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ABSTRACT

Valproic acid (2-propylpentanoic acid) is an antiepiieptic drug
widely used for treatment of absence seizures. Valproic acid has a
unique chemical structure which does not contain the imide structure
found in most conventional antiepileptic drugs. An in vivo study of the
antagonism of pentylenetetrazol-induced clonic seizures by alkyl-
substituted carboxylic acids and tetrazoles was of interest owing to the
known bioisosterism between the carboxylic and the tetrazolyl moiety.
The main objective of this study was to investigate the role played by
the lipophilicity, the electronic properties and the steric influence of
compounds on their anticonvulsant potency.

Quantitative structure-activity relationships of the aliphatic and
alicyclic substituted cafboxylic acids and tetrazoles have been perform-
ed using the Hansch linear free-energy relationships model. The study
proceeded by synthesis of compounds using known procedures. The di-
unsaturated derivatives of valproic acid, 2-[(E)-1'-propenyl]-(E)-2-
pentenoic acid and 2-[(Z)-1'-propenyl]-(E)-2-pentenoic acid were
prepared via a stereoselective synthetic route. The synthesized di-
unsaturated acids were used in identification of the major diunsaturated
metabolite of valproic acid as 2-[(E)-1'-propenyl]-(E)-2-pentenoic acid.

The anticonvulsant potency of test compounds was determined in mice
(CD1 strain, 20-32g) by the standard subcutaneous pentylenetetrazole
seizure threshold test. The pentylenetetrazole clonic seizure test was
found to be more sensitive to structural effects than the pentylene-
tetrazole mortality assay. The lipophilicity (octanol-water partition
coefficient) of compounds was determined indirectly by reversed phase

liquid chromatography employing an octadecylsilane column (Hypersil ODS)
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and mobile phase as 70% methanol : 307 phosphate buffer (pH 3.5). The
electronic character of the compounds was monitored by the apparent acid
ionization constant obtained from potentiometric titration in 10%
methanol-water system.

The EDgy of 0.70 mmol/kg found for valproic acid was similar to
literature values. 5-Heptyltetrazole was found to be the most potent
compound in the series of analogues studied. The carboxylic plus
tetrazole group gave a low correlation (r = 0.63) between the anticon-
vulsant potency and a linear combination of lipophilicity and apparent
ionization constant. However, in the series of active carboxylic acids,
the anticonvulsant activity was noted to be significantly correlated
with lipophilicity and apparent ionization constant (r = 0.91).

The usefulness of the electronic parameters, acid ionization con-
stant and dipole moment, were explored in an extensive set of alkyl-
substituted anticonvulsant compounds with different polar moieties.
Addition of the dipole moment term to the lipophilicity term led to
significantly better correlations (r = 0.81) as compared to that with an
added pKa term. The negative dependency of anticonvulsant activity on
dipole moment supported previous findings in studies of 1,4-benzo-
diazepines and phenyl-substituted anticonvulsant compounds.

There were some exceptions to the dependence of anticonvulsant
activity on lipophilicity and dipole moment or pKa. N,N-dibutyl-
succinamic acid showed convulsant properties at sublethal doses. The
lack of activity of cyclohexylacetic acid and 5-cyclohexylmethyltetra-
zole, in comparison to the active l-methylcyclohexanecarboxylic acid,
has some pharmacological significance. It shows a certain degree of
molecular specificity in the anticonvulsant action of valproic acid

analogues., The cyclohexylmethyl conformation was suggested, from a
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proposed model, to be less effective in hydrophobic binding due to a
steric effect at a stereoselective position on the hydrophobic site of
the GABA receptor complex. Thus it can be concluded that while lipo-
philicity governed access to sites of action, the dependence of activity
on the polar character may explain the diverse structures of anti-
convulsants provided that the steric requirements of the hydrophobic
binding site are met. Steric effects may lead to inactivity or even

convulsant properties of alkyl-substituted compounds.
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INTRODUCTION

The medium branched-chain fatty acid, valproic acid, I,(2-propyl-
pentanoic acid) is a relatively new antiepileptic drug, introduced in
North America in 1978, It is used in treatment of absence seizures and
in combination therapy for generalized tonic-clonic seizures. The dis-
covery of the anticonvulsant properties of valproic acid by Meunier et
al. (1) has directed some attention toward similar poteptial anti-
convulsant compounds without the imide structure as fouﬁd in most
conventional antiepileptic drugs.

Valproic acid presents a good lead compound for structure-activity
studies because it appears to have a novel mechanism of action involving
augmentation of GABAergic activity. It has been reported to increase
brain GABA levels in vivo and inhibit enzymes involved in GABA degrad-
ation pathways (2). Elucidation of the molecular actions of valproic
acid that are directly related to its anticonvulsant'effect would be
facilitated by the development of structure-activity relationships (SAR)
within a series of closely-related analogues of valproic acid. Invest-
igation of the molecular specificity of the anticonvulsant action of
valproic acid analogues is also of interest in determining structural
requirements at the site of action.

Earlier studies on the relationships between structure and activity
explored the possibility of modifying the carboxylic functional group to
enhance anticonvulsant activity. Most of the compounds tested for
anticonvulsant activity were dipropylacetic acid derivatives such as
amides (3-5), ureides (6), esters (3,5) including an oxazepam derivative

(7) and a hydantoin derivative of valproic acid (6). Ureas (8), alco-



hols (5,9), carbamates (9) and ketones (9) with the l-propylbutyl chain,
as in valproic acid, were also examined for anticonvulsant activity.

A number of aliphatic and alicyclic-substituted carboxylic acids
have been evaluated for anticonvulsant activity but only at a single
dose (5,10,11) or biological response‘was determined using a less spec-
ific test, i.e. protection against pentylenetetrazole (PTZ) -induced
mortality (10). However, there have been recent studies which reported
the dose-dependency of the anti-PTZ clonic seizure activity of homo-
logous straight—chain and alpha-branched fatty acids (12,13,14).

Anticonvulsant drugs have diverse chemical structures which suggest
they may have different mechanisms of action or that they may interact
at a similar site of action by virtue of having some similar pharma-
cophoric groups. Therethave been several attempts to uncover the
pharmacophoric structural features of the conventional antiepileptic
drugs. Andrews (15) reported that there was no relationship between the
anticonvulsant activity and the effective atomic charges at the quater-
nary carbon common to the anticonvulsant drugs with the imide or ureide
structure. Some investigators have looked at the variety of functional
groups that will confer anticonvulsant activity on compounds with alkyl
or phenyl substituents (16). Patrick and Bresee (17) reported that
hydrogen-bonding strengths of the major antiepileptic drugs, measured by
the hydrogen-bonding enthalpies with phenol, were the same for the
compounds studied and thus unrelated to activity. Camerman and Camerman
(18) examined the x-ray structures of some conventional antiepileptic
drugs including phenytoin, diazepam and phenylacylurea and proposed that
the spatial configurations of these compounds allow superposition of the
phenyl groups and also the carbonyl groups or an equivalent electron-

donor group.



Valproic acid has the basic structural features, a polar moiety
with an ele;tron-donor group or hydrogen-bonding group and hydrophobic
substituents, in common with conventional anticonvulsant drugs. It also
possesses a carboxylic group and alkyl chain as in the structure of
gamma-aminobutyric acid (GABA). However, valproic acid does not have a
nitrogen function as found in the structure of GABA. Different ali-
phatic and alicyclic groups may enhance or have an adverse effect on the
interaction of the carboxylic acids at the site of action. This has
been shown in some barbiturates where the presence of an isoalkyl,
isoalkenyl and B-cyclohexylidene-ethyl chain at the quaternary carbon
results in convulsant activity (19).

From studies on a homologous alpha-branched aliphatic carboxylic
acid series, Keane et al. (13) and Meldrum et al. (12) reported that
there was a significant correlation between the anticonvulsant potency
and the length of side-chain. They also found good correlations beﬁween
the increase in GABA brain levels and anticonvulsant potency. In a
different study, Perlman and Goldstein (14) used a fluorescent probe to
show that the ability of these homologous carboxylic acids to disorder
synaptosomal plasma membranes correlated well with their anticonvulsant
potency. From the fluorescent polarization studies, they suggested that
the anticonvulsaﬁt effect of valproic acid is mediated by nonspecific
mechanisms similar to those of general anesthetics. It seems that a
wide variety of structures are required to investigate the structural
specificity of valproic acid analogues.

The present investigation is concerned with the effect of diverse
substituents on anticonvulsant activity of valproic acid analogues. The

physicochemical properties, namely lipophilicity, electronic properties



and steric féctors have been determined to find whether activity in vivo
is determined by a nonspecific property such as lipophilicity or whether
there is a stereoelectronic factor determining anticonvulsant activity.
Multiparametric relationships increase the 1likelihood of structural
specificity in a class of structuraliy—related compounds. This approach
has been used by various investigators to reconcile the high structural
specificity of drug-receptor interactions and the common physicochemical
properties of disparate structures with a common biological act-
ivity (20).

Different tests have been used to evaluate the anticonvulsant;
potency of compounds for development of SAR. Currently two in vivo
experimental models of epilepsy have been widely employed for such
purposes. These are the maximal electroshock seizure test (MES) and the
subcutaneous pentylenetetrazole seizure threshold test. In this study,
the anticonvulsant potency of alkyl-substituted carboxylic acids and
tetrazoles have been determined by the subcutaneous pentylenetetrazole
seizure threshold test. Several investigators have pointed out the
bioisosterism between the carboxylic group and the tetrazole nuc-
leus (21-23). Comparative studies on substituted carboxylic acid and
tetrazoles have revealed similar, greater or inferior biological activ-
ity of the tetrazole analogues (23). Kraus (24) found both valproic
acid and its corresponding tetrazole, 4-tetrazolylheptane, inhibited
succinic-semialdehyde dehydrogenase in the GABA metabolic shunt with
inhibitory constants (Ki) of 0.7 mM and 0.75 mM respectively. Both
compounds have a polar acidic group and alkyl substituents. However,
pentylenetetrazole is a convulsant and has no acidic properties. The
effect of acidic properties of compounds on anticonvulsant potency has

made it necessary that the electronic effect of the polar moiety, which



is influenced by the alkyl substituents, be quantified by physical
methods.

By expressing physicochemical properties of structural features and
the anticonvulsant activity in quantitative terms, multiple regression
analysis is used to obtain quantitative structure-activity relationships
(QSAR). This linear free-energy relationships model was pioneered by
Hansch and co~workers (29). The use of statistical analysis in the
regression equation appears to allow much more objective establishment
of SAR. Several researchers have used the Hansch approach to identify
molecular properties that account for the anticonvulsant activity of the
structurally diverse antiepileptic drugs (15,19,26,27). Lien and co-
workers (26,28) found that 1,4-benzodiazepines, which are known to have
specific binding sites, could not be included with other antiepileptic
drugs to develop a significant QSAR. There have been suggestions from
QSAR studies that CNS-acting drugs have differing lipophilicity require-
ments which determine their distributional localization and hydrophobic
binding at the active site (20). Hansch and co-workers (29) developed
quantitative structure-activity relationships for a series of hypnotic
barbiturates and suggested an optimal octanol-water partition
coefficient of about 100 (log P = 2.0).

This QSAR approach has not been applied to either alkyl substituted
carboxylic acids or tetrazoles which may specifically antagonize PTZ-
induced clonic seizures because of the insimilarity in structure and the
known bioisosterism between carboxylic and tetrazole groups. It appears
that the semi-rigid cycloalkyl-substituted compounds are potential
structures to investigate the structural reﬁuirements at the site of

action for valproic acid analogues. Apparently 5-alkyl-



tetrazoles (21,23) and diunsaturated derivatives of valproic acid (2)
have not been evaluated for their anticonvulsant activity.

Unidentified diunsaturated metabolites of valproic acid have been
reported to be present in the serum and urine of patients on valproic
acid therapy (2). The availability of synthetic reference material will
help characterize the stereochemical configuration of these
diunsaturated metabolites. Their synthesis requires stereoselective
methods owing to the number of positional isomers and multiplicity of
the stereoisomers. Compounds with polar groups in the alkyl chain, in
addition to the terminal carboxylic function, have also been included in

the study.

Specific Objectives

1. Valproic acid has been reported to exhibit selective actions that
may mediate its anticonvulsant effects. A wide variety of struct-
ural analogues of valproic acid were to be used to investigate the
degree of structural specificity of the anticonvulsant actions.
The series of valproic acid analogues (Figure 15 include compounds
with y-alkyl substituents; o,a-dialkyl substituents; B-alkyl sub-
stituents; «-alkyl substituent, alicyclic substituents; polar
groups in alkyl chain; unsaturated alkyl groups. The first part of
the study was to apply synthetic methods to prepare the substituted

carboxylic acids and tetrazoles.

2, In the course of the study, it was of interest to employ a stereo-
selective synthetic method to prepare the diunsaturated analogues
of wvalproic acid, 2-[(E)-1'-propenyl]-(E)-2-pentenoic acid and
2-[(Z)-1"-propenyl]-(E)~2-pentenoic acid, for evaluation of the

anticonvulsant activity and identification of the major di-
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Figure 1. Chemical Structures of Valproic Acid and analogues
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unsaturated metabolites of valproic acid.

Aside from application of reverse-phase HPLC as an analytical tool,
one can relate the observed chromatographic retention parameters of
compounds to physicochemical properties such as lipophilicity.
Octanol-water partition coefficients indirectly determined by
reverse phase (RP) - HPLC have been shown to be in close agreement
with values obtained by the traditional shake-flask procedure.
Since chromatographic methods are generally more rapid than the
static method owing to the higher rate of equilibration of solute
between the phases, this study utilizes a RP-HPLC procedure to
determine the octanol-water partition coefficients of valproic acid
analogues. The effects of different mobile phases and compounds of
diverse chemical structures on the accuracy of the RP-HPLC method

were examined.

Variation of the substitution pattern in the carboxylic acids and
tetrazoles is manifested by the resultant electronic effects at the
acidic groups of the polar moiety. While the apparent ionization
constants (pKa) of the compounds may have been variously reported
in the literature, the conditions used for measurement of pKa
values usually differ from one laboratory to the other. It was in
the interest of accuracy and consistency to employ an appropriate

method to determine the pKa of valproic acid and analogues.

Valproic acid and alkyl-substituted compounds have been reported to
be more effective against PTZ-induced clonic seizures compared to
other chemical-induced seizures or electrically induced seizures.
Since there have been relatively few studies on the dose-dependent

anti-PTZ activity of valproic acid analogues, the aim of the study



was to determine the anti-PTZ potency of not only the homologous -
branched acids but also compounds with other substitutional char-

acteristics.

Since the QSAR approach has not been applied to alkyl-substituted
carboxylic acids and tetrazoles, it was of interest to evaluate the
role played by the electronic properties of the polar group and the
hydrophobicity of the alkyl group on the anticonvulsant potencies
of test compounds, Additional structural properties considered in
the present study were the conformational or steric effects and the

molecular dipole moments.
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Although this study pertains specifically to alkyl substituted
carboxylic acids and tetrazoles, comparative studies with other alkyl-
substituted heterocyclic compounds were made possible by the available
literature data on their anti-PTZ potencies and physicochemical prop-
erties. The basis of such comparison is the possibility of a common
molecular action of the alkyl substituted compounds as suggested from
biochemical, pharmacological and neurophysiological studies by several

researchers (30-34).
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LITERATURE SURVEY

1. Clinical Use and Anticonvulsant Properties of Valproic Acid (VPA)

The therapeutic efficacy of VPA (Depakene®) has been demonstrated
in several clinical studies (35,36). VPA is now widely used in primary
generalized epilepsies, particularly those of the absence seizure type.
Valproic acid is considered to be at least as effective as ethosuximide
in the treatment of absence seizure (37). Its broad spectrum of anti-
epileptic effects has, however, proven véluable in combination therapy
for myoclonic epilepsy and generalized tonic-clonic seizures (35,36).

VPA shows selective activity against several types of chemically or
electrically-induced seizures in a variety of species. VPA has a weak
activity against maximal electroshock seizures in mice compared to the
activity of phenobarbital and phenytoin (38). VPA is more effective in
prevention of clonic or tonic seizures induced by PTZ and
picrotoxin (38-40). High doses are reported to block tonic-clonic,

bicuculline and strychnine-induced seizures (38-40).

2. Pharmacological Testing

a. Experimental Models of Epilepsy

Quantitative effects of structural variants on the pharma-
cological activity of the antiepileptic drugs have been obtained by
the use of numerous tests in experimental animals. The common
experimental techniques for inducing seizure in rodents include
electroshock and systemic administration of convulsants such as
PTZ. The maximal electroshock seizure test (MES) and the sub-

cutaneous pentylenetetrazole seizure threshold test (s.c. PTZ) are
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widely recognized models for determining the anticonvulsant activ-
ity of compounds. Activity in the MES test has been correlated
with a compound's ability to modify maximal seizures or inhibit the
seizure spread through the brain. In contrast the s.c. PTZ test
meaéures the ability of a compound to elevate the degree of seizure
thréshold (41). The MES test is thus a model of generalized tonic-
clonic seizure while the s.c. PTZ test is a model of absence
seizures., Other models have been developed to simulate partial
seizures.

Extensive investigations have been carried out to standardize
the MES test (41-43) and the s.c. PTZ test (41,44,45). These two
methods have been preferred over other tests since they are report-
ed to be rapid, simple, easily controlled and non-erratic in
producing the clonic or tonic seizure component (38). The value of
these tests has been shown by good correlation between test results
and efficacy in clinical epilepsy (38,46)., In the MES test, max-
imal seizures are induced by passing high current (five to seven
times threshold value, i.e. 50 mA, 60 Hz) through corneal
electrodes for 0.2 sec in mice (46). In the MES test, active
compounds protect against the tonic extension of hind limbs. PTZ
is administered in mice or rats at doses ranging from frank
convulsant to nearly lethal doses. In the s.c. PTZ test, threshold
clonic seizures are produced when PTZ is administered
subcutaneously in a dose of 85 mg/kg in mice. This is the reported
CDgy dose in mice (46). Protection in the s.c. PTZ test is defined
as absence of clonic spasms of duration greater than 5 sec.

Another PTZ seizure threshold test, the timed i.v. infusion method,
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has also been used to determine anticonvulsant potency in
rats (45).

Whereas there is a need for the use of in vitro models of
neuronal discharge, especially in identifying the selective mol-
ecular actions of antiepileptic drugs (31), the empirical in vivo
models have also been discriminative in showing differential
actions of antiepileptic drugs. Ethosuximide and trimethadione,
both alkyl-substituted compounds, are effective only for absence
seizures and in the s.c. PTZ test (44,47). Phenytoin is in-
effective for absence seizures and in the s.c. PTZ test, but it
prevents generalized tonic-clonic seizures, partial seizures and
maximal electroshock seizures (42-44), Phenytoin is thought to
suppress the s