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ABSTRACT

Preclinical studies have been carried out during the past four decades to investigate the
different mechanisms of action of valproate (VPA). The mechanisms of VPA which seem
to be of clinical importance include increased GABAergic activity, reduction in excitatory
neurotransmission, and modification of monoamines. These mechanisms are discussed in
relation to the various clinical uses of the drug. VPA is widely used as an antiepileptic
drug with a broad spectrum of activity. In patients, VPA possesses efficacy in the treat-
ment of various epileptic seizures such as absence, myoclonic, and generalized tonic-
clonic seizures. It is also effective in the treatment of partial seizures with or without sec-
ondary generalization and acutely in status epilepticus.

The pharmacokinetic aspects of VPA and the frequent drug interactions between VPA
and other drugs are discussed. The available methods for the determination of VPA in
body fluids are briefly evaluated.

At present, investigations and clinical trials are carried out and evaluated to explore the
new indications for VPA in other conditions such as in psychiatric disorders, migraine and
neuropathic pain. Furthermore, the toxicity of VPA, both regarding commonly occurring
side effects and potential idiosyncratic reactions are described. Derivatives of VPA with
improved efficacy and tolerability are in development.

INTRODUCTION

Valproic acid (N-dipropylacetic acid) or valproate (VPA) is a unique drug, as it is a
simple branched-chained fatty acid, structurally unrelated to any other antiepileptic drug
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Fig. 1. The chemical structure of valproic acid, a simple branched-chained fatty acid.

(AED). Its antiepileptic properties were fortuitously discovered when it was used as a
solvent for other compounds tested for antiepileptic activity four decades ago (92). VPA
has been demonstrated to exert antiepileptic activities in a number of animal models of
tonic-clonic, partial, and absence seizures (for review, see 79,80). VPA is a widely used
AED since it possesses efficacy in the treatment of various seizure types such as absences,
myoclonic, and generalized tonic-clonic seizures (13,15,53). The drug has shown efficacy
in the treatment of partial seizures with or without secondary generalization (85,104). VPA
is also effective in the acute treatment of status epilepticus (103). Consequently, VPA is a
drug with a broad antiepileptic spectrum. In addition, VPA is extensively used in the
treatment of bipolar disorders (17) and in other neurological conditions such as migraine
and neuropathic pain (for review see 60).

PHARMACOLOGY

Mechanisms of Action

VPA has been thoroughly investigated, but still many aspects of the contribution of the
proposed mechanisms remain uncertain.

Effects of VPA on GABA and inhibitory neurotransmission

As demonstrated by several studies, VPA potentiates GABAergic inhibitory effects in
the central nervous system (CNS). The effect of VPA on GABA levels and enzymes re-
lated to the cerebral tricarboxylic acid (TCA) cycle has been investigated in vitro during
the past three decades; it has been thoroughly reviewed by Loscher (79-81). In vitro VPA
has been shown to inhibit GABA transaminase, succinic semialdehyde dehydrogenase,
and o-ketoglutarate dehydrogenase (44,77,118). Consequently brain levels of GABA tend
to increase acutely (9,21,62). As discussed by Loscher (80), GABA turnover is elevated in
certain brain areas which are important in seizure inititation and propagation, such as the
substantia nigra. A recent study by Petroff et al. (102) using '"H-NMR spectroscopy shows
that VPA does not significantly increase brain GABA in patients with refractory complex
partial seizures in the occipital cortex. The GABA elevating effect of VPA may, therefore,
be of clinical importance primarily during acute treatment. Another possibility is that local
changes in GABA are not detected, but further studies will hopefully differentiate and
detect these local changes.
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In addition, VPA also interacts with the metabolism of y-hydroxybutyrate (GHB), a
metabolite of GABA. A reduction in GHB release could be of importance in the anti-
absence effect of VPA (81,119). It should be kept in mind, however, that the brain concen-
tration of GHB is very low, and that there will be an equilibrium between GABA-succinic
semialdehyde-GHB in the normal state (119).

The influence on the balance between GABA and glutamate may be involved in the
action of VPA in the treatment of migraine, since VPA is likely to modulate the bio-
chemical phenomenon of aura or to affect nociception by modulation of GABA and/or
glutamate-mediated neurotransmission (27). Most recently, it has been concluded that all
AEDs used in the treatment of migraine share a common role in enhancing GABA-me-
diated inhibition (25). In neuropathic pain, VPA has been demonstrated to block neuro-
genic inflammation via GABA , receptor-mediated inhibition, possibly by modulation of
trigeminal nociceptive neurons innervating the meninges (28).

Effects of VPA on excitatory neurotransmission

VPA suppresses NMDA-evoked depolarizations (40,125). Furthermore, it blocks sei-
zures induced by NMDA (29). In contrast, VPA has not been shown to affect responses
mediated by other ionotropic glutamate receptors, the AMPA or kainate receptors (96).
Potential effects of VPA on metabotropic receptors are not known. A VPA-induced re-
duction of glutamatergic excitatory neurotransmission by antagonism of NMDA-receptors
may, therefore, be a relevant mechanism of VPA’s antiepileptic effect. A reduction in ex-
citatory neurotransmission may also be important in the treatment of manic episodes.

As demonstrated by 13C nuclear magnetic resonance (NMR) spectroscopy in mice, the
synthesis of glutamate is reduced after acute administration of VPA, which could lead to a
decrease in glutamatergic neurotransmission (62). This decrease is accompanied by an in-
crease in the synthesis of GABA (62). This effect seems to be potentially advantageous,
since it will reduce excitability and will reestablish a balance between the excitatory
amino acid neurotransmitter glutamate and the inhibitory amino acid neurotransmitter
GABA. It has been suggested that the effect of VPA on glutamate release may be respon-
sible for the antimanic effect of the drug (32). At therapeutic concentrations this effect,
however, does not seem to be clinically relevant (Fig. 2).

Acutely, VPA decreases aspartate levels in whole rodent brain (21,62). The role of
aspartate as a candidate excitatory neurotransmitter has recently been discussed. It does
not seem to fulfil the criteria for a quantitatively important excitatory neurotransmitter,
since it is mainly synthesized in GABAergic neurons (48,61).

Effects of VPA on monoamines

Changes in the levels of the monoamines may also contribute to the clinical effects ob-
served during treatment with VPA. In depression, the monoamines serotonin and nor-
epinephrine, are generally assumed to be key mediators. After chronic treatment of ro-
dents with VPA (200 mg/kg) the brain levels of norepinephrine, dopamine and serotonin
increased in some and decreased in other brain areas (91). Microdialysis studies in rats
demonstrated an elevation of levels of serotonin and dopamine metabolites (5-hydroxy-
indoleacetic, homovanillic and dihydroxyphenylacetic acids) after treatment with VPA at
appropriate doses (53). Furthermore, Horton et al. (53) showed that blockade of serotonin
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synthesis did not diminish the antiepileptic action of VPA. This observation suggested that
the effect of VPA on serotonin may not be important for its efficacy in epilepsy. The con-
nections between the pathophysiological mechanisms of migraine and the role of seroto-
ninergic and GABAergic neurotransmission have recently been discussed by Silberstein
(111). A possible link between glutamatergic and serotonergic neurotransmission may also
be of pharmacological importance in bipolar disorders, since glutamatergic excitatory
neurotransmission may be regulated presynaptically by several serotonin receptors
(5-HT 5 53) (46,86,87).

Effects of VPA on ion channels

VPA reduces epileptiform discharges by inhibiting high-frequency firing of neurons
(90,115). This effect may contribute to the efficacy of VPA in the treatment of epilepsy,
where excessive high-frequency bursting of neuronal aggregates is seen (36). As many
other AEDs VPA was thought to inhibit sodium channels. Chronic treatment with VPA has
been postulated to upregulate cell surface expression of sodium channels (123). However,
the importance of inhibition of voltage-gated sodium channels as an independent mech-
anism of action of VPA has been lately questioned (2,62,79,81). Loscher (81) concluded,
that there is no convincing evidence that at therapeutically relevant concentrations VPA
blocks voltage-dependent sodium currents.

At concentrations higher than therapeutic, VPA may affect calcium and potassium
channels by interfering with calcium entry into the cell and activating potassium conduc-
tance, which leads to a reduction in neuronal excitability (37). An explanation of the
neurophysiological effects observed could be that the lipophilic VPA molecule at milli-
molar concentrations interferes with the cell membrane structure (81).

Effects of VPA on cerebral glucose metabolism

In patients with epilepsy VPA has been shown to decrease cerebral glucose metabolism
(39,73). This effect has been recently attributed to the inhibition of the TCA cycle, that
was first shown in vivo in mice (62). Acutely, VPA inhibits a-ketoglutarate dehydro-
genase, a rate limiting step of the TCA cycle, which leads to the impairment of cerebral
ATP production (62). Since inhibition of metabolism may lead to a reduction in neuronal
excitability through modulation of sodium channels (26), inhibition of sodium conduc-
tance may be a consequence of a decrease in energy production (62). Epileptic seizures are
associated with a massive increase in cerebral energy metabolism (20). A reduction in ce-
rebral glucose metabolism must, therefore, be regarded as favorable in the treatment of ep-
ilepsy. Acutely, in the initial phase of the treatment of status epilepticus, this mechanism
could contribute to the anticonvulsant effect of VPA. In contrast, in bipolar disorders and
mania, a reduction in cerebral metabolism has been seen, and a positive clinical response
leads to a further decrease in cerebral metabolism (74,99,107). Therefore, the effect of
VPA on cerebral glucose metabolism seems favorable also in these conditions. Since VPA
reduces cerebral metabolism acutely, a possible application may also include prevention
of excitotoxic effects caused by excessive glutamatergic neurotransmission.

CNS Drug Reviews, Vol. 9, No. 2, 2003



VALPROATE 203

1.4 4

2 mM: Increase in glutamate release

5 mM: Modulation of Ca?*/K* conductance
1.2 20 mM: K; for GABA-T

Qe e e e e — o

) " Inhibition of Na+ I
Mouse acute dose i.p.
after 25 minutes
0.8 1

Reduction in ATP

06 e e e e A e e

Humans-acute

K; for SSA-DH
0.4 1

Increase in 5-HT

Brain concentration of VPA (mmol/L)

Increase in GABA
0.2 ___ Decrease in asp
__ _ Humans-chronic

0 100 200 300 400 500 600 700 800 900 1000
Dose of VPA (mg/kg)

Fig. 2. A concentration-dependent model of mechanisms of action of VPA.

The figure illustrates the different mechanisms of actions related to doses administered acutely in vivo or concen-
trations used in in vitro experiments. The brain levels reached with acute and chronic VPA treatment in humans
are calculated from serum levels reported in the literature (21,79). The relationship between dose and actual
brain level achieved is based on acute i. p. administration. of VPA at different doses in mice and measurement of
brain levels at 25 min after sacrifice (Johannessen, unpublished). The following effects are observed with in-
creasing brain levels of VPA: From the bottom: Effects on intracellular GABA and aspartate levels (from synap-
tosomes) are seen at a lower brain concentration of VPA than the extracellular effects of these amino acids
(21,79). Further effects are: Increase in serotonin and other monoamines (91), inhibition of succinic semi-
aldehyde dehydrogenase (SSA-DH) (118), and decrease in ATP levels (Johannessen, unpublished; 62). The ef-
fects at even higher brain levels of VPA are: inhibition of sodium currents (I), increase in glutamate release (32),
modulation of calcium and potassium conductance (37), and inhibition of GABA transaminase (GABA-T) (118).

A concentration-dependent model for the mechanisms of action of VPA

A model which summarizes the various mechanisms of action of VPA is presented in
Fig. 2. The main targets for the action of VPA are correlated to the concentration curve of
VPA following acute administration of the drug to mice. The mechanisms of action of
VPA that most probably contribute to its clinical effects are illustrated. Figure 2 illustrates
that at therapeutically relevant concentrations, effects of VPA on GABA metabolism and
levels, serotonin levels and glucose metabolism seem to play a role. Effects of VPA on
glutamate release, sodium, calcium, and potassium conductance, or GABA-T inhibition
do not seem to contribute to the therapeutic effect of VPA.

Extrapolation from animals to humans and from in vitro studies to in vivo effects must,
however, be regarded with caution. From rodents to humans there are major differences in
the pharmacokinetics (79), but the brain concentrations achieved are comparable in mice
and humans. It should also be noted that the mechanisms involved in the acute action of
VPA at high concentrations given acutely during manic episodes or status epilepticus, may
differ from the effects seen with chronic treatment.
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No single mechanism of action of VPA which is presented, can account for its nu-
merous effects, but it seems likely that a combination of several effects may explain the
broad spectrum of activity of VPA.

CLINICAL PHARMACOLOGY

Pharmacokinetics

Absorption

The bioavailability of VPA is almost complete. It is 96 to 100% for all formulations of
VPA in common use (conventional tablets, enteric coated tablets, sustained-release tablets,
capsules, and oral and intravenous solutions). The rate of absorption, however, depends on
the formulation. The time periods required to reach the peak serum concentrations of VPA
vary with the formulations. With conventional tablets and solutions peak serum concentra-
tions of VPA are reached at 1 to 2 h after administration, with enteric coated tablets at 3 to
6 h, and with sustained-release tablets at 10 to 12 h. The absorption of VPA is more rapid
during maintenance therapy than after single doses. It is considerably delayed if the drug
is taken at 2 to 3 h after meal, which may explain why absorption tends to be considerably
slower in the afternoon than in the morning (30,71).

VPA is rapidly absorbed by rectal application. Approximately the same serum concen-
trations of VPA can be obtained with rectally administered suppositories or solutions, as
with oral medication (68). Rectal application offers, therefore, an alternative mode of ad-
ministration when the drug cannot be given orally.

Protein binding

VPA is 78 to 94% bound to serum proteins. The binding is concentration-dependent,
and if the serum concentration of VPA is above the therapeutic range (>600 umol/L,
80 pg/mL) binding may be as low as 67% (71). The protein bound fraction is less in pa-
tients with renal disease, chronic hepatic disease, in the elderly, during pregnancy and in
the presence of other protein bound drugs such as phenylbutazone or acetylsalicylic acid.
It is doubtful whether the binding of VPA is influenced by other AEDs (30). Unbound
VPA concentrations in serum approximate those in CSF and tears (63,94).

Metabolism

The half-life of VPA in serum is 11 to 20 h. The drug is almost completely metabo-
lized; only a small amount of unchanged VPA is found in the urine. The lowest values are
found in the urine of patients treated with VPA and enzyme-inducing AEDs (30,71). The
metabolism of VPA is independent of the serum concentration and follows first-order ki-
netics, suggesting that there is no auto-induction or saturation of the metabolism. Due to
interindividual differences in metabolism there is a poor correlation between the dose of
VPA and the serum concentration, especially in patients who are also taking enzyme-in-
ducing AEDs (67). Children need considerably higher doses in mg/kg body weight than
adults to obtain comparable serum concentrations (66). The metabolism of VPA follows at
least five main metabolic pathways including glucuronidation, B-oxidation, and Q-oxi-
dation. However, the active metabolites represent only a minor percentage of the total

CNS Drug Reviews, Vol. 9, No. 2, 2003



VALPROATE 205

serum VPA. The contributions of metabolites to the therapeutic and toxic effects of VPA
are not fully understood. Alterations in the pharmacokinetics of VPA in the elderly are
complex and involve a reduction in serum protein binding and drug metabolizing capacity.
The dosage requirements may, therefore, be slightly lower in the elderly (30).

Drug Interactions

Pharmacokinetic interactions between VPA and other drugs are frequently seen, and
several are of major clinical significance (Table 1). VPA inhibits the metabolism of a
number of drugs and may easily result in intoxication if the dose of the co-medication is
not reduced as shown for instance for phenobarbital and lamotrigine. Its own metabolism
may also be stimulated by the enzyme-inducing activity of other AEDs, causing VPA
levels to decrease. This is of considerable clinical significance, since it is often difficult to
obtain satisfactory efficacy with VPA in patients who are treated also with phenytoin, phe-
nobarbital, primidone, or carbamazepine (30,49).

It is noteworthy that VPA does not diminish the effect or oral contraceptives, as is the
case with enzyme-inducing AEDs. No interactions are seen between VPA and the com-
bined oral contraceptive pill, progesterone-only pill, medroxyprogesterone injections or
levonorgestrel implants (24).

Drug Concentrations and Clinical Effects

A therapeutic range for VPA in the order of 300 to 600 umol/L (40 to 80 pug/mL) has
been suggested for patients with epilepsy, although this range must be regarded as only a
rough guide (30,45,49). Similar drug levels are recommended for patients with bipolar
disorder (88). Because of the marked variability of serum levels over a 24 h period, blood
samples should be drawn before the first dose of the day in order to ensure relative compa-
rability of different determinations (66). The clinical effect of VPA may not be clearly cor-

TABLE 1. Pharmacokinetic interactions of VPA.
Effect on serum concentration

Drug Effect
Effects of VPA on other drugs

Phenobarbital Increased
Carbamazepine Increased
Primidone Increased
Ethosuximide Increased
Lamotrigine Increased
Felbamate Increased
Oral contraceptives No effect
Effects of other drugs on VPA

Phenytoin Decreased
Phenobarbital Decreased
Carbamazepine Decreased
Felbamate Increased
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related with the total serum levels since several factors influence this relationship. These
factors include a relatively short half-life, diurnal variations in absorption and metabolism,
and nonlinear protein binding (64). Due to interindividual differences in the protein
binding of VPA, measurement of free drug levels instead of the total drug levels in serum
serum has been suggested (30).

Analytical Methods

Gas-liquid chromatography (GLC)

As reviewed by Johannessen (64) most GLC procedures for determination of VPA in-
volve formation of derivatives to produce volatile products with improved chromato-
graphic characteristics and compounds with enhanced flame ionization detection. There
are also several methods for quantitative analysis of metabolites of VPA by GLC or com-
bined GLC-MS (mass spectroscopy). Some of the metabolites of VPA are of importance
for the evaluation of adverse reactions. Lately, assessment of VPA concentrations in tears
using GLC-MS, has been carried out, as a possibly useful method for therapeutic drug
monitoring (98,109). VPA concentrations in saliva samples have also been measured, but
they do not seem to reflect the serum levels of the drug (76).

High-performance liquid chromatography (HPLC)

HPLC methods for the analysis of VPA are similar to the GLC methods, except that a
liquid mobile phase is substituted for the gas phase, and a UV detector is used for the
quantification of VPA. Reversed-phase, high performance columns, usually C-18, are
used with mobile phases of either methanol and water or acetonitrile and water mixtures
(64).

Immunoassay methods

Several immunoassay methods are now widely used for monitoring VPA because of
their speed, simplicity, and sensitivity. These methods include EMIT (Syva/Dade Beh-
ring), SLFIA (Ames), FPIA (Abbott Diagnostics, Roche), CEDIA (Microgenics, Boehrin-
ger-Mannheim), and turbidimetric latex agglutination assay (Biotrack, Ciba-Corning).
The analytical performance of these immunoassays appears to be practically equivalent to
that of the chromatographic methods (64). The chemiluminescent analyser IMMULITE
2000 (Diagnostic Products) was recently shown to be similar to other immunoassays for
VPA (38).

CLINICAL STUDIES

Today, VPA is widely used in the treatment of epilepsy. Current clinical trials with VPA
are now focused mainly on new indications for the drug. The mechanism of action of VPA
in several distinct clinical conditions is still largely unknown. It is conceivable, however,
that the neuronal dysfunctions underlying these conditions are similar but are manifested
in different locations or neuronal pathways of the central nervous system. The actions of
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VPA involving GABAergic, glutamatergic, and serotonergic neurotransmission may fa-
vorably contribute to the treatment of different neurological or psychiatric disorders.

Epilepsy

Various clinical studies over the last decades have demonstrated that VPA is effective
in the treatment of many seizure types, including absence, tonic-clonic, and partial sei-
zures. Both as add-on therapy and as monotherapy VPA is well-established as a first-line
drug (5,105, for review, see 30,101). In addition, it is also used to treat infantile spasms
(West syndrome), Lennox-Gastaut syndrome, febrile seizures, and status epilepticus
(30,103). A microdialysis study in humans demonstrated the pharmacokinetic rationale for
acute treatment with VPA. It is based on the rapid distribution of VPA to the brain (75).
Recently, Marson et al. (83) performed a meta-analysis that compares VPA with
carbamazepine in the monotherapy of epilepsy. The investigators concluded that there was
no reason for the preference of VPA for generalized-onset seizures, while the preference
for carbamazepine was supported in the case of partial-onset seizures (83). Recently, Pe-
rucca (101) reviewed prospective, randomized, comparative studies of VPA monotherapy
and concluded that VPA can be distinguished from other AEDs by its broad spectrum of
efficacy against all seizure types (for review, see 14,101).

Bipolar Disorders

VPA is regarded as a first choice drug in the treatment of bipolar disorders, including
acute mania, cyclothymia, mixed state and rapid cycling (70,72,88). Clinical trials have
demonstrated that VPA is effective in manic phases of bipolar disorders, even in patients
resistant to other drugs. VPA may also exert acute or long-term mood-stabilizing effects
(88,97). Patients in a mixed-state and rapid cyclers seem to respond better to VPA or
carbamazepine than to lithium, but well documented, double-blind randomized studies are
still needed to evaluate the long-term effectiveness of either drug (16). In the acute manic
state of patients with bipolar or schizoaffective disorders, VPA is effective as short-term
treatment with a rapid onset of action (70,88). In these disorders, VPA seems to be more
beneficial for patients with a seizure history or with abnormal neurological features (113).
VPA may have less beneficial effects in acute depression than in acute mania, although ad-
ministration of VPA over long periods of time seems to improve the efficacy (19).

Other possible indications for VPA include anxiety disorders, post-traumatic stress dis-
order, substance abuse, and schizophrenia. Because of its GABA-potentiating properties
VPA may also be useful in the treatment of tardive dyskinesia (114).

Migraine

VPA has been shown to reduce the number of migraine attacks, as well as their duration
and intensity in 50 to 70% of patients for periods of three months, up to one year or longer
(43,84,93,110,111). In the treatment of migraine VPA was used at doses of 200 to
1500 mg a day (84). Safety of VPA in migraine prophylaxis was studied in an open
long-term study by Silberstein et al. (112), and it showed that the initial benefits of VPA
treatment with doses of 500 mg per day were maintained for a period of three years.
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Neuropathic Pain

VPA has been approved for the treatment of trigeminal neuralgia (106). A phase II
study to establish the efficacy and toxicity of VPA in patients with cancer-related neuro-
pathic pain over a year was performed (47). The response rates varied in the trial, but
many patients had a beneficial effect from the treatment. More controlled studies are,
however, needed to evaluate the effects of VPA in various types of pain.

TOXICITY

Dose-Related Side Effects

Gastrointestinal side effects, e.g., nausea, vomiting, and gastrointestinal distress have
been reported to occur in up to 25% of the patients (33), probably less with enteric-coated
formulations. Weight gain is a frequent problem, and increase in body weight and body
mass index following VPA treatment have recently been studied (10,23). These studies
show that weight gain occurs within the first ten weeks of treatment and is in the order of
six kilograms (10,23). Weight gain during VPA therapy is associated with metabolic
changes like a decrease in B-oxidation of fatty acids (18), increased insulin and in-
sulin/glucose ratios (31), and increased leptin and insulin levels (120). The problem ap-
pears to be more common in females, it is not necessarily eliminated by caloric restriction,
and it may lead to discontinuation of VPA therapy.

Hair changes, like hair thinning, alopecia, sometimes regrowth of curly or differently
colored hair may occur (47). These effects are probably dose-, or duration of therapy-re-
lated, so that dose reduction may help. There is a great individual susceptibility of patients
to the development of tremor, which usually appears at doses within the therapeutic range
(108). Beydoun et al. (5) measured safety of VPA in a double-blind monotherapy trial in
partial epilepsy where the effects of VPA at a high-dose (555 to 1040 umol/L, 80 to
150 pg/mL) and a low-dose (175 to 345 pmol/L, 25 to 50 ug/mL) were compared. The
adverse events observed more frequently in the high-dose group included: tremor, throm-
bocytopenia, alopecia, asthenia, diarrhea, vomiting, and anorexia. With all drugs affecting
central nervous system neurological side effects can be expected. They may include se-
dation, drowsiness, confusion and irritability; many of these side effects occur with
polytherapy. There is a wide variability among patients in tolerance of VPA. VPA can
produce some sedation at serum concentrations >600 pmol/mL (80 pg/mL) (107). VPA is
regarded as a drug with a safe cognitive profile, but cognitive effects, including mild
general psychomotor slowing may occur (3,117,121).

Regarding metabolic disturbances, hyperammonemia is seen with VPA therapy, as a
consequence of increased renal production of ammonia or inhibition of nitrogen elimi-
nation, or both (51,52). Hyperammonemia may be enhanced in the presence of poly-
therapy (122,124). Furthermore, VPA may induce hyperglycemia and hyperglycinuria
(58,95). In most patients, these changes are not associated with clinical symptoms and are
detected by laboratory screening. Long-term VPA monotherapy may occasionally increase
serum calcium concentrations and bone resorption, leading to decreased bone mineral
density (110).
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Idiosyncratic Reactions

Hematological toxicity

VPA can cause direct bone marrow suppression leading to aplastic anemia or peripheral
cytopenia affecting one or more cell lines. Occasional fatal bone marrow failure has been
reported. Hematological toxicity of VPA varies in onset and severity, it is recurrent, tran-
sient, or persistent, and usually occurs at a high serum concentrations of VPA, but may be
reversed with dose reduction. Discontinuation of therapy is rarely required (1). Thrombo-
cytopenia, macrocytosis, neutropenia, and pure red cell aplasia can occur but are not re-
ported to be life threatening (1). Potential adverse effects such as thrombocytopenia and
leukopenia are detected by laboratory monitoring.

Hepatotoxicity

Regarding possible hepatotoxicity of VPA, transient elevations of hepatic enzymes
without clinical symptoms are seen in 15 to 30% of patients (for review, see 4). VPA
therapy has been associated with rare fatal hepatotoxicity, predominantly when used as
part of polytherapy in young children under 2 years of age, where the incidence can be as
high as 1:600, but with a rapidly decreasing incidence with increasing age and when used
as monotherapy (33,34,101). During the past years the occurrence of fatal liver toxicity
has decreased, probably due to attention to the risk factors by physicians, patients or rela-
tives, avoidance of high-risk groups, and monitoring of liver enzyme levels (101). Hypo-
theses regarding the pathogenesis of the hepatotoxicity include pre-existing neurological
or physical defects, mitochondrial disease or inborn errors in metabolism, VPA inhibition
of B-oxidation, and toxicity from VPA metabolites, such as 4-ene-VPA and 2,4-diene-VPA
4).

The occurrence of pancreatitis associated with VPA was recently reviewed, and it is re-
garded as a rare condition (22,100). Its mechanism has not been established.

Polycystic ovary syndrome

Polycystic ovary syndrome is regarded as a controversial issue in women with epilepsy.
The syndrome is characterized by endocrine dysfunction such as irregular menstruation or
amenorrhoea, hirsutism and infertility, but its pathogenesis and clinical symptoms are het-
erogeneous, and the syndrome is also related to obesity, regardless of drug treatment (41).
The question has been raised to which extent long-term treatment with VPA, obesity or
epilepsy per se increases the frequency of polycystic ovary syndrome in women, and this
issue has been hotly debated in a series of articles under the headline “Controversies of
epilepsy” (41,57,50). In summary, menstrual disorders, certain clinical, ultrasound or en-
docrine manifestations of disorders of the reproductive system, and polycystic ovary syn-
drome appear to be more common with VPA as compared to other AEDs (50). The inci-
dence, clinical relevance, and influence of confounding factors remain to be evaluated in
large, prospective randomized studies (50).

Teratogenicity

Teratogenicity may be a problem following treatment with VPA as well as with other
AEDs. Neural tube defect, spina bifida, following the use of VPA was observed more than
20 years ago. The prevalence of neural tube defects is approximately 1-2.5% in offspring
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of mothers treated with VPA, especially on polytherapy during the first trimester of preg-
nancy. This incidence is significantly higher than with other AEDs (42). The role of folic
acid metabolism is probably important in this context, and folic acid supplementation is
recommended before and during pregnancy in all fertile women taking VPA and/or other
AEDs (101). Since convulsive seizures are also considered harmful to the developing
embryo, anticonvulsant prophylaxis is needed, choosing the AED that is most likely to
control patients’ seizures at a relatively low dose (101).

Based on animal models, high peak serum concentrations of VPA are likely to attenuate
the teratogenic effects, possibly due to saturation of binding sites and increased unbound
fraction of VPA. The use of slow-release preparations and dividing the daily dose into
several doses is, therefore, recommended (30,116). Women treated with VPA who become
pregnant, are commonly considered to be at risk for complications during pregnancy or
lactation, including teratogenic effects, direct neonatal toxicity, and the potential for
long-term neurobehavioral sequelae (54). The therapy with VPA requires, therefore, at-
tention to the timing of exposure, dosage, duration of use, and fetal susceptibility.

DEVELOPMENT OF VPA DERIVATIVES

Several derivatives of the VPA are now being tested in an attempt to develop VPA-like
compounds with improved efficacy and reduced toxicity. One example of rational drug
design is SDP421 (DP-VPA), a phospholipid prodrug of VPA, which is designed to enter
the central nervous system where VPA is thought to be cleaved off at the site of seizure by
increased phospholipase A, activity. There is evidence that the activity of phospholipases
is elevated at the site of paroxysmal neuronal activity (7). Partial and generalized seizures,
not including absence seizures, are thought to be prevented by SPD421, as shown in pre-
clinical models (8). It is expected that with SPD421 the targeted, demand-regulated de-
livery of VPA will provide seizure control with a lower systemic exposure to VPA and a
reduced risk of central and systemic side effects (7). SPD421 seems to be more potent and
longer acting than VPA in some models of chemically induced and genetic epilepsy, and it
is well tolerated in several animal models acutely and chronically (7,8). SPD421 is now
being evaluated in the clinic. Phase I studies have been completed in 117 healthy volun-
teers with doses from 300 to 2400 mg for up to 14 days and the drug has been well tol-
erated (8). Phase II studies to investigate efficacy and tolerability of SPD421 at various
doses in the patient population are ongoing (8).

Several derivatives of VPA have been synthesized and tested for anticonvulsant po-
tency. Valrocemide (N-valproyl glycinamide, TV 1901) was developed from a pharmaco-
kinetic-based design of a series of N-valproyl derivatives of GABA and glycine with
better penetration through the blood-brain barrier and a non-toxic metabolic pathway (8).
Valrocemide has been demonstrated to be effective in several chemically and electrically
induced seizure models (55), and it has a good safety profile (56). Valrocemide showed no
teratogenic potency in animal models, in contrast to VPA (8). Valrocemide has been
studied in humans in phase I studies (6,7) and as add-on therapy in patients with epilepsy
for 13 weeks with doses up to 2000 mg a day with good safety, tolerability, and prelim-
inary efficacy (8).

In the search for new drugs with a safe tolerability profile, several other analogs of
VPA have been tested for their teratogenic properties, since their teratogenicity appears to
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vary with minor changes in their chemical structure (104). The analogs valnoctamide,
valpromide, and valnoctic acid have been shown in mice to be distinctly less teratogenic
than VPA itself (104). It must be noted, however, that no animal models have yet been
proven to predict human teratogenicity.

Recently, the possible antitumor effects of VPA and its analogues were discussed in re-
lation to the mechanisms responsible for the teratogenic effects of VPA. Same mechanism
may conceivably be responsible for both effects (11). Several cellular effects of VPA have
been demonstrated both on transcription factors and gene expression regulated by protein
kinases, in addition to intracellular receptors and enzymes (12). These findings open new
insights into future antitumor therapy.

CONCLUSIONS

During the past four decades many possible mechanisms of action of VPA have been
explored. These investigations provide new insight into the broad spectrum of VPA ac-
tivity. It seems reasonable that VPA acts through several distinct mechanisms involving
different neurotransmitters. In addition, the activity of VPA appears to be related to the
pathophysiological mechanisms involved in epilepsy as well as in several other neuro-
logical and psychiatric conditions. At present, clinical studies are ongoing to evaluate the
efficacy and safety of VPA in bipolar disorders, migraine, and neuropathic pain. New de-
rivatives of VPA with improved efficacy and tolerability are currently in development.
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