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Update on pharmacogenetics in epilepsy: a brief review

Cassandra E | Szoeke, Mark Newton, Julie M Wood, David Goldstein, Samuel F Berkovic, Terrence J OBrien, Les J Sheffield

Recent developments in the pharmacogenetics of antiepileptic drugs provide new prospects for predicting the efficacy of
treatment and potential side-effects. Epilepsy is a common, serious, and treatable neurological disorder, yet current
treatment is limited by high rates of adverse drug reactions and lack of complete seizure control in a significant
proportion of patients. The disorder is especially suitable for pharmacogenetic investigation because treatment response
can be quantified and side-effects can be assessed with validated measures. Additionally, there is substantial knowledge
of the pharmacodynamics and kinetics of antiepileptic drugs, and some candidate genes implicated in the disorder have
been identified. However, recent studies of the association of particular genes and their genetic variants with seizure
control and adverse drug reactions have not provided unifying conclusions. This article reviews the published work and
summarises the state of research in this area. Future directions for research and the application of this technology to the
clinical practice of individualising treatment for epilepsy are discussed.

The promise of pharmacogenetics in clinical
practice

Pharmacogenetics encompasses the principle of testing
for how genetic variation among individuals affects
variation in response to medicine, both in terms of efficacy
and adverse drug reactions. It provides the ability to
identify potential adverse drug reactions or lack of
effectiveness of a drug before administration. Therefore,
pharmacogenetics holds the promise to deliver safe and
effective drug treatment for various prevalent diseases by
allowing individual prescribing based on patient genotype,
but so far it has been implemented in clinical practice in
only a few isolated examples.

Differences in treatment outcomes for various
disorders are seen in patients with apparently identical
diagnosis and treatment. These differences have been
examined biochemically from drug concentrations in
serum to assess the distribution of metabolites from
individual drugs, which can guide some treatments. The
completion of the human genome project has promoted
studies on gene expression and genetic sequence
variation between individuals, and enabled investigation
of the genetic control of the individual variation seen in
clinical practice.

The treatment of epilepsy offers a model opportunity for
the application of pharmacogenetics into clinical practice
in view of the high prevalence of this disorder,"” the wide
variety of individual responses to antiepileptic drugs, the
readily quantified outcomes of seizure control, and the
availability of validated scales to classify both seizures’ and
adverse effects.* These validated scales are used widely in
clinical trials although not so commonly in clinical
practice. The definition used to classify patients as being
pharmacoresistant has varied in different studies
investigating pharmacogenetics of antiepileptic drugs.
The goal of epilepsy treatment should be complete seizure
control, as this is what is needed for the patient to be able
to drive, operate machinery, and have an optimum quality
of life. Therefore the most appropriate definition of
pharmacoresistance is the inability to achieve complete
seizure control despite trials of at least three appropriate
antiepileptics, taken at therapeutic doses, excluding
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seizures due to drug non-compliance or extraordinary
provoking events. However, although complete seizure
control is eventually achieved in most newly treated
patients,* this outcome is uncommon in patients treated
in chronic epilepsy clinics. Because these populations
have been used in all previous pharmacogenetic studies, a
less strict definition of pharmacoresistance has been
applied (most commonly the occurrence of more than
three seizures despite trials of three or more antiepileptic
drugs).””

Pharmacogenetics holds the potential for a significant
reduction in the 40-50% of patients treated with an
antiepileptic drug who currently have an adverse drug
reaction or inadequate seizure control (pharma-
coresistance)® or both. Individual patients with similar
epilepsy syndromes who are taking similar, or even the
same, doses of medication can have vastly different
responses.” Genetic differences among patients are
likely to make some contribution to this variation.
Current treatments for epilepsy are not curative; the goal
of treatment is seizure freedom without side-effects. A
third of a typical unselected epilepsy population remains
refractory to conventional medication,” and even for
those who eventually respond to treatment a quarter will
have sufficient negative effects to warrant withdrawal of
the drug.®® Finally, there are particular epilepsy
syndromes that often remain persistently refractory to
current available treatments, such as Lennox-Gastaut
and symptomatic focal epilepsies.

Traditionally, antiepileptic drugs have been developed
through screening large numbers of compounds in a
few animal seizure models. In the past two decades,
however, the discovery of channelopathies in human
epilepsy has provided novel mechanisms of
epileptogenesis, which are now directing drug
development according to a specific neurobiochemical
approach. Insights into the genetic basis of some
seizure disorders have expanded our current
understanding of epilepsy with significant implications
for its treatment.

The effect of genetic polymorphisms on the metabolism
of drugs is significant. Many of the main drug-
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metabolising enzymes have well-characterised functional
variants. For example, patients with variant genotypes of
CYP2D6 (homozygote, two null [non-functioning] alleles)
are associated with poor metaboliser status®** compared
with those with two wild-type (normal) alleles who are
extensive metabolisers. Multiple copies of a normal gene
can give ultra rapid metaboliser status.” This variable rate
of metabolism alters serum drug and metabolite
concentrations, and the clinical effect of this is dependent
on the activity and toxic effects of the drug and its
metabolites, and in particular the size of the difference
between a therapeutic and a toxic dose. These variants are
not rare, with the prevalence of CYP2D6 poor
metabolisers being 6-10% in white populations.
Therefore, an important clinical application of this
technology would be dosage schedules according to
genotype.

Genetic polymorphisms can alter drug metabolism at
various sites. There is potential for alteration in
absorption, distribution, transport, metabolism,
clearance, and sites of action. Antiepileptic drugs are
not only substrates, but can also inhibit or induce
genes implicated in metabolism,*” which can then
affect not only the antiepileptic drug taken by the
patient, but also the metabolism of concurrently
prescribed medication. The rate of metabolism can also
be affected by gene—gene interactions. There are
several genes whose function is the regulation of other
genes. These include PXR (pregnane X receptor)® and
CAR (constitutive androstane receptor).” The products
of these genes induce members of the cytochrome
p450 family and consequently have the potential to
increase the rate of metabolism.®” Therefore,
phenotype can be affected by both target genes and
genes connected with regulation.

Product

Function

MDR1/ABCB1

SCN1A
GABBR1
GABA-B
TNFa
HLA

CYP3A
CYP2C19
CYP2C9
CYP2A6
MRP
OCTN2
UGT 1A6
CYP1A2
CYP2D6
cYP2c8
PXR

PRNP

P-glycoprotein

a1 subunit sodium channel
Gamma-aminobutyric acid receptor B

Subunit of tumour necrosis factor

HLA

Cytochrome p450 enzyme

Cytochrome p450 enzyme Associated with hydroxylation
Cytochrome p450 enzyme Omega oxidation pathway
Cytochrome p450 enzyme Associated with oxidation

Multidrug resistance-associated protein
Organic cation transport protein
Uridine diphosphate glycosyltransferase

Cytochrome p450 enzyme Associated with hydroxylation
Cytochrome p450 enzyme Associated with hydroxylation
Cytochrome p450 enzyme Associated with hydroxylation

Pregnane X receptor

Cellular prion protein

Transmembrane transport

Associated with CYP3A

Movement of sodium ions across membrane
Membrane receptor

Associated with the inflammatory pathway
Associated with immune response. HLA alleles
allow for different peptide presentation on T cells
Associated with hydroxylation

Transmembrane transport
Transmembrane transport
Associated with glucuronidation pathway

Associated with indirect metabolism in
hydroxylation pathway
Associated with neuron protection

Table 1: Potential candidates, and their known functions, associated with pharmacogenetics of

antiepileptic drugs
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Genetic variation and response to antiepileptic
drugs

The importance of genetics on the effect of antiepileptic
drugs was initially shown by selective breeding
programmes in animals (basic genetic manipulation) that
resulted in a strain of rats with resistance to the
antiepileptic effect of phenytoin.? In human beings, an
example of the role of genetics is the variation in
individual susceptibility to the occurrence of neural tube
defects in the offspring of women taking similar doses of
valproic acid, which suggested that genetic factors could
be contributing.?*

Substantial ~ evidence from studies of the
pharmacokinetics of antiepileptic medication indicates
that genetic variation probably affects the clinically
effective drug dose in any given patient. The potential
application of pharmacogenetics to clinical practice has
been investigated in genetic association and expression
studies. Association studies have been undertaken for
genes implicated in drug transport (MDR1/ABCB1I),>%
end-organ drug targets (sodium channel SCN1A),*? and
integral components of the immune response system
(TNFa and HLA-DR, HLA-DQ, HLA-B).** Data show
gene expression effects for genes associated with drug
transport (MDRI1/ABCB1, MDR2/ABCB2)** and
metabolism by the cytochrome p450 system (CYP3A4,
CYP2C9, CYP2C19, CYP2D6).** The eftect of linkage
disequilibrium is an important consideration in some of
these observations.” Linkage disequilibrium refers to
the non-random association among variant alleles at
different polymorphic sites in the genome (though often
not exclusively among sites that are physically near one
another in the genome). For this reason when a variant
is associated with a phenotype the variant studied might
not be causal, but could simply serve as a marker for a
causal variant that it is in linkage disequilibrium with.
Therefore the association identified with a
polymorphism could suggest an effect exerted by
another polymorphism in that gene or another gene that
is located nearby. The actual causal variant might be
identified by further genetic or functional analysis, but
in general, the precise localisation of casual variants is
proving to be a difficult obstacle in genetic association
studies.

Metabolic studies have led to several genes being
implicated in the individual variability in the
pharmacology and metabolism of antiepileptic drugs
(PXR, OCT2N, CYP2D6, CYP1A2, CYP2A6, CYP2BG,
CYP2E1, UGTI1A6, UGTI1A9, UGT2B7).*** New
technology, including oligonucleotide microarray, is
available to study gene expression after antiepileptic
treatment.” Expression microarray analysis has the
potential to identify genes that function differently
between two samples thus providing candidate genes for
further analysis.

Table 1 lists the potential genes implicated in the
variable response to antiepileptic medication and
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summarises their known function. Table 2°** summarises
the evidence for variant genotypes in candidate genes
associated with the metabolism and effect of antiepileptic
drugs in human beings. Here we review the work to date,
focusing on the different categories of candidate genes
implicated in drug transport, sodium channel function,
and immunological regulation.

Drug transporters

The membrane transporter genes encode for proteins that
actively extrude drugs from cells, with the potential to
affect both toxicity and efficacy. They were initially
described in tumour cells resistant to chemotherapy
drugs.*” P-glycoprotein, a drug efflux transporter, was
associated with multi-drug resistance gene (MDRI)

Design

Population

Gene/protein

Findings

Membrane transporters

Tan, 20047 Retrospective,
case control
Retrospective,
case control

609 epilepsy patients

(401 PRand 208 PS)

200 PR, 115 PS, and

200 controls

193 epilepsy patients (44 PS,

Siddiqui, 2003*

Zimprich, 2004 ° Retrospective,

Case control 83 intermediate sensitivity,
66 PR) and 228 controls
Giessmann, 2004* Biochemical Seven patients intestinal
case series mRNA expression
Aronica, 2004 > Histological 24 patients with epilepsy
case series
Tishler, 19953 Histological 19 patients intractable epilepsy
case series
Owen, 20014 Histological Cell lines and lymphocyte cells
Lazarowski, 2004 Histological Three patients with tuberous sclerosis
case series and refractory epilepsy
Sills, 2005 Case series 400 epilepsy patients

Hung, 2005% 108 drug resistance and 223
seizure free epilepsy patients plus

287 healthy controls

Case control study

Sodium channel
Tate, 2005* 706 epilepsy patients (425
carbamazepine and 281 phenytoin)
Ten temporal lobe epilepsy and

three control patients

Retrospective
case series
Remy, 2003% Electrophysiological
HLA

Pirmohamed M, 2001* Retrospective 60 carbamazepine sensitive patients
case control
(63 carbamazepine patients no adverse
reactions, 250 healthy volunteers)

44 epilepsy patients on

carbamazepine and 101 controls

Chung, 2004* Retrospective
case control
Neurotransmitter receptors
Gambardella, 2003% Prospective

case control

141 patients with temporal lobe
epilepsy and 372 healthy controls
Prion protein

Walz, 2003% Prospective 100 patients with mesial temporal
case control lobe epilepsy operated on because of
monthly seizures compared with 180
healthy controls
Cytochrome 2C19
Mamiya, 1998* Biochemical 134 epilepsy patients treated with
case series phenytoin
Mamiya, 2000% Biochemical 74 epilepsy patients
case series
Odani, 1997% Biochemical 44 epilepsy patients treated with
case series phenytoin
Xiao, 1997% Biochemical 303 epilepsy patients
case series
Hung, 2004 Biochemical 169 epilepsy patients treated with
case series phenytoin
Taguchi, 2005% Biochemical 20 epilepsy patients
case series

MDR1 No significant association of MDR1 3435 CC genotype with PR
MDR1 Homozygous MDR1 3435 CC associated with increased PR compared with TT alleles
MDR1 MDR1 1236C-2677G-3435C haplotype found to have an increased frequency in poor

MRP1, MRP2, MDR1

Pgp, MRP1, MRP2,

(37 non-serious, 23 serious), 313 controls

and MVP temporal lope epilepsy compared with expression levels in normal hippocampus sections

MDR1 Increased mRNA and protein expression of PgP in capillary endothelium in postoperative brain
specimens from patients with intractable epilepsy

Pgp Carbamazepine is not a substrate for Pgp in intestinal Caco cells and lymphocytes

MDR1, MRP1 Increased protein expression of MDR1 and MRP1 in epileptogenic cortical tubers of patients with
tuberous sclerosis and refractory epilepsy

MDR1 No association was seen with C3435T polymorphism and drug response

MDR1 Association was seen between the haplotypes of C1236T, G2677T, and C3435T and both the
drug-resistant epilepsy patients and the seizure-free patients

SCN1A SCN1A polymorphism in intron 5 (-91) associated with increased maximum dose of
carbamazepine and phenytoin

SCN In hippocampal sections patients pharmacoresistant to carbamazepine the block of the
Na-+ channel is lost

TNFa TNF 308 variant allele (TNF2) frequency was higher in patients with serious hypersensitivity
reaction than in controls. They also showed a higher frequency of DR3, DQ2, and
TNF2-DR3-DQ2 haplotype

HLA-B HLA-B*1502 associated with Stevens-Johnson syndrome with carbamazepine

GABA B (G1465A  The variant A polymorphism showed an increased risk of developing temporal mesial lobe

polymorphisms)

PNRP

CYP2C19

CYP2C19

CYP2C19
CYP2C19

CYP2C19

CYP2C19

responders compared with those that responded best to antiepileptic medication
Carbamazepine induced intestinal MDR1 mRNA, MRP2 mRNA, and MRP2 protein content

Increased expression was seen in a hippocampus specimen from patients with refractory mesial

epilepsy as well as a higher risk of pharamcoresistance

Patients with the Asn171Ser variant were shown to be five times more likely to still have
seizures after a temporal lobectomy than those without

Japanese patients with epilepsy treated with phenytoin had serum concentrations of phenytoin
metabolites assessed with respect to CYP2C9 and CYP2C19 genotypes. Hydroxylation capacity
of phenytoin was impaired in those with mutations of CYP2C9 and CYP2C19
Participants classified as having two poor metaboliser alleles (CYP2C19*2 or CYP2C19*3 or
combination of these two) have reduced clearance of phenobarbital compared with patients
who have at least one wild-type allele
Samples with at least one copy of the mutant CYP2(19,,, allele had decreased elimination rate
of phenytoin compared with the wild type samples
CYP2C19,,, and CYP2(19,,, show reduced metabolism rate of S-mephenytoin compared
with the wild type allele
Variant genotyping at CYP2C9 and CYP2C19 were shown to affect the pharmacokinetics of
phenytoin. Lower doses were recommended depending on the number of poor metabolisers’
alleles at either or both of these two genes
Genotyping of CYP2C19 and CYP2(9 has an effect on the dose of phenytoin needed to achieve
the therapeutic drug concentration range, but between patients with the same genotype
additional factors still play a part

(continues)
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(continued)

Design Population Gene/protein Findings
Cytochrome 2C9
Tate, 2005 Retrospective 281 epilepsy patients CYP2C9 CYP2C9 polymorphism associated with increased maximum dose of phenytoin
case series
Mamiya, 1998* Biochemical 134 Japanese epilepsy patients treated CYP2C9 Serum concentrations of phenytoin metabolites assessed with respect to CYP2C9 and CYP2C19
with phenytoin genotypes. Hydroxylation capacity of phenytoin was impaired in those with mutations of
CYP2C9 and CYP2C19
Ho, 2003% Biochemical 39 epilepsy patients CYP2C9 CYP2C9*2 and CYP2C9*3 have reduced efficiency for biotransformation of valproic acid to
4-ene-VPA, 4-OH-VPA, and 5-OH-VPA
Odani, 1997% Biochemical 44 epilepsy patients treated with CYP2C9 Samples heterozygous for the wild-type and Leu had a 33% lower elimination rate of
phenytoin phenytoin than wild type samples
Hung, 2004 Biochemical 169 epilepsy patients CYp2C9 Variant genotyping at CYP2C9 and CYP2C19 were shown to an effect on the pharmacokinetics
case series of phenytoin. Lower doses were recommended depending on the number of poor metabolisers’
alleles at either or both of these two genes
Van der Weide, 2001®  Biochemical 60 epilepsy patients CYP2C9 Patients with at least one mutant CYP2C9 allele had a lower dose of phenytoin to achieve a
case series therapeutic serum drug concentration than did patients with two normal alleles
Taguchi, 2005% Biochemical 20 epilepsy patients CYP2C9 Genotyping of CYP2C19 and CYP2(9 has an effect on the dose of phenytoin needed to achieve

PR=pharmacoresistant; PS=pharmacosensitive; MRP=multi resistance-associated protein; MDR=multi drug resistance; MVP=major vault protein; Pgp=P-glycoprotein; SCN=sodium channel; CYP=cytochrome.

case series

the therapeutic drug concentration range, but between patients with the same genotype
additional factors still play a part

Table 2: Studies of pharmacogenetics specific to antiepileptic drugs in human beings
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expression, which is alternatively known as ATP-binding
cassette, sub-family B, member 1 (ABCB1).” The families
of membrane transporters, of which the gene product of
MDRI1/ABCBI is the best-studied example, could act to
limit the accumulation of antiepileptic drugs in the brain
since their primary function is to cause efflux of potential
toxins.”*”* The function and biochemistry of P-glycoprotein
with respect to antiepileptic drugs has been reviewed
elsewhere.”

There is evidence to suggest that antiepileptic drugs
interact with the MDRI/ABCBI gene product.
Carbamazepine has been shown to increase the transport
of the P-glycoprotein substrate talinol (a marker of
MDR1/ABCB1 mRNA expression).” In-vitro studies show
that phenytoin, lamotrigine, and valproic acid inhibit P-
glycoprotein transporter expression in calcein assay (used
to determine the effect of compounds on the function of
P-glycoprotein in live cells).” P-glycoprotein is thought to
transport various antiepileptic drugs,* making it a
potential contributor to pharmacoresistance, although the
evidence for carbamazepine is conflicting.”” Further
studies have shown that P-glycoprotein mRNA and
protein concentrations in tissue resected from patients
with drug-resistant epilepsy are increased compared with
tissue from control subjects. =467

The question as to whether an increase in
P-glycoprotein  activity is related to a genetic
polymorphism in the MDRI/ABCBI1 gene has been
assessed. A common single nucleotide polymorphism
identified within exon 26 of the MDR1/ABCBI1 gene (T/C)
has been shown to be associated with a differential
function of P-glycoprotein.” The homozygote T is found
in about 25% of the white population.” This variation
results in a silent substitution (no amino acid change) at
position 3435 and is closely linked to a polymorphism

within intron 26. This MDR1/ABCB1 polymorphism is
located within an extended block of linkage
disequilibrium and thus it might not be a causal variation
but a marker of a causal polymorphism in a gene
nearby.”* Clinical studies of this gene have thus far been
done only on retrospective cohorts and in patients with
chronic epilepsy undergoing treatment at tertiary centres.
The relation between the MDR1/ABCB1 polymorphisms
and the association with pharmacoresistance in epilepsy is
unclear with three of the published studies documenting
an association of pharmacoresistance with the 3435CC
genotype of the MDRI1/ABCBI1 gene,**® whereas other
studies were unable to identify an association.”” These
discrepancies could be explained by many factors,
including sample size, sample homogeneity, sample bias,
and diagnosis of the epilepsy syndromes and
pharmacoresistance definitions. If the MDRI1/ABCBI
3435 polymorphism has an effect (or is in linkage
disequilibrium with a variant that does) it does not seem to
have a substan-tial effect on the final phenotype. There are
polymorphisms of other transporter proteins (MRPI,
MRP2, OCTN2) that have a potentially important role in
the metabolism of antiepileptic drugs™” and need further
investigation.

Drug metabolism

Table 3 summarises the role of the pathways in the
metabolism of antiepileptic drugs with particular
reference to carbamazepine and valproic acid, which are
the most commonly prescribed initial antiepileptic drugs
in developed countries.®

The cytochrome p450 system

The cytochrome p450 mono-oxidases (CYP450) are an
important family of liver enzymes, which metabolise

http://neurology.thelancet.com Vol 5 February 2006
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Enzymes associated with major metabolic pathways*

Carbamazepine CYP3A4, CYP1A2, CYP2A6, CYP2C8, CYP2C19, CYP2D6,
UGT1A6, UBG2B

Valproic acid 50% by UGT, CYP2C9, CYP2C19

Phenytoin CYP2C9, CYP2(C19, UGT

Phenobarbital  CYP2C9, CYP2C19

Primidone CYP2C9, CYP2(19,

Gabapentin 95% excreted unchanged by kidney, rest by transaminase
and vitamin B6

Tiagabine CYP3A4, UGT

Topiramate 80% excreted unchanged by kidney, rest CYP2C9, CYP2C19

Felbamate CYP2E1, CYP3A4, CYP2C19

Lamotrigine More than 70% UGT1A4, 10% excreted unchanged, the rest

currently unknown
Leviteracetam  60% excreted unchanged, 24% hydrolysis of acetamide group
by CYP450 independent process, 2-5% via p450 enzymes

*Alteration in any enzyme important in metabolism can alter the metabolite
population formed affecting efficacy and adverse event profile.

Table 3: Enzymes involved in the metabolism of commonly prescribed
antiepileptic drugs

various drugs into substances with altered activity and
ease of clearance. Most prescribed drugs are metabolised
by the cytochrome p450 system and several genetic
polymorphisms in genes that correspond to the
cytochrome enzymes have been identified.** However,
no large clinical association studies have been reported up
to now.

Genetic variation in these genes can affect metabolism,
leading to the altered phenotypes discussed earlier.
Individuals with poor metaboliser alleles of CYP2C9 or
CYP2C19 genes were shown to have a reduced
metabolism of phenobarbital, phenytoin, and valproic acid
compared with those with wild-type (normal)
alleles'26,45,48,64—66,83

The discovery of polymorphisms that alter the rate of
drug metabolism has led to investigation of drug dose
concentrations and maximum drug doses. Several studies
of phenytoin have shown that variations in the genes for
CYP2C9 and CYP2C19 correlate with the maximum dose
of drug needed by patients to control their seizures.
Patients with the poor metaboliser alleles at these genes
needed lower doses of phenytoin to achieve the
therapeutic serum drug concentrations than did those
with the normal extensive metaboliser alleles.*¥% The
identification of the genotype of patients before drug
administration could prevent high serum drug
concentrations. Table 2 summarises the evidence on the
effects of cytochrome p450 polymorphisms.

Glucuronidation

The wuridine diphosphate glucuronosyltransferase
enzymes are responsible for the glucuronidation of
various endogenous substances in addition to common
drugs.* Most of the metabolism of valproic acid and
lamotrigine occurs via this glucuronidation pathway at
therapeutic doses for antiepileptic treatment. Genetic
polymorphism has been shown to affect the

http://neurology.thelancet.com Vol 5 February 2006

glucuronidation pathway® thereby altering the metabolite
populations responsible for the efficacy and adverse event
profiles.

End-organ targets

Many of the antiepileptic drugs, especially carbamazepine,
phenytoin, and lamotrigine, are thought to exert their
primary antiepileptic action by use-dependent blockage of
neuronal sodium channels. This mechanism is also
Dbelieved to contribute to the actions of valproic acid and
topiramate. Mutations in the alpha unit of the sodium
channel gene, SCN1A, are associated with familial and
sporadic epilepsies,® and another study showed that
patients with epilepsy had a higher proportion of
variations in the SCNIA gene than did control patients.”
An SCNIA polymorphism has been investigated in a
cohort of patients with chronic epilepsy. The AA genotype
was associated with patients being prescribed higher
maximum doses of carbamazepine and phenytoin than
those patients who had the SCNIA Intron 5(-91) GG
genotype.” The importance of the neuronal sodium
channel to pharmacoresistance was also suggested by
findings of a study linking clinical pharmacoresistance to
carbamazepine with loss of the expected use-dependent
block of sodium channels by carbamazepine in human
hippocampal slices.”” Further studies are needed to
confirm these findings.

Immunogenetic background

Inflammatory mediators, such as HLA genes and tumour
necrosis factor (INF), are important in adverse reactions
to antiepileptic drugs. HLA association studies suggest
that immunological mechanisms might contribute to the
cause of some epilepsies. However, there has been only
one clinical association study of immunological
mediators. HLA-DR4, HLA-DQ2, and HLA-DR7 groups
were identified more often in patients with hippocampal
sclerosis-related temporal lobe epilepsy than in healthy
controls.” This study did mnot directly assess
pharmacoresistance, and association studies might simply
reflect the effects of linkage disequilibrium. Therefore the
importance of these factors in the pathogenesis and
treatment of epilepsy is yet to be clarified.

Serious skin hypersensitivity reaction due to
carbamazepine has been associated with a polymorphism
at position 308 in the TNFa promoter region gene” and
with variants of the HLA gene alleles DR3 and Q2' A
larger study revealed a higher frequency of HLA-B*1502
in 44 patients taking carbamazepine, who developed
Stevens-Johnson syndrome, than in controls.”

Limitations of current work

So far the published studies are limited by the absence of
prospective data and by selection biases, with cohorts
drawn from chronic epilepsy patients in tertiary medical
centres. Furthermore, these reports have provided little
information about the drugs and doses used by their
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participants, who often took several antiepileptic drugs.
Data for confounders,® such as ethnic origin,'*® diet,” and
medication,”*”" and for comorbidities are also sparse.
Additionally, most studies did not stratify by epilepsy
syndrome or seizure types, which are both known to affect
the probability of pharmacoresistance to antiepileptic
drugs.

Genetic association with phenotypes has been shown,
but further research is needed to identify causal variants.
An improved understanding of the pharmacokinetics and
dynamics of antiepileptic drugs will enable a more rational
focus on which candidate genes are likely to be
associated.”

Future directions

Although the evidence implies an important role for
pharmacogenetics in the management of patients with
epilepsy, the current published work does not include a
multicentre prospective trial to answer the criticisms of
previous work. Such a trial would need to account for the
allele frequency differences that occur due to ethnic
origin.” Concurrent medication use is an important factor
for consideration, both in terms of side-effect profile and
competitive metabolism.” For example, simple daily low-
dose aspirin for 7 days and 14 days has been shown to
induce in-vivo CYP2C19 activity.” Other dietary factors,
such as consumption of grapefruit juice, which alters liver
metabolism and enzyme activity, should also be
considered.”

The prospect of predicting drug response, and therefore
directing treatment, on the basis of individual genotype™
promises significant health and quality-of-life benefits to
patients. Additionally, there is potential to advance the
science of epilepsy with improved understanding of the
complex pathophysiology of this group of disorders. This
research could open other treatment avenues, such as
targeted treatment and reversal of drug-transporter
activity, which has been developed to some extent in
cancer chemotherapy.”**

The development of the pharmacogenetic approach to
epilepsy treatment also provides substantial advantages in
time and cost savings for both patients and communities
by reducing patient-doctor contact time, seizure-related
morbidity, drug side-effects,” medication alterations,” and
polypharmacy.” The choice of appropriate medication for
an individual could be influenced by use of a single,
simple DNA test. Although the cost-effectiveness of
introducing pharmacogenetics into clinical practice has
been debated,”'® the diminishing costs of DNA typing
suggest that a pharmacogenetic approach is affordable.

Various potentially valuable drugs have been removed
from the market because of side-effects in a subset of the
population. The best example of this, for antiepileptic
drugs, is felbamate. Pharmacogenetic techniques, which
identify susceptible individuals before treatment, could
allow selection of those with a low risk of side-effects from
these drugs. The US Food and Drug Administration is

Search strategy and selection criteria

References for this review were identified by searches of
PubMed in August, 2005, for research published between
1966 and the present, and from references from relevant
articles; numerous articles were also identified through
searches of the extensive files of the authors. The search terms

I 7

“epilepsy”, “therapy”, “pharmacogenetics”, “MDR”,
“CYTOCHROME”, "OCTN2", “UGT", “SCN”, “PXR",
“TNFalpha”, "HLA”, "MRP”, “carbamazepine”, “valproate”,

nou mou nou

“lamotrigine”, “pregabalin”, “phenobarbitone”, “gabapentin”,

nou

“tiagabine”, “topiramate”, “felbamate”, “leviteracetam”,
“primidone” were used. Only papers published in English were
reviewed. The final reference list was generated on the basis of
originality and relevance to the topics covered in the review.

currently preparing guidelines for the role of
pharmacogenetics in drug development and clinical
practice.

The potential advantages of pharmacogenetics offer a
revolutionary approach to clinical practice and the
treatment of epilepsy. The realisation of these potentials
will need close liaison between clinicians and scientists to
coordinate sound research design and implementation.

Acknowledgments

CS has received scholarships from the University of Melbourne (Viola
Edith Scholarship) and the Epilepsy Society of Australia, and has received
a research grant from the Melbourne Research Directorate, The Royal
Melbourne Hospital (Victor Hurley Fund).

Authors’ contributions

CS did the literature search, wrote the manuscript, and prepared the
tables; MN wrote the manuscript; JW did the literature search and
prepared the tables; DG, SB, LS, CS, TO, and MN contributed to the
editing of the manuscript; and TO supervised the first author.

Conflicts of interest

DG has a patent pending on the SCN1A genotype for prediction of
dosage; however, any remuneration from this patent goes to the
Institution for further research funding. We have no other conflicts of
interest.

References

1 Hauser W, Annegers J, Kurland LT. Prevalence of epilepsy in
Rochester, Minnesota: 1940-1980. Epilepsia 1991; 32: 429-45.

2 Wallace H, Shorvon S, Tallis R. Age specific incidence and
prevalence rates of treated epilepsy in an unselected population of
2052 922 and age-specific fertility rates of women with epilepsy.
Lancet 1998; 352: 1970-73.

3 Reutens DC, Howell RA, Gebert KE, Berkovic SF. Validation of a
questionnaire for clinical seizure diagnosis. Epilepsia 1992;
33:1065-71.

4 Aldenkamp AP, Baker GA. The Neurotoxicity Scale-II: results of a
patient-based scale assessing neurotoxicity in patients with epilepsy.
Epilepsy Res 1997; 27: 165-73.

5  Baker GA, Frances P, Middleton E. Initial development, reliability,
and validity of a patient-based adverse events scale. Epilepsia 1994;
35 (suppl 7): 80.

6  Kwan P, Brodie MJ. Early identification of refractory epilepsy.

N Engl ] Med 2000; 342: 314-19.

7 Tan NC, Heron SE, Scheffer IE, et al. Failure to confirm association
of a polymorphism in ABCB1 with multidrug-resistant epilepsy.
Neurology 2004; 63: 1090-92.

8  Siddiqui A, Kerb R, Weale ME, et al. Association of multidrug
resistance in epilepsy with a polymorphism in the drug-transporter
gene ABCB1. N Engl ] Med 2003; 348: 1442-48.

http://neurology.thelancet.com Vol 5 February 2006



Review

9  Zimprich F, Sunder-Plassmann R, Stogmann E, et al. Association of
an ABCB1 gene haplotype with pharmacoresistance in temporal lobe
epilepsy. Neurology 2004; 63: 1087-89.

10 Mattson RH, Cramer JA, Collins JF. Prognosis for total control of
complex partial and secondarily generalized tonic-clonic seizures.
Department of Veterans Affairs Epilepsy Cooperative Studies No. 118
and No. 264 Group. Neurology 1996; 47: 68-76.

11 Léscher W. Current status and future directions in the
pharmacotherapy of epilepsy. Trends Pharmacol Sci 2002; 23: 113-18.

12 Kwan P, Brodie MJ. Epilepsy after the first drug fails: substitution or
add-on? Seizure 2000; 9: 464—68.

13 Baker GA, Jacoby A, Buck D, Stalgis C, Monnet D. Quality of life of
people with epilepsy: a European study. Epilepsia 1997; 38: 353-62.

14 Scheffer I, Berkovic S. The genetics of human epilepsy.

Trends Pharmacol Sci 2003; 24: 428-33.

15 Kagimoto M, Heim M, Kagimoto K, Zeugin T, Meyer UA. Multiple
mutations of the human cytochrome P4501ID6 gene (CYP2DG6) in
poor metabolizers of debrisoquine: study of the functional
significance of individual mutations by expression of chimeric genes.
J Biol Chem 1990; 265: 17209-14.

16 Sachse C, Brockmoller ], Bauer S, Roots I. Cytochrome P450 2D6
variants in a Caucasian population: allele frequencies and phenotypic
consequences. Am | Hum Genet 1997; 60: 284-95.

17 Dahl ML, Johansson I, Bertilsson L, Ingelman-Sundberg M,

Sjoqvist F. Ultrarapid hydroxylation of debrisoquine in a
Swedish population. Analysis of the molecular genetic basis.
] Pharmacol Exp Ther 1995; 274: 516-20.

18 Ethell BT, Anderson GD, Burchell B. The effect of valproic acid on
drug and steroid glucuronidation by expressed human UDP-
glucuronosyltransferases. Biochem Pharmacol 2003; 65: 1441-49.

19 Anderson GA. Pharmacogenetics and enzyme induction/inhibition
properties of antiepileptic drugs. Neurology 2004; 63 (suppl 4):
S$3-8.

20 Gnerre C, Blattler S, Kaufmann MR, Looser R, Meyer UA.
Regulation of CYP3A4 by the bile acid receptor FXR: evidence for
functional binding sites in the CYP3A4 gene. Pharmacogenetics 2004;
14: 635-45.

21 Plant NJ, Gibson GG. Evaluation of the toxicological relevance of
CYP3A4 induction. Curr Opin Drug Discov Devel 2003; 6: 50-56.

22 Cramer S, Ebert U, Loscher W. Characterization of phenytoin-
resistant kindled rats, a new model of drug-resistant partial epilepsy:
comparison of inbred strains. Epilepsia 1998; 39: 1046-53.

23 Duncan S, Mercho S, Lopes-Cendes I, et al. Repeated neural tube
defects and valproate monotherapy suggest a pharmacogenetic
abnormality. Epilepsia 2001; 42: 750-53.

24 Strickler SM, Miller MA, Andermann E, et al. Genetic predisposition
to phenytoin-induced birth defects. Lancet 1985; 326: 746—49.

25 Tan NC, Mulley JC, Berkovic SF. Genetic association studies in
epilepsy: “the truth is out there”. Epilepsia 2004; 45: 1429-42.

26 Tate SK, Depondt C, Sisodiya SM, et al. Genetic predictors of the
maximum doses patients receive during clinical use of the anti-
epileptic drugs carbamazepine and phenytoin. Proc Natl Acad
Sci USA 2005; 102: 5507-12.

27  Escayg A, Heils A, MacDonald BT, Haug K, Sander T, Meisler MH.
A novel SCN1A mutation associated with generalized epilepsy with
febrile seizures plus—and prevalence of variants in patients with
epilepsy. Am | Hum Genet 2001; 68: 866-73.

28 Pirmohamed M, Lin K, Chadwick D, Park BK. TNFalpha promotor
region gene polymorphisms in carbamazepine hypersensitive
patients. Neurology 2001; 56: 890-96.

29 Chung WH, Hung SI, Hong HS, et al. Medical genetics: a marker
for Stevens-Johnson syndrome. Nature 2004; 428: 486.

30 Giessmann T, May K, Modess C, et al. Carbamazepine regulates
intestinal P-glycoprotein and multidrug resistance protein MRP2 and
influences disposition of talinolol in humans. Clin Pharmacol Ther
2004; 76: 192-200.

31 Aronica E, Gorter JA, Ramkema M, et al. Expression and cellular
distribution of multidrug resistance-related proteins in the
hippocampus of patients with mesial temporal lobe epilepsy.
Epilepsia 2004; 45: 441-51.

32 Dombrowski SM, Desai SY, Marroni M, et al. Overexpression of
multiple drug resistance genes in endothelial cells from patients with
refractory epilepsy. Epilepsia 2001; 42: 1501-06.

http://neurology.thelancet.com Vol 5 February 2006

33

34

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Sisodiya SM, Heffernan J, Squier MV. Over-expression of
P-glycoprotein in malformations of cortical development. Neuroreport
1999; 10: 3437-41.

Sisodiya SM, Lin WR, Squier MV, Thom M. Multidrug-resistance
protein 1 in focal cortical dysplasia. Lancet 2001; 357: 42—43.

Tishler DM, Weinberg KI, Hinton DR, Barbaro N, Annett GM,
Raffel C. MDR1 gene expression in brain of patients with medically
intractable epilepsy. Epilepsia 1995; 36: 1-6.

Lazarowski A, Ramos A], Garcia-Rivello H, Brusco A, Girardi E.
Neuronal and glial expression of the multidrug resistance gene
product in an experimental epilepsy model. Cell Mol Neurobiol 2004;
24:77-85.

Lazarowski A, Massaro M, Schteinschnaider A, Intruvini S, Sevlever
G, Rabinowicz A. Neuronal MDR-1 gene expression and persistent
low levels of anticonvulsants in a child with refractory epilepsy.

Ther Drug Monit 2004; 26: 44—46.

Vogelgesang S, Kunert-Keil C, Cascorbi I, et al. Expression of
multidrug transporters in dysembryoplastic neuroepithelial tumors
causing intractable epilepsy. Clin Neuropathol 2004; 23: 223-31.
Potschka H, Fedrowitz M, Loscher W. Multidrug resistance protein
MRP2 contributes to blood-brain barrier function and restricts
antiepileptic drug activity. | Pharmacol Exp Ther 2003; 306: 124-31.
Weiss |, Kerpen CJ, Lindenmaier H, Dormann SM, Haefeli WE.
Interaction of antiepileptic drugs with human P-glycoprotein in vitro.
J Pharmacol Exp Ther 2003; 307: 262-67.

Owen A, Pirmohamed M, Tettey JN, Morgan P, Chadwick D,

Park BK. Carbamazepine is not a substrate for P-glycoprotein.

Br J Clin Pharmacol 2001; 51: 345-49.

Lazarowski A, Sevlever G, Taratuto A, Massaro M, Rabinowicz A.
Tuberous sclerosis associated with MDR1 gene expression and drug-
resistant epilepsy. Pediatr Neurol 1999; 21: 731-34.

Zhu B, Chen GL, Chen XP, et al. Genotype of CYP3AP1 associated
with CYP3A activity in Chinese Han population. Acta Pharmacol Sin
2002; 23: 567-72.

Kuehl P, Zhang ], Lin Y, et al. Sequence diversity in CYP3A
promoters and characterization of the genetic basis of polymorphic
CYP3AS expression. Nat Genet 2001; 27: 383-91.

Mamiya K, Ieiri I, Shimamoto J, et al. The effects of genetic
polymorphisms of CYP2C9 and CYP2C19 on phenytoin metabolism
in Japanese adult patients with epilepsy: studies in stereoselective
hydroxylation and population pharmacokinetics. Epilepsia 1998;
39:1317-23.

Ibeanu GC, Blaisdell ], Ghanayem BI, et al. An additional defective
allele, CYP2C19*5, contributes to the S-mephenytoin poor meta-
bolizer phenotype in Caucasians. Pharmacogenetics 1998; 8: 129-35.
Ibeanu GC, Goldstein JA, Meyer U, et al. Identification of new
human CYP2C19 alleles (CYP2C19%6 and CYP2C19%*2B) in a
Caucasian poor metabolizer of mephenytoin. | Pharmacol Exp Ther
1998; 286: 1490-95.

Ho P, Abbott F, Zanger U, Chang T. Influence of CYP2C9 genotypes
on the formation of a hepatotoxic metabolite of valproic acid in
human liver microsomes. Pharmacogenomics J 2003; 3: 335-42.

Kidd RS, Straughn AB, Meyer MC, Blaisdell ], Goldstein JA,

Dalton JT. Pharmacokinetics of chlorpheniramine, phenytoin,
glipizide and nifedipine in an individual homozygous for the
CYP2C9*3 allele. Pharmacogenetics 1999; 9: 71-80.

Soranzo N, Cavalleri GL, Weale ME, et al. Identifying candidate
causal variants responsible for altered activity of the ABCB1
multidrug resistance gene. Genome Res 2004; 14: 1333-44.

Ohashi R, Tamai I, Inano A, et al. Studies on functional sites of
organic cation/carnitine transporter OCTN2 (SLC22A5) using a
Ser467Cys mutant protein. J Pharmacol Exp Ther 2002; 302: 1286-94.
Zhang ], Kuehl P, Green ED, et al. The human pregnane X receptor:
genomic structure and identification and functional characterization
of natural allelic variants. Pharmacogenetics 2001; 11: 555-72.

Ketter TA, Frye MA, Cora-Locatelli G, Kimbrell TA, Post RM.
Metabolism and excretion of mood stabilizers and new
anticonvulsants. Cell Mol Neurobiol 1999; 19: 511-32.

Tein I. Carnitine transport: pathophysiology and metabolism of
known molecular defects. ] Inherit Metab Dis 2003; 26: 147-69.
Pearce RE, Vakkalagadda GR, Leeder JS. Pathways of carbamazepine
bioactivation in vitro I: characterization of human cytochromes P450
responsible for the formation of 2- and 3-hydroxylated metabolites.
Drug Metab Dispos 2002; 30: 1170-79.

195



Review

196

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Kanai H, Sawa A, Chen RW, Leeds P, Chuang DM. Valproic acid
inhibits histone deacetylase activity and suppresses excitotoxicity-
induced GAPDH nuclear accumulation and apoptotic death in
neurons. Pharmacogenomics | 2004; 4: 336—44.

Tang Y, Glauser TA, Gilbert DL, et al. Valproic acid blood genomic
expression patterns in children with epilepsy: a pilot study.

Acta Neurol Scand 2004; 109: 159-68.

Lazarowski A, Lubieniecki F, Camarero S, et al. Multidrug resistance
proteins in tuberous sclerosis and refractory epilepsy. Pediatr Neurol
2004; 30: 102-06.

Sills GJ, Mohanraj R, Butler E, et al. Lack of association between the
C3435T polymorphism in the human multidrug resistance (MDR1)
gene and response to antiepileptic drug treatment. Epilepsia 2005;
46: 643—47.

Hung CC, Tai JJ, Lin CJ, Lee MJ, Liou HH. Complex haplotypic
effects of the ABCB1 gene on epilepsy treatment response.
Pharmacogenomics 2005; 6: 411-17.

Remy S, Gabriel S, Urban BW, et al. A novel mechanism underlying
drug resistance in chronic epilepsy. Ann Neurol 2003; 53: 469-79.
Gambardella A, Manna I, Labate A, et al. GABA(B) receptor 1
polymorphism (G1465A) is associated with temporal lobe epilepsy.
Neurology 2003; 60: 560-63.

Walz R, Castro RM, Velasco TR, et al. Surgical outcome in mesial
temporal sclerosis correlates with prion protein gene variant.
Neurology 2003; 61: 1204-10.

Mamiya K, Hadama A, Yukawa E, et al. CYP2C19 polymorphism
effect on phenobarbitone. Pharmacokinetics in Japanese patients
with epilepsy: analysis by population pharmacokinetics.

Eur J Clin Pharmacol 2000; 55: 821-25.

Odani A, Hashimoto Y, Otsuki Y, et al. Genetic polymorphism of the
CYP2C subfamily and its effect on the pharmacokinetics of
phenytoin in Japanese patients with epilepsy. Clin Pharmacol Ther
1997; 62: 287-92.

Xiao ZS, Goldstein JA, Xie HG, et al. Differences in the incidence of
the CYP2C19 polymorphism affecting the S-mephenytoin phenotype
in Chinese Han and Bai populations and identification of a new rare
CYP2C19 mutant allele. | Pharmacol Exp Ther 1997; 281: 604-09.
Hung CC, Lin CJ, Chen CC, Chang CJ, Liou HH. Dosage
recommendation of phenytoin for patients with epilepsy with
different CYP2C9/CYP2C19 polymorphisms. Ther Drug Monit 2004;
26: 534-40.

Taguchi M, Hongou K, Yagi S, et al. Evaluation of phenytoin dosage
regimens based on genotyping of CYP2C subfamily in routinely
treated Japanese patients. Drug Metab Pharmacokinet 2005; 20:
107-12.

Van der Weide J, Steijns LS, van Weelden M], de Haan K. The effect
of genetic polymorphism of cytochrome P450 CYP2C9 on phenytoin
dose requirement. Pharmacogenetics 2001; 11: 287-91.

Shoemaker RH, Curt GA, Carney DN. Evidence for multidrug-
resistant cells in human tumor cell populations. Cancer Treat Rep
1983; 67: 883-88.

Hoftmeyer S, Burk O, von Richter O, et al. Functional
polymorphisms of the human multidrug-resistance gene: multiple
sequence variations and correlation of one allele with P-glycoprotein
expression and activity in vivo. Proc Natl Acad Sci USA 2000; 97:
3473-78.

Jamroziak K, Robak T. Pharmacogenomics of MDR1/ABCB1 gene:
the influence on risk and clinical outcome of haematological
malignancies. Hematology 2004; 9: 91-105.

Ho G, Moodie F, Satsangi . Multidrug resistance 1 gene
(P-glycoprotein 170): an important determinant in gastrointestinal
disease? Gut 2003; 52: 759-66.

Kim R. MDR1 single nucleotide polymorphisms: multiplicity of
haplotypes and functional consequences. Pharmacogenetics 2002;

12: 425-27.

Kwan P, Brodie MJ. Potential role of drug transporters in the
pathogenesis of medically intractable epilepsy. Epilepsia 2005;

46: 224-35.

Loscher W, Potschka H. Role of multidrug transporters in
pharmacoresistance to antiepileptic drugs. | Pharmacol Exp Ther
2002; 301: 7-14.

Aronica E, Gorter JA, van Vliet EA, et al. Overexpression of the
human major vault protein in gangliogliomas. Epilepsia 2003;

44: 1166-75.

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Cascorbi I, Gerloff T, Johne A, et al. Frequency of single nucleotide
polymorphisms in the P-glycoprotein drug transporter MDR1 gene
in white subjects. Clin Pharmacol Ther 2001; 69: 169-74.

Kerb R, Hoffmeyer S, Brinkmann U. ABC drug transporters:
hereditary polymorphisms and pharmacological impact in MDR1,
MRP1 and MRP2. Pharmacogenomics 2001; 2: 51-64.

Patsalos PN, Perucca E. Clinically important drug interactions in
epilepsy: interactions between antiepileptic drugs and other drugs.
Lancet Neurol 2003; 2: 473-81.

Ferraro T, Buono R. The relationship between the pharmacology of
antiepileptic drugs and human gene variation: an overview. Epilepsy
Behav 2005; 7: 18-36

Anzenbacher P, Anzenbacherova E. Cytochromes P450 and
metabolism of xenobiotics. Cell Mol Life Sci 2001; 58: 737-47.
Aynacioglu AS, Brockmoller ], Bauer S, et al. Frequency of
cytochrome P450 CYP2C9 variants in a Turkish population and
functional relevance for phenytoin. Br J Clin Pharmacol 1999;

48: 409-15.

Burchell B, Brierley C, Rance D. Specificity of human UDP-
glucuronosyltransferases and xenobiotic glucuronidation. Life Sci
1995; 57: 1819-31.

Ciotti M, Marrone A, Potter C, Owens IS. Genetic polymorphism in
the human UGT1AG6 (planar phenol) UDP-glucuronosyltransferase:
pharmacological implications. Pharmacogenetics 1997; 7: 485-95.
Wallace RH, Scheffer IE, Barnett S, et al. Neuronal sodium-channel
alphal-subunit mutations in generalized epilepsy with febrile
seizures plus. Am | Hum Genet 2001; 68: 859-65.

Ozkara C, Altintas A, Yilmaz E, et al. An association between mesial
temporal lobe epilepsy with hippocampal sclerosis and human
leukocyte antigens. Epilepsia 2002; 43: 236-39.

Gopaul S, Farrell K, Abbott F. Effects of age and polytherapy, risk
factors of valproic acid (VPA) hepatotoxicity, on the excretion of thiol
conjugates of (E)-2,4-diene VPA in people with epilepsy taking VPA.
Epilepsia 2003; 44: 322-28.

Floyd M, Gervasini G, Masica A, et al. Genotype-phenotype
associations for common CYP3A4 and CYP3AS variants in the basal
and induced metabolism of midazolam in European- and African-
American men and women. Pharmacogenetics 2003; 13: 595-606.
Fukuda K, Ohta T, Oshima Y, Ohashi N, Yoshikawa M, Yamazoe Y.
Specific CYP3A4 inhibitors in grapefruit juice: furocoumarin dimers
as components of drug interaction. Pharmacogenetics 1997; 7: 391-96.
Wang LS, Zhou G, Zhu B, et al. St John’s wort induces both
cytochrome P450 3A4-catalyzed sulfoxidation and 2C19-dependent
hydroxylation of omeprazole. Clin Pharmacol Ther 2004; 75: 191-97.
Blanco JG, Edick MJ, Hancock ML, et al. Genetic polymorphisms in
CYP3A5, CYP3A4 and NQOT in children who developed therapy-
related myeloid malignancies. Pharmacogenetics 2002; 12: 605-11.
Dahl ML. Cytochrome p450 phenotyping/genotyping in patients
receiving antipsychotics: useful aid to prescribing?

Clin Pharmacokinet 2002; 41: 453-70.

Wolf CR, Smith G, Smith RL. Science, medicine, and the future:
pharmacogenetics. BMJ 2000; 320: 987-90.

Tan B, Piwnica-Worms D, Ratner L. Multidrug resistance
transporters and modulation. Curr Opin Oncol 2000; 12: 450-58.
Slapak CA, Dahlheimer J, Piwnica-Worms D. Reversal of multidrug
resistance with LY335979: functional analysis of P-glycoprotein-
mediated transport activity and its modulation in vivo.

] Clin Pharmacol 2001; suppl: 29S-38.

Schlienger RG, Oh PI, Knowles SR, Shear NH. Quantifying the costs
of serious adverse drug reactions to antiepileptic drugs. Epilepsia
1998; 39 (suppl 7): S27-32.

Begley CE, Annegers JF, Lairson DR, Reynolds TF. Estimating the
cost of epilepsy. Epilepsia 1999; 40 (suppl 8): 8-13.

Desta Z, Zhao X, Shin JG, Flockhart DA. Clinical significance of the
cytochrome P450 2C19 genetic polymorphism. Clin Pharmacokinet
2002; 41: 913-58.

Bala MV, Zarkin GA. Pharmacogenomics and the evolution of
healthcare: is it time for cost-effectiveness analysis at the individual
level? Pharmacoeconomics 2004; 22: 495-98.

FDA. Final guidance for industry: pharmacogenomic data
submissions, 2005. http://www.fda.gov/cder/genomics/
whatsNew.htm (accessed Dec 15, 2005).

http://neurology.thelancet.com Vol 5 February 2006



	Update on pharmacogenetics in epilepsy: a brief review
	The promise of pharmacogenetics in clinical practice
	Genetic variation and response to antiepileptic drugs
	Drug transporters
	Drug metabolism
	The cytochrome p450 system
	Glucuronidation

	End-organ targets
	Immunogenetic background
	Limitations of current work
	Future directions
	Acknowledgments
	References


