drugs, especially 
VPA [43]. 

4.4. Epigenetics Effects 

 Beyond the direct modulation of excitatory and inhibitory 
synaptic pathways, VPA also has long-term effects. Since 
VPA effects may take long timing to manifest and persist 
despite discontinuation, it is unarguable that some of them 
derive from a central action, the key of which is gene expres-
sion modulation [44]. Epigenetic mechanism of VPA is de-
terminant to its several action, such as the anticonvulsant 
activity, the neuroprotective effects and the ability to modu-
late neurogenesis [27]. The term “epigenetic” stands for an 
information that can be inherited during or after cell division, 
without being strictly related to the DNA pure sequence. 
Thus, “epigenetic” refers to a heritable DNA accessory data, 
such as its methylation or histone acetylation status [45, 46]. 
This epigenetic mechanism leads to a long-lasting over-
generation modification in gene expression, crucial to regu-
latory processes in central nervous system [46]. VPA long-
term action counts on epigenetic mechanisms, such as those 
related to the transcription and regulation of synaptic recep-
tors and several signaling molecules, with high impact on 
excitotoxic and neuroprotective pathways [44, 47]. Main 
pathways of VPA epigenetic effects depend on the inhibition 
of the histone deacetylase (HDAC) and the modulation of 
brain-derived neurotrophic factor (BDNF) [48] (Fig. 1). In-
deed, VPA, via HDAC inhibition, modulates DNA demethy-
lation and histone acetylation, resulting in a modification of 
nucleosome status and chromatin structure [9, 49, 50]. 
Chromatin decondensation is regulated by several associated 
proteins, such as Structural Maintenance of Chromatin pro-
teins (SMC), SMC-associated proteins and DNA methyl-
transferases. With down-stream effects, VPA modulates all 
of these proteins, regulating the sensitivity of DNA to nucle-
ases [44]. HDACs are divided into 4 classes, with VPA act-

ing only on the first two [51]. DNA methylation, especially 
when it involves the “promoter” region, corresponds to the 
inhibition of gene transcription. The inhibition of HDACs 
leads to chromatin de-condensation and facilitation of DNA 
transcription. Thus, VPA, inhibiting HDACs, indirectly 
regulates gene expression [51]. Moreover, VPA can induce 
mono-, di- and tri-methylation on a lysine 9 region of his-
tone3 (H3), with direct facilitation of transcriptional activity 
[52]. With different pathways, down-regulating SMCs, in-
hibiting HDACs and modulating H3 methylation, VPA con-
sistently influences gene expression. VPA chronically en-
hances the interaction between the transcription factors, in-
cluding c-Fos and c-Jun, and the activator protein 1 (AP-1), 
promoting the expression of AP-1 controlled genes [53, 54]. 
Moreover, AP-1 DNA binding is time and dose-dependently 
increased by VPA treatment [55]. Thus, VPA progressively 
furthers the transcription of AP-1 dependent genes, such as 
Bcl-2, serotonin-2A (5-HT2A) receptor and GAP-43 [55, 
56]. Among all others transcription factors, VPA also modu-
lates the CAMP response element-binding protein (CREB) 
and the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB). VPA influence on NF-kB leads to a 
modulation of the immune response via the decrease of 
TNF-alpha and IL-6 [57]. More tangled is to date the rela-
tionship between VPA and CREB, a transcription factor im-
plicated in phosphorylation in neuronal development, migra-
tion, memory and synaptic plasticity [44, 58]. Contrasting 
results emerged from studies on animal models, in which 
VPA was shown to decrease the activity of NF-kB in the 
frontal cortex [59], while other authors described an increase 
in the hippocampus and cortex mediated by the ERK-
pathway, with a subsequent increase in brain derived neu-
rotrophic factor (BDNF) [44]. BDNF is a brain-specific sig-
nalling molecule pivotal for cell survival, growth and migra-
tion [60]. The expression of BDNF highly varies according 
to developmental stage [61, 62]. VPA modulation of BDNF 
expression has been matter of several controversies, mainly 
related to the differences in study paradigms and to the de-
duction of BDNF expression from the levels of its codifying 
mRNA. In particular, rats receiving VPA in the prenatal pe-
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riod were first shown to express high BDNF mRNA levels in 
the neural tube [54], while in vitro cortical neurons have 
been shown to have low BDNF transcript when exposed to 
VPA [62-64]. BDNF protein levels have been only recently 
investigated by ELISA in mice models, suggesting that early 
post-natal exposure to VPA reduces BDNF expression by 
nearly 50%. Moreover, VPA has been shown to preserve a 
region-specific pattern, decreasing BDNF expression in the 
cerebellum while not impacting on hippocampal BDNF pro-
tein level [62] (Fig. 1). As for BDNF, in vivo and in vitro 
researches showed VPA increases also the glial cell line-
derived neurotrophic factor (GDNF), which takes part in the 
neuroprotective and cognitive-enhancer properties [44, 65]. 
The regulation of neuronal survival mediated by VPA also 
derives from the up-regulation of neuron-specific genes. In 
particular, VPA up-regulates NeuroD, a neuron-located tran-
scription factor increasing the expression of genes promoting 
neuronal survival, such as Bad and Bcl-2, potentiating 
GABA-ergic transmission [44, 66]. What is more, VPA sup-
presses the transcription of both apoptotic (including Bax 
gene), and pro-inflammatory (such as IL6, Fas-L, and metal-
loproteinases) signals [67]. Epigenetic mechanisms also take 
part in the anticonvulsant action of VPA. Indeed, VPA has 
been reported to modulate the expression of SCN3A, a gene 
codifying for the α-isoform of the voltage-gated sodium 
channel III. This channel, that under normal circumstances 
presents only in the childhood [68], is overexpressed in epi-
leptic patients and seizure animal models as well [9, 69]. 
SCN3A confers high neuronal excitability, thus it has been 
implicated in the development of epilepsy, and is considered 
as a target for interventions aimed at its down-regulation. 
Indeed, since methylation of SCN3A promoter critically 
regulates its transcription, it has been implicated in epilepto-
genesis too. VPA has been shown to downregulate SCN3A 
expression in a mice model, reducing the methylation of the 
gene promoter. Thus, VPA was suggested to achieve an anti-
convulsant action also through epigenetic pathways based on 
the downregulation of SNCA3 expression [9]. Such proper-
ties are exclusive to VPA since no changes in SCN3A ex-
pression has been found with other anticonvulsants, such as 
CBZ or lamotrigine (LTG) [9]. VPA epigenetic pathways 
have been shown to participate in epileptogenesis. Antiepi-
leptic drugs (AEDs) are very different one another both in 
terms of cellular mechanisms and in anticonvulsant activity 
and efficacy [42, 70]. Investigations both in seizure models 
and human beings have demonstrated that the anticonvulsant 
activity of AEDs could highly vary during prolonged treat-
ment. For example, benzodiazepines efficacy decreases over 
time due to adaptive processes, mainly receptor modifica-
tions conferring “functional tolerance”. Older AEDs, such as 
phenobarbital (PB), can incur in metabolic tolerance, due to 
an adaptive remodeling of the enzymes deputed to drug 
elimination or metabolism [23, 70]. On the other side, some 
AEDs seem to increase their efficacy over time. If for some 
of them the mechanisms of such curious effect have been 
reported, such as for the tissue accumulation of PB in pa-
tients treated with primidone, for VPA no clear explanation 
has been proposed, even though epigenetic pathways and 
epileptogenesis modulation are crucial to it [23]. The term 
epileptogenesis refers to those artificial or spontaneous proc-

esses that lead to recurrent seizures. Stroke, traumatic brain 
injury, toxic insults and status epilepticus can all be the start-
ing point of epileptogenesis [44, 71]. VPA has been shown 
to block seizure-induced neurogenesis, and such effect has 
been directly linked to the epigenetic mechanisms deriving 
from HDAC inhibition [48] (Table 2). What is more, BDNF 
expression control is crucial to seizure control and, therein, 
to epileptogenesis [48, 72-74]. Indeed, BDNF transcription 
increases in the foci of seizures both in animal models and 
patients [72, 75]. Moreover, both in animal models and pa-
tients, epileptiform activity has been reported to result in a 
consistent long-term up-regulation of tyrosin kinase tropo-
myosin-related kinase B (TrkB), the intra-cellular receptor 
binding BDNF. The consistent facilitation of BDNF binding 
leads to the promotion of several pathways controlling  
synaptic plasticity and neurite growth [48, 73, 74, 76, 77]. 
VPA role in influencing synaptic plasticity also derives  
from the regulation of the BDNF/TrkB pathway. This  
pathway has been shown to modulate striatal plasticity in the 
Bsn model, a mice model developing early-onset epilepsy. 
As soon as cortical seizures repeat, neuronal cells react  
with a specific changes in their plasticity patterns, resulting 
in the facilitation of the feedforward inhibition within  
the striatal circuitry [48]. TrkB/BDNF are crucial to the in-
duction and preservation of the altered synaptic plasticity, 
which derives from a severe up-regulation of TrkB and an 
erroneous distribution of BDNF among fast-spiking in-
terneurons and medium spiny neurons. VPA has been shown 
to restore the physiologic expression pattern of TrkB, and to 
promote the correct distribution of BDNF among striatal 
neurons. Thus, through seizure reduction and epigenetic 
mechanisms, VPA directly modulates synaptic plasticity [48] 
(Fig. 1, Table 2). 

5. THERAPEUTICAL ASPECTS: FROM 
EXPERIMENTAL TO CLINICAL EVIDENCES 

 The development of new AEDs, with improved effec-
tiveness and better tolerability profiles, represents to date the 
most important goal of neuropharmacology in epilepsy, and 
relies on preclinical research on animal models. Despite the 
availability of countless animal models of epileptic seizures 
and epilepsy, pharmacological studies are rarely performed 
on the few of the chronic models of epilepsy at our disposal 
(Table 1) [14, 23]. These animal models can be categorized, 
according to the timing in which they present seizures, in 
acute or chronic seizures models. However, both categories 
include paradigms characterized by the induction of seizures 
or epilepsy using chemical or electrical stimuli in previously 
healthy and “non-epileptic” animals, mostly rats [41, 71, 78, 79]. 

5.1. Antiepileptic and Antiepileptogenic Effects 
 Experimental studies performed in various models of 
generalized and focal seizures have widely confirmed the 
antiepileptic effect of VPA [23, 80] (Table 2). Despite inef-
fective in preventing status epilepticus in a pilocarpine 
model [81, 82], VPA significantly increased the latency to 
seizure initiation [83, 84], although the observation period 
(72 hours) was too short to allow a thorough assessment of 
treatment effectiveness [84] (Table 2). In the pentylenetetra-
zol (PTZ) model of epilepsy [81, 85, 86], VPA acute intrape-
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ritoneal administration significantly increased the seizure 
threshold, with anticonvulsant activity further potentiated by 
prolonged treatment [87-89] (Table 2). The efficacy of VPA 
was confirmed also in the electroshock-induced seizures 
model (MES), where VPA dose-dependently reduced seizure 
frequency [90] (Table 2). In an experimental design, based 
on a kindling model [91, 92], VPA dose-dependently in-
creased the number of after-discharges (AD) required to in-
duce epileptic seizures [93] (Table 2). VPA decreased the 
AD duration and effectively prevented seizures regulating 
membrane permeability, blocking the voltage-dependent 
sodium channels and the T-type voltage-activated Ca2+ cur-
rents, and also potentiating GABA-mediated inhibition [94]. 
In the kindling model, VPA also counteracted the neuronal 
damage induced by prolonged seizures in the hippocampal 
formation, promoting neuroprotection and preventing the 
development of behavioral disturbances [80, 92]. Similar 
effects were reported in the kainate model of status epilepti-
cus [95, 79], despite being not confirmed in the pilocarpine 
temporal lobe epilepsy (TLE) model [84] (Table 2). Moreo-
ver, in a rat model of human temporal lobe epilepsy (TLE), 
VPA efficiently decreased mean seizure frequency and was 
able to bring to a seizure-free status [96]. In the mouse epi-
lepsy model derived from the manipulation of the Bsn gene, 
characterized by frequent seizures but long survival [97, 98], 
VPA significantly reduced seizure frequency and mortality 
[99] (Table 2). Nevertheless, despite suppressing seizures, 
the vast majority of AEDs is unable to limit the course of the 
underlying natural history of epilepsy. Thus, even though 
critical to seizure control, AEDs still lack a clear anti-
epileptogenic potential [100]. Among all AEDs, though sev-
eral have shown neuroprotective properties, only few have 
been reported to have anti-epileptogenic effects [101]. In-
deed, data from the kindling pharmacoresistant epilepsy 
model, suggest that VPA prevents kindling development and 
blocks fully kindled seizures, thus acting both as a sympto-
matic as well as disease-modifying drug [93, 94] (Table 2). 
The fine regulation of glutamatergic and GABAergic path-
way and the neuroprotective properties of VPA are crucial to 
the modulation of epileptogenesis [101, 102]. In particular, 
epileptic seizures, especially status epilepticus (SE), can 
produce neuronal damage, and, later on, recurrent spontane-
ous seizure activity [101, 103]. Thus, the inhibition of neu-
ronal damage, through neuroprotective mechanisms, repre-
sents a possible strategy to prevent epileptogenesis [104]. 
VPA has been widely investigated for its broad spectrum of 
effects peculiar to this indication. In the kainic acid model of 
SE, high doses of VPA for 40 days after SE induction, be-
yond protecting hippocampal neurons from seizure-induced 
damage, also inhibited following spontaneous activity [95]. 
Moreover, VPA exposure was associated with prevention of 
seizure induced cognitive impairment, highlighting the criti-
cal role of neuroprotection for both processes [95]. In the 
same setting, however, PB was ineffective in achieving both 
neuroprotection and antiepileptogenesis [95]. Even though 
neuroprotective effects were also provided with gabapentin, 
other AEDs, such as PB and levetiracetam (LEV), failed to 
reproduce the effects of VPA, with spontaneous seizure ac-
tivity and behavioral deficit happening despite high dosages 
respectively in the kainic acid and amygdala electrical stimu-
lation models [95, 105] (Table 2). Further experimental evi-

dences supporting VPA anti-epileptogenic effects derive 
from different SE models. In particular, in an SE model in-
duced by a sustained electrical stimulation of the basolateral 
amygdala, VPA was reported to be as effective as a selective 
blocker of AMPA receptor subtype in preventing neuronal 
loss. Specific, VPA 24 hours continuous infusion after the 
end of electrical stimulation significantly provided neuronal 
hippocampal neuroprotection, comparable to an anti-
excitotoxic and glutamate depleting agent such as NS1209 
(8-methyl-5-(4-(N,N-dimethylsulfamoyl)phenyl)-6,7,8,9-
tetrahydro-1H-pyrrolo [3,2-h]-iso-quinoline-2,3-dione-3-O-
(4-hydroxybutyric acid-2-yl)oxime) [106]. Moreover, VPA 
efficacy has also been shown in a recently developed model 
of primary generalized seizure, obtained with repeated expo-
sure to flurothyl, a GABA-A receptor antagonist. In this 
model, characterized by the generalized seizures that remit 
within 1 month from onset, VPA suppressed spontaneous 
seizures, blocking the evolution to more complex seizure 
types, further suggesting an inhibition of epileptogenetic 
processes [107]. Nevertheless, reports of VPA poor efficacy 
in preventing epileptogenesis render the issue still matter of 
debate. In 4 hours sustained SE rat model, achieved with 
electrical stimulation of amygdala, 4 weeks VPA treatment, 
even though preventing hippocampal neurodegeneration, did 
not significantly reduce spontaneous seizure activity [108] 
(Table 2). VPA has also been shown ineffective in prevent-
ing further seizures in a pilocarpine-induced SE model [84]. 
However, poor homogeneity among experimental protocols 
seems a major issue to overcome to critically assess VPA 
effects. To date, an educated guess aroused as to whether the 
timing of VPA treatment might consistently influence epi-
leptogenesis, with some authors suggesting a pivotal role of 
early VPA exposure to obtain significant neuroprotective 
effects [101]. Further studies with appropriately designed 
experimental protocols are needed to shed light on VPA ef-
fects and their time-dependence. 

5.2. Neuroprotection from Neuronal Damage 

 “Neuroprotection” refers to the biochemically induced 
resources to prevent, resist or cope with a specific neuronal 
hazard. Pathways of neuroprotection can derive from clini-
cal, structural, electrical and molecular cellular changes. De-
spite the huge research interest in the last decades, we still 
need to define the neuroprotective role of VPA with well-
implemented clinical trials, translating the results of the ex-
perimental findings, often providing conflicting results, in 
the clinical field. The neuroprotective role of VPA in 
ischemic hazard has been reported to depend on the modula-
tion of HDAC after hypoxic insults [40, 109-112]. Nonethe-
less, several pathways have been shown to take part in VPA-
induced neuroprotection [113]. In rodent models of ischemic 
middle cerebral artery occlusion (MCAO), VPA produced an 
HDAC inhibition-mediated suppression of NF-kB and metal-
loproteinase-9 activation, leading to attenuated post-ischemic 
brain-blood barrier disruption and reduced brain edema [111, 
114]. Furthermore, in the same MCAO model, VPA also 
reduced the infarct size and the clinical deficit via the up-
regulation of heat-shock proteins, especially Hsp-70, and the 
suppression of caspase-3 expression and activation [114, 
115]. The increase in Hsp-70 was also reported in the 
alternative model of animal brain ischemia, the four-vessel 
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occlusion, together with a decrease in IL-1β and TNF-α, and 
the upregulation of gelsolin [114, 116, 117]. Evidences from 
in vitro study on ischemic insults also suggest VPA is highly 
neuroprotective. Specifically, in an in vitro model of oxygen 
and glucose deprivation, patch-clamp recording highlighted 
the protection from in vitro ischemia conferred by VPA 
treatment [40]. However, contrarily to CBZ and TPM, able 
to provide neuroprotection through the simultaneous 
limitation of fast sodium and high-voltage activated calcium 
channels, VPA reaches a significant neuroprotection at 
higher doses, and independently from ionic channels 
regulation, suggesting a prevalent role of intracellular 
mechanism, such as the regulation of caspases activity [40, 
115]. A further pathway, involving microglia, has been im-
plicated in VPA-induced neuroprotection [118]. Neuronal 
cells cultured in organotypic hippocampal slices (OHSC) 
have been demonstrated to be consistently affected by N-
methyl-D-aspartate (NMDA) induced excitotoxicity [119, 
120]. The depletion of microglia enhanced neuronal cell 
death, especially in dentate gyrus and CA3 region of hippo-
campal slices, thus proposing microglia to be determinant in 
neuroprotection [120]. In ischemic and toxic insults, as well 
as in epilepsy, neuronal death is due to the release of 5’-
triphosphate (ATP) in the extracellular space from the heav-
ily activated neurons [121]. VPA has been shown to upregu-
late the ATP-activated purine receptor P2X7, leading, in 
microglia, to the release of tumor necrosis factor α (TNF α), 
boosting the neuroprotective pathway [118]. Thus, even 
though it still remains to be clarified if such effects depend 
on HDACs inhibition or DNA demethylation, VPA has been 
shown to act also on microglia to deliver its neuroprotective 
effects [118]. 

 Beyond epilepsy and toxic/ischemic insults, VPA-
mediated neuroprotection has been widely reported in sev-
eral animal models of neurodegenerative disorders. Indeed, 
VPA exerted neuroprotection in a Parkinson’s disease rat 
model obtained with ventral tegmental area and substantia 
nigra (SN) injury [122-124]. In this recently developed ani-
mal model of Parkinson’s disease, motor and cognitive fea-
tures result from neuronal loss due to the effects of lacta-
lysin, an irreversible ubiquitin proteasome system (UPS) 
inhibitor. Lactalysin causes intracytoplasmic accumulation 
of altered proteins, especially alpha-synuclein, leading to 
degeneration of both DA-ergic and non-DA-ergic neurons in 
the SN pars compacta (SNpc) [124]. Alpha-synuclein has 
been shown to prevent the acetylation of histone proteins, 
and an imbalance of HDACs and histone acetyltransferase 
(HATs), the other enzyme deputed to the regulation of his-
tone protein acetylation, has been shown in neurodegenera-
tive diseases [125]. Thus, HDACs have been implicated in 
Parkinson’s disease [124]. In particular, since HDACs are 
expressed in the SNpc, VPA has been investigated to assess 
if, inhibiting HDACs, it could confer neuroprotection. In the 
lactolysin rat model, the neuronal loss produced by the injec-
tion of the irreversible proteasome inhibitor was dose-
dependently counteracted with VPA treatment, mainly via 
the upregulation of neurotrophic factors [123, 124]. Moreo-
ver, neuroprotection was not only exerted in the SNpc, but 
also in the ventral tegmental area [122-124]. Hence, VPA 
represents a prime line candidate for intra-nigral and extra-

nigral neuroprotection [124]. VPA neuroprotective proper-
ties are not exclusive to Parkinson’s disease, but have been 
reported in several other neurodegenerative conditions and 
models, from Huntington’s disease to amyloid beta-peptide 
induced neurotoxicity and amyotrophic lateral sclerosis [126, 
127]. Regarding the latter, in an ALS animal model, VPA 
was able to reduce the expression of Homer1b/c, modulating 
apoptosis and neuronal loss and promoting neuronal protec-
tion and survival [128]. Further studies are on the verge of 
assessing the clinical benefit of VPA use as a neuroprotec-
tive agent in humans. 

5.3. Cognitive Impairment and Autism Spectrum  
Disorders 

 The association between epileptic activity and cognitive 
function has been highly debated in the last decades [129]. 
Epigenetic pathways have been implicated also in VPA anti-
depressant effect, as well as in the modifications in cognitive 
function. In particular, VPA has been reported to inhibit the 
expression of indoleamine 2,3 dioxygenase (IDO), modulat-
ing the kynurenine pathway of tryptophan metabolism [130, 
34]. Nonetheless, the complex epigenetic cascade induced by 
VPA implies long-term beneficial as well as detrimental ef-
fects on neuronal homeostasis and plasticity [99, 131]. Bsn 
mutants mice have been often used as models, since the 
defective long-lasting synaptic plasticity in hippocampus, in 
particular in CA1 area, results in morphological alterations 
leading to hippocampal learning deficit. In this model, the 
treatment with VPA rescued physiologic LTP but was unable 
to restore either the morphological alterations of dendritic 
spines or the impairment of non-spatial hippocampal mem-
ory [99]. Sgobio and colleagues demonstrated that, in control 
animals, VPA treatment, when started early and longitudi-
nally maintained, produced alterations in morphology of 
dendritic spines as well as impaired socially transmitted food 
preference. Such effects have been proposed as a possible 
explanation for cognitive dysfunction observed in children 
taking VPA [2, 99]. Both in vivo and in vitro models of epi-
lepsy have confirmed dendritic morphology alterations, in-
cluding spine loss, in the brain foci of seizures [132]. In epi-
lepsy experimental models, alterations in dendritic morphol-
ogy in the hippocampus (as well as in other brain areas) have 
been associated to memory deficits, which can be prevented 
controlling seizures [132-135]. Thus, hippocampal glutamate 
transport has been proposed as a possible future target for 
specifically designed drugs. Interestingly, chronic treatment 
with VPA leads to a dose-dependent increase in the hippo-
campal glutamate uptake, with an up-regulation of glutamate 
specific transporters [136]. Neuroprotection from glutamate 
induced excitotoxicity has been reported both in vivo and in 
vitro in several models of glutamatergic injury [126, 137]. In 
the Bsn mutant mice, the mutation of Bsn gene brings to the 
lack of a presynaptic structural protein, resulting in morpho-
logical alterations involving the pyramidal CA1 hippocampal 
neurons, including reduced dendrite length and branch 
nodes, as well as lower spine density on both apical and ba-
sal dendrites. VPA is unable to directly restore the original 
dendritic architecture but rescues the hippocampal synaptic 
plasticity, which participates in the epilepsy-induced mem-
ory deficits [99, 138]. This action, together with the facilita-
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tion of mitogen-activated protein kinases pathway, the 
modulation of neurogenesis and the blockade of cognitive 
decline induced by hippocampal seizure activity, have all 
been reported with VPA [139, 140]. In particular, VPA in-
duced HDACs modulation results in inhibited neurogenesis 
in animal models of status epilepticus, preventing cognitive 
decline [140]. Positive cognitive effects were found in KA 
model, were treatment with VPA was superior to other 
AEDs in preserving spatial learning and memory function, 
which were evaluated through the modified Morris water-
maze swim task [141]. However, in an animal study using 
the same Morris water-maze swim test paradigm, VPA failed 
to improve the cognitive performances of rats [108]. On the 
contrary, in an animal study using the novel object locating 
test to evaluate hippocampal driven spatial memory, a link 
between VPA and cognitive deficits has been postulated due 
to the suppression of hippocampal neurogenesis [142]. Be-
yond animal models, cognitive deficit was also addressed by 
studies on human beings, where prospective studies consis-
tently documented that VPA is associated with an increased 
risk of cognitive impairment in young children, and of in 
utero malformations [2, 20, 143-147]. In particular, the Neu-
rodevelopmental Effects of Antiepileptic Drugs (NEAD) 
study reported cognitive impact in children after fetal VPA 
exposure. Specific, in children of mothers treated with VPA 
monotherapy, a dose-dependent negative VPA impact was 
found for several cognitive tests, including IQ, verbal and 
non-verbal abilities, memory, and executive function [148]. 
Similar results were also confirmed by further studies, which 
pointed at VPA as the main factor influencing children IQ, 
even more than maternal IQ [149]. Following studies further 
provided evidences for VPA-induced cognitive impairment 
[133, 150-153]. Moreover, heading back to animal models, 
even though several risk factors might participate in the 
process, fetal exposure to VPA during the first trimester of 
pregnancy resulted in higher incidence of autism in the off-
spring [153, 154]. Epigenetic mechanisms have also been 
proposed as the basis of VPA-induced autism spectrum dis-
orders (ASD). VPA exposed animals have become one of the 
most widely used models of ASD. In such model, ASD-like 
behavior, with impaired sociability and marble burying, per-
sisted in the following generations when VPA treated ani-
mals were mated with naïve females to produce second and 
third generation [131]. Such effect derives from a transgen-
erational inheritance of epigenetic modifications. Indeed, 
VPA impacts on DNA transcription with epigenetic mecha-
nisms, leading to an increased susceptibility of transmitting 
new traits to the subsequent generations [131]. Since ASD-
like behavior has been linked to an imbalance between glu-
tamatergic and GABAergic transmission, experimental mod-
els have been tested to investigate whether a modulation of 
these systems can provide clinical benefit. In particular, very 
recently, a single treatment of agmatine, an endogenous 
NMDA receptor antagonist, has been shown to resolve ASD-
like behaviour in the VPA model. Thus, agmatine and 
NMDA receptor agonists have been proposed as targets to 
restore ERK1/2 activation and resolve ASD-like behaviour 
[155]. Considered all the provided evidences, the United 
States Food and Drug Administration and the European 
Medicines Agency recently revised the indication of VPA 
treatment, especially in female patients [156-158]. To date, 

VPA use has been consistently restricted according to the 
results of retrospective and prospective studies suggesting 
VPA as a risk factor for ASD and cognitive impairment  
[2, 146, 147]. Combining the data from these studies with 
further clinical evidences will help us to define the real 
weight of the effects of VPA on different stages of 
neurodevelopment. 

5.4. Clinical Efficacy in Epilepsy 

 VPA is one of the most useful anticonvulsant drugs, and 
has one of the broadest profile of antiepileptic actions, as 
well as clinical indications. In fact, its efficacy in both focal 
and generalised seizures and epilepsy syndromes, especially 
in paediatric population, has been widely and accurately 
validated with randomised controlled trials and observational 
studies [159, 160]. Considering all available evidences, VPA 
stands out from other existing AEDs for its wide spectrum of 
activity against almost all seizure types. However, support-
ing evidences and clinical efficacy vary depending on differ-
ent epilepsy syndromes. Since the late 1960s and early 1970s 
VPA has been used in many clinical trials proving its effec-
tiveness in reducing the incidence of both generalized and 
focal seizures (Table 2). Several clinical trials consistently 
validated the high efficacy of VPA in patients suffering from 
typical and atypical absence seizures both in childhood and 
adulthood, showing similar seizure control using VPA or 
other AEDs [161-164]. In a recent review, Glauser and col-
leagues [165] showed that, in children suffering from newly 
diagnosed or untreated absence seizures, VPA initial mono-
therapy led to satisfactory seizure control, or seizure freedom 
without intolerable side effects (Table 1). Ethosuximide 
(ESM) and VPA have level A recommendation, while LTG 
has level C recommendation, for being used as initial mono-
therapy in newly diagnosed or untreated absence seizure in 
childhood. To date, the lack of data and the inconclusive 
ones deriving from the only ad-hoc phase III placebo-
controlled trial do not allow us to recommend LEV for ab-
sence seizures, even though further studies might pave the 
way for the implementation of this drug in the near future 
[165, 166]. Recently, a Cochrane review tried to assess the 
evidence, deriving from placebo-controlled or drug-versus-
drug controlled trials, supporting the effectiveness of ESM, 
VPA and LTG in treating absence seizures in children and 
adolescents [167]. Even though absence seizures are consid-
ered a relatively common seizure type among children, the 
authors identified only eight randomised controlled trials to 
be considered for analysis [165, 168-174], seven of them 
recruiting 20 to 48 participants. Only one study [165] in-
cluded a much larger sample. This was a randomised, paral-
lel double-blind controlled trial comparing ESM, LTG and 
VPA in children receiving a new diagnosis of absence epi-
lepsy. A total of 453 previously untreated patients with typi-
cal absence seizure, between seven months and 12 years, 
were enrolled and followed up to 12 months. The review 
found some evidence, based on the eight small trials previ-
ously mentioned, suggesting that LTG treatment was more 
likely to result in seizure free status compared with placebo 
treatment. At the same time, these authors found clear evi-
dence that patients taking ESM or VPA experienced signifi-
cantly higher seizure free rates compared to patients taking 
LTG. However, considered the different adverse event pro-
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files of the two drugs, ESM is preferred over VPA in chil-
dren with absence epilepsy. Nevertheless, it must be under-
lined that if absence and generalised tonic-clonic seizures co-
exist, VPA should be preferred [159]. In 1982 Turnbull and 
colleagues [175] found that treatment with PHT or VPA 
achieved a satisfactory control of both primary generalized 
tonic-clonic seizures (PGTC) and focal seizures, reporting 
however a lower effectiveness in the control of the latter 
ones (Table 1). Such results were replicated in further studies 
with the achievement of a good seizure control through 
therapeutic levels of VPA (Table 1) [176]. The “Standard 
and New Antiepileptic Drugs- SANAD study”, an unblinded 
randomized controlled trial performed in 2007 in the United 
Kingdom (UK) [177], estimated and confronted the efficacy 
and tolerability profile of VPA, LTG and topiramate (TPM) 
in generalized and unclassified epilepsy (Table 1). In accor-
dance with previous observations, these authors suggested 
that VPA represents the first line treatment for the majority 
of patients diagnosed with idiopathic generalized epilepsy or 
unclassifiable seizures, while LTG and TPM should be 
avoided because of lower effectiveness and tolerability pro-
files [177]. This study was criticized a few months later be-
cause the lack of blinding might have affected the time to 
treatment failure and because based on a non-prescriptive 
protocol allowing clinicians to decide drug dosages accord-
ing to patient’s clinical conditions. Therefore we believe that 
the SANAD study was extremely useful to describe the 
drugs characteristics but it is necessary to analyze the longer 
term outcomes that are important in chronic diseases such as 
epilepsy. In a multicenter double-blind trial [178] that com-
pared VPA versus CBZ in the treatment of adults with com-
plex partial seizures (CPS) or secondarily generalized tonic-
clonic seizures (SGTC), VPA and CBZ had similar efficacy 
profiles, even though a better control of CPS was achieved 
with CBZ (Table 1). In conclusion, VPA should be consid-
ered a first-choice drug for the treatment of generalised onset 
seizures in adulthood, and its wide spectrum of efficacy rec-
ommends its use in several types of epilepsy, even in sei-
zures difficult to classify. Further studies demonstrated VPA 
efficacy in refractory focal epilepsy, supporting its prescrip-
tion as a very first-line AEDs to treat scarcely responsive 
patients [179] (Table 1). A series of studies over the past 
years reported that convulsive and non-convulsive status 
epilepticus (SE) could be treated with intravenous (IV) VPA 
in young children [160]. This offered an advantage over 
more sedating agents, which could cause hypotension or 
respiratory depression. However, the limited number of 
available studies regarding the use of VPA in SE and their 
poor quality makes it difficult to obtain implications for 
clinical practice. More rigorous randomized controlled trials 
(RCTs) comparing VPA with other AEDs electively used in 
SE are needed to state its efficacy and tolerability in clinical 
practice. In addition VPA is efficient in rare syndromes in-
cluding West syndrome, Lennox-Gastaut syndrome, myo-
clonic or myoclonic astatic seizures, absences, myoclonic 
idiopathic generalized epilepsies, generalized tonic-clonic 
seizures precipitated by photic stimulation, and in Dravet 
syndrome [180]. In some children with narrow photosensi-
tivity ranges, preventive measures might avoid seizure onset, 
whereas in patients with severe photosensitivity, drug treat-
ment is often mandatory. Covanis et al. suggested that VPA 

could be the first-line drug for photosensitivity associated 
epilepsies since 85% of patients reach seizure free status 
under VPA treatment [181] (Table 1). Finally, it is important 
to underline that, in comparison to other AEDs (e.g. CBZ), 
VPA seems to possess little potential to worsen seizures. 
Indeed, only anecdotal reports highlighting seizure worsen-
ing with VPA are available in literature, with a reason for 
paradoxical effect of VPA remaining largely unclear [182]. 
In the last decades, thanks to the variety of mechanisms of 
action, VPA is gaining attention as a possible treatment for 
several conditions other than epilepsy. Recently, the U.S. 
Food and Drug Administration and the European Medicines 
Agency (FDA/EMA) approved VPA use for the treatment of 
bipolar disorders and for migraine prophylaxis, and it might 
also have potential implications in Alzheimer’s disease and 
in cancer therapy, especially for its epigenetic effects [47]. 

5.5. Clinical Efficacy in Cancer Treatment 

 Great interest has aroused in the last decades regarding 
the possible role of VPA as an adjunct treatment for solid 
tumours. Several evidences suggest VPA use as a treatment 
“booster” in several type of cancer. Preclinical data report 
anticancer effect of VPA over 20 solid tumours, from mela-
noma to colon cancer cells, and evidences seem to accumu-
late year after year [4]. In particular, in animal models, VPA, 
modulating the transcription of genes such as ABCA1, 
ABCA3 or ABCA7, increased the sensitivity to cisplatin 
among non-small cell lung cancer cells [183]. VPA epige-
netic effects have been implied in the treatment of breast 
cancer, where, in the near future, its use as an HDAC inhibi-
tors could be combined with chemotherapy to target onco-
genes through different pathways [184]. The same aim re-
cently aroused also for squamous cells neoplasms [185]. 
Moreover, VPA can increase the efficacy of radiotherapy in 
patients with glioblastoma, and, at the same time, to protect 
hippocampal neurons from radiotherapy induced sugranular 
zone apoptosis, preventing cognitive deficit associated with 
brain irradiation [186]. Quite the opposite, no benefit for 
glioblastoma treatment was achieved associating VPA with 
best medical therapy (chemotherapy) in a pooled cohort of 
patients diagnosed with glioblastoma, deriving from four 
randomized clinical trials [187]. Further clinical studies are 
needed in order to define VPA efficacy as an adjunct treat-
ment for solid cancer. 

6. MAIN ADVERSE EFFECTS 

 Although VPA is generally well-tolerated and has a fa-
vorable tolerability profile, its use might be limited by reduc-
tion in efficacy or by the onset of adverse drug reactions 
(ADR) [2, 10, 188]. Overall, compared to older and newer 
AEDs, central nervous system-related ADRs are usually 
rare; in fact, VPA is not generally associated with drowsi-
ness and fatigability with loss of concentration, and also the 
detrimental effects on cognition are rare. Moreover, when 
compared to patients with migraine, epileptic patients seem 
to present ADRs of antiepileptic drugs, including VPA, far 
more rarely. In addition, when compared to LTG or TPM, 
VPA had significantly lower rates of ADRs among epileptic 
patients [189]. Many systematic reviews, clinical trials and 
post marketing literature reviews have evaluated the real 
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extent of VPA side effects and their clinical implications 
including hepatic, gastrointestinal, neurological, hematologi-
cal, cutaneous, teratogenic and metabolic disorders. The in-
cidence of hepatotoxicity is <1% per 20.000 patients treated 
with VPA. However, hepatotoxicity is clearly age-
dependent: its risk is indeed significantly higher (1:600- 
1:800) in children below the age of 2 years, especially if suf-
fering from severe seizure disorders or other neurological 
diseases, including brain damage and cognitive impairment 
[190]. Hepatotoxicity usually occurs within the first 6 
months from VPA treatment initiation. Liver function tests 
can be carried out before the beginning of therapy, but often 
these evaluations are not useful because liver enzymes ab-
normalities do not always precede hepatotoxicity onset. 
Therefore, VPA is contraindicated in all conditions exposing 
to higher risk of hepatotoxicity, in particular in case of coex-
istence of metabolic disorders, including beta-oxidation or 
urea cycle impairment, and mitochondrial diseases, such as 
Leigh-syndrome, mitochondrial encephalopathy lactacidosis 
and stroke-like episodes, Alpers-Huttenlocher syndrome, 
ataxia-neuropathy spectrum, myoclonic epilepsy, myopathy 
and sensory ataxia and myoclonic epilepsy with ragged-red 
fibers [191, 192]. Clinical features of liver toxicity include 
apathy, somnolence or altered mental status, anorexia, vom-
iting, jaundice and possibly seizure worsening, especially 
during febrile status. Typical signs of VPA-induced hy-
perammonemic encephalopathy, that can rarely be fatal, are 
acute consciousness impairment, confusion, somnolence or 
lethargy, focal or bilateral neurological symptoms or signs as 
well as seizure worsening [193, 194]. Clinical picture can 
eventually progress towards severe ataxia, stupor and coma. 
Neurobehavioral alterations can be erroneously attributed to 
postictal effects, psychiatric disturbances or non-convulsive 
status epilepticus, leading to inappropriate increase in VPA 
dosages [195, 196]. Hyperammoniemic state can also be 
achieved with iv valproate administration [197]. In case the 
clinical picture raises the suspicion of urea cycle enzymatic 
defect, metabolic screening should be performed well in ad-
vance of starting VPA treatment [198]. In a recent random-
ized controlled clinical trial of newly diagnosed childhood 
absence epilepsy, VPA therapy was discontinued mostly 
because of its neurological, behavioral and psychiatric ad-
verse effects [165]. Postural tremor is another adverse event 
of valproate, and often mimics essential tremor [10]. No 
definite relationship has been demonstrated between VPA 
dose and the onset of tremor, with observational data sug-
gesting an increased prevalence of this adverse events among 
women [199]. Dizziness, memory problems, insomnia and 
nystagmus have been reported as common side effects that 
generally resolve with drug dose adjustments or discontinua-
tion [200]. Headache, confusion, drowsiness, and tiredness 
have also been described with VPA [201] whereas delirium 
and dementia have been reported in a few case reports [202]. 
Gastrointestinal disturbances are relatively common in pa-
tients receiving VPA, with most frequently reported symp-
toms including nausea and vomiting, dysphagia and diarrhea 
[202, 203]. Abdominal pain and tenderness, independently 
from abdominal distension, vomiting, diarrhea, lethargy and 
apathy must be considered as alarm signs for possible pan-
creatitis, in particular in the pediatric population. Hence, 
screening with sensitive blood tests such as serum amylase is 

recommended, as well as dosage of serum lipases, more sen-
sitive and lasting at elevated levels for prolonged time [204, 
205]. This important and severe adverse effect develops gen-
erally within the first months of therapy, especially in young 
children, more often if treated with multiple therapies. Al-
though no individual predisposition to VPA hematologic 
toxicity has been identified, a wide spectrum of hematologic 
abnormalities have been reported during this treatment rang-
ing from transient immune thrombocytopenia to isolated 
neutropenia, red cell aplasia and bone marrow failure [206-
210]. Hypersensitivity syndrome reactions (HSR) represent 
very rare idiosyncratic ADRs which can develop independ-
ently from dosage, timing, frequency, posology, but can de-
pend on host peculiar conditions [200, 211]. Clinical mani-
festations of this rare and severe syndrome include fever, 
skin rash and multiple organ involvement, in particular liver 
impairment and nephritis. Even rarer adverse events are hair 
loss and hair texture alterations, which usually occur in the 
first month of treatment to find a spontaneous resolution in 
following months, gait disturbances [212], delirium [213], 
and parkinsonism [214]. 

6.1. Weight Changes and Endocrine Disturbances 

 Weight gain represents a possible adverse event of VPA 
and, being often marked, actually impacts on patient quality 
of life [215]. Despite being extremely heterogeneous among 
patients taking VPA, it is clear that in female patients, which 
are more prone to develop it especially during puberty [216], 
it can be frequent and disturbing, with significant detrimental 
effect on therapy compliance and quality of life. Moreover, 
sometimes the increase in weight can itself limit the pre-
scription of VPA in clinical practice [217, 218]. Indeed, 
among adolescent girls, excessive weight gain can cause 
serious psychological disturbances as well as facilitate the 
development of important endocrinological abnormalities 
[219]. The mechanism through which VPA may induce an 
increase in body weight is still debated. However, among the 
several proposed hypotheses, the most supported are a dys-
regulation of the hypothalamic system, the effects on adi-
pokine levels [220], hyperinsulinaemia and the increase in 
insulin resistance [196]. Many studies show a strict relation-
ship between weight gain, hyperinsulinemia and insulin re-
sistance during treatment with VPA both in children and 
adults [221-228]. Overall, several studies report an associa-
tion between hyperinsulinaemia, dyslipidemia, obesity, espe-
cially visceral one, and insulin resistance. The onset of hy-
perinsulinaemia among obese patients taking VPA does not 
depend only on the development of insulin resistance after 
body weight increase and obesity. On the contrary, insulin 
resistance itself, once developed, might lead to weight gain, 
with visceral fat further facilitating insulin resistance closing 
a vicious circle. Indeed, VPA induced weight gain correlates 
with an increase in insulin, but with decreased glycemia able 
to foster appetite, and eventually, worsen weight gain itself 
[229]. Moreover, epigenetic mechanisms also participate in 
weight gain, with VPA inducing the transcription of genes 
coding for fat mass and obesity-associated (FTO) proteins, 
highly related to fat mass increase [9]. Nevertheless, the 
overexpression of FTO modulates the acetylation of SCN3A, 
reducing its expression; thus, FTO mediates weight gain as 
well as VPA anticonvulsant action [9]. Even though VPA 
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probably is not able to provoke direct insulin secretion, it 
might still limit insulin hepatic metabolism, resulting in pro-
longed hyperinsulinaemia [196]. Thus, in VPA patients with 
obesity, hyperinsulinemia, insulin resistance and weight gain 
all participate maintaining one another {Lihn, 2005 #488} 
[230]. Moreover, a serious clinical condition related to 
weight gain, insulin resistance and hyperinsulinemia is 
metabolic syndrome, including atherogenic dyslipidemia and 
elevated blood pressure [196, 231]. Despite data are still 
lacking regarding the exact frequency of these adverse 
events, hyperandrogenism, menstrual irregularities, and 
polycystic ovary syndrome have all been related to the 
chronic use of VPA [232]. In particular, an increased preva-
lence of polycystic ovaries (PCO), hyperandrogenism and 
menstrual irregularities such adverse events are significantly 
more commonly reported among women receiving VPA 
compared to those receiving other AEDs [233]. In addition, 
anti-progestin action of VPA might also contribute to the 
higher frequency of anovulatory cycles [217]. Reproductive 
and sexual endocrine disorders can occur also in males 
treated with VPA. In male patients reproductive disorders 
have scarcely been analyzed. Altered sperm mobility, re-
duced testicular weight and infertility are possible reproduc-
tive disorders [234]. 

6.2. Pregnancy and Teratogenic Risk 

 VPA can cross the placenta and can cause a spectrum of 
congenital abnormalities. The vast majority of congenital 
malformations in children born from epileptic women re-
ceiving VPA during pregnancy seems to be due to the direct 
teratogenic effects of VPA rather than to the epileptic disor-
der affecting the mother [235]. Teratogenic effects are much 
higher when VPA is given as a co-medication with other 
anticonvulsants. The most frequent reported effects are neu-
ral tube or cardiovascular defects, orofacial cleft, hypo-
spadia, atresia of the gastrointestinal tract, diaphragmatic 
hernia and craniosynostosis [200, 236]. For all these reasons, 
in 2014 the European Medicines Agency restricted the use of 
VPA in women and girls of childbearing potential, “unless 
other treatments are ineffective or not tolerated” [158]. In 
fact, the exposure to VPA in the prenatal period is associated 
with major congenital malformation. The large case-control 
study based on data collected from the “European Surveil-
lance of Congenital Anomalies database” reported a consis-
tent correlation between first trimester exposure to VPA 
monotherapy and augmented risk for spina bifida, cranio-
synostosis, cleft palate, hypospadia, atrial septal defect and 
polydactyly [237]. Similarly, a meta-analysis conducted in 
2005 revealed that, compared to other commonly used 
AEDs, VPA prenatal exposure was associated with a 2 to 7 
fold increase in the risk of major congenital malformations, 
including neural tube and cardiovascular defects, genitouri-
nary or musculoskeletal abnormalities, and cleft lip or palate 
[238, 239]. A dose-dependent increase in the risk of terato-
genic effects related to VPA exposure during pregnancy has 
been suggested according to data derived from both prospec-
tive cohort studies and national birth registers [146, 147, 
240]. Results from the North American AED Pregnancy 
Registry, including pregnant women, enrolled between 1997  
 

and 2011, pointed to a dose-dependent increase in risk of 
malformations with VPA and PB compared to lamotrigine 
and levetiracetam [241]. Recently, Tomson and colleagues 
have provided evidences from a large observational registry 
(EURAP) regarding teratogenic risk with eight different 
antiepileptic drugs [242]. Data from the largest prospective 
cohort study of pregnancies in women with epilepsy 
(EURAP registry) confirmed that the use of VPA is dose-
dependently associated with an increased risk of congenital 
malformations at 1 year after birth. However, the study also 
allowed comparison between different antiepileptic drugs 
and dose regimens. From such comparison emerged that low 
dosage of valproate (≤650 mg/day) carried a risk of congeni-
tal malformations similar to high-dose carbamazepine (>700 
mg/day) and lamotrigine (>325 mg/day) [242]. Overall, in 
women of childbearing potential, as well as in pregnancy, 
monotherapy with low doses of levetiracetam or lamotrigine 
seems the most appropriate choice to date. 

 Beyond the recommendations available in women of 
childbearing potential, specific attention should be paid for 
off-label use of VPA. Indeed, VPA is also used outside of 
the typical indications, with a potential risk of minor surveil-
lance on the potential risk on both short and long-term [243]. 

CONCLUSION AND FUTURE PERSPECTIVE 

 From the marketing of VPA as an anticonvulsant in 
1960s, after more than 50 years of experimental research and 
clinical use, VPA stands as one of the most efficient AEDs. 
VPA exerts its effect not only at the synaptic cleft, but also 
directly and indirectly inducing neuronal conformational 
adaptation. In particular, the balancing of glutamatergic and 
GABAergic transmission, the modulation of 5HT and DA-
ergic pathways, together with the epigenetic mechanisms 
deriving from a direct modulation of HDAC, represent the 
basis of VPA functioning, promoting it as the antiepileptic 
drug with the widest spectrum of activity. The vast potential 
of VPA translates into clinical practice, where VPA is con-
sidered not only the AED of choice for epilepsy with gener-
alized seizures, but also for other different types of seizure, 
from focal seizures to Lennox-Gastaut encephalopathy. Use 
of valproate in women of childbearing potential should be 
avoided, and, especially in pregnancy, low-dose lamotrigine 
or levetiracetam should be preferred over VPA. 

 Better understanding of the ways of VPA molecular 
functioning might shed light on different pathways to be 
targeted by new AEDs. Furthermore, beyond its use in bipo-
lar disorder and migraine [47], VPA is earning its own space 
in cancer treatment, as an epigenetic modulator of gene ex-
pression. In particular, future research will look at VPA use 
as an HDAC modulator together with chemotherapeutics, in 
order to target different oncogenes and molecular pathways 
in a broad variety of solid tumors [183-185]. After 50 years 
of use, VPA still preserves its efficacy, and continues to 
show interesting opportunities, not only for the neurological 
field. 
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