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AIMS
To investigate the impact of glucuronidation enzyme (UGT1A4*3 142T>G, UGT1A4*2 70C>A, UGT2B7 –161C>T) and
transporter (MDR1/ABCB1 1236C>T, ABCG2 421C>A) polymorphisms on steady-state disposition of lamotrigine and on the
lamotrigine–valproate interaction.

METHODS
Adults with epilepsy on lamotrigine monotherapy (n = 131) or lamotrigine + valproate treatment (n = 74) were genotyped and
steady-state lamotrigine and valproate morning troughs were determined as a part of routine therapeutic drug monitoring.

RESULTS
No effect of UGT and MDR1/ABCB1 polymorphisms was observed. In the entire cohort, ABCG2 421A allele had no effect however
an interaction between the variant allele and valproate was observed: (i) in lamotrigine-only patients, variant allele (vs. wild type
homozygosity) was independently (adjustments: age, sex, body mass index, lamotrigine dose, other polymorphisms) associated
with mildly lower lamotrigine troughs [geometric means ratio (GMR) = 0.76, 95% confidence interval (CI) 0.59–0.98], whereas in
lamotrigine + valproate patients it was associated with higher troughs (GMR = 1.72, 95%CI 1.14–2.62); (ii) valproate cotreatment
was overall associated with markedly higher troughs vs. lamotrigine monotherapy (GMR = 3.49, 95%CI 2.73–4.44), but more so
in variant allele carriers (GMR = 5.24, 95%CI 3.38–8.15) than in wild type homozygotes (GMR = 2.32, 95%CI 1.89–2.83); (iii)
variant allele effects in two treatment subsets and valproate effects in two genotype subsets differed by 2.36-fold (95%CI 1.39–
3.67); (iv) increase in lamotrigine troughs associated with increasing valproate troughs was greater in variant allele carriers than in
wild type homozygotes, i.e. variant allele effect increased with increasing valproate troughs.
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CONCLUSION
This study is first to indicate a potentially relevant interaction between ABCG2 421C>A polymorphism and valproate in their
effects on lamotrigine disposition.

WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Pharmacokinetic variability of lamotrigine is largely due to comedication. Specifically, valproate increases exposure to
lamotrigine around 2-fold by inhibiting its metabolism (inhibits UGTs).

• Lamotrigine is a substrate for ABCG2 transporter. The single nucleotide polymorphism ABCG2 421C>A has been sug-
gested to affect disposition of lamotrigine, but data are scarce and contradictory.

WHAT THIS STUDY ADDS
• Variant allele at ABCG2 421C>A and valproate interact in their effects on lamotrigine disposition.
• Lamotriginemono-treated variant allele carriers (vs. wild type homozygotes) have 25% lower troughs, but when valproate
cotreated, they have 70% higher lamotrigine troughs.

• Valproate increases lamotrigine troughs by 2.3-fold in wild type homozygotes and by 5.2-fold in variant allele carriers.

Introduction
Lamotrigine is a second-generation antiepileptic drug
(AED). In adults and adolescents aged>13 years it is approved
as a mono- or an adjunctive treatment for partial or
generalized seizures and seizures associated with the
Lennox–Gastaut syndrome [1]. Due to its rather variable
pharmacokinetics it is considered that therapeutic drug
monitoring (TDM; based on trough concentrations, as
recommended for AEDs in general [2]) could improve seizure
control with lamotrigine: the likely range of therapeutic
troughs has been suggested to be between 3.9 and 51
μmol l–1 with rapidly increasing risk of serious adverse events
with concentrations >58 μmol l–1 [2, 3]. Elimination of
lamotrigine is practically exclusively by metabolism: it
undergoes N-glucuronidation primarily via uridine-diphos-
phate-glucuronidase (UGT) isoform 1A4 (UGT1A4) with a
contribution of UGT1A1 and UGT2B7 [1–3]. In vitro studies
suggest that UGT2B7 is particularly important at low
lamotrigine concentrations [4]. Pharmacokinetic variability
of lamotrigine is due to variability of the elimination process
and is largely explained by comedication, since a number of
commonly coadministered AEDs and non-AEDs are known
UGT inducers [1–3]. However, lamotrigine is commonly used
with valproic acid, a classical AED and a known inhibitor of
lamotrigine metabolism: exposure to lamotrigine increases
around 2-fold [5] as valproate inhibits UGT1A4 [6] and
UGT2B7 [4].

Reports on a potential role of UGT polymorphisms in
lamotrigine disposition variability have been somewhat
conflicting with uncertain clinical relevance. Chinese
patients homozygous for the variant allele at UTG1A4*3
had higher lamotrigine serum levels associated with a greater
efficacy [7], while in Northern European [8] and Turkish
patients [9] variant homozygosity or variant allele carriage,
respectively, were associated with lower lamotrigine concen-
trations. In Chinese children cotreated with lamotrigine and
valproate, both higher [10] and lower [11] lamotrigine
concentrations were reported associated with this

polymorphism. Regarding other UGT polymorphisms, one
study in Northern Europeans suggested a trend of increas-
ing lamotrigine concentrations in variant allele carriers at
UGT1A4*2 [8], while a study in Central-Southern European
subjects [12] found no association between UGT1A4*2 and
lamotrigine pharmacokinetics. Studies investigating the
impact of polymorphisms on activity of UGT2B7 were
largely focused on a nonsynonymous polymorphism
802C>T [UGT2B7*2 (His268Tyr), rs7439366], which is
rather frequent in different ethnic groups and is in a
complete linkage disequilibrium with a promoter polymor-
phism UGT2B7 –161C>T [13–15]. The latter has been sug-
gested to affect the UGT2B7 transcription resulting in an
increased glucuronidation activity for morphine [13, 16]
and was also reported associated with valproate concentra-
tions in epilepsy patients [17]. In Central-Southern
European subjects [12], variant allele carriage at UGT2B7 –

161C>T was associated with a 20% lower lamotrigine clear-
ance, which is similar to results in Spanish [18] and Thai
patients [19].

Little is known about the impact of ABC transporters on
the disposition of lamotrigine and its variability. In vitro stud-
ies suggest that lamotrigine is a substrate for ABCB1 trans-
porter [20, 21]. We found an association between a variant
allele at MDR1/ABCB1 1236C>T and lower lamotrigine
troughs [22], while a lack of effect of this polymorphism on
lamotrigine pharmacokinetics was also reported [12]. One
in vitro study excluded lamotrigine as a potential ABCG2
transporter substrate [23], but a subsequent one identified it
as a substrate for human ABCG2 at therapeutic concentra-
tions [21]. Two studies in Chinese patients reported on the
impact of ABCG2 polymorphisms on lamotrigine disposition
– variant allele carriage at ABCG2 421 C>A was associated
with somewhat lower troughs vs. wild type genotype in one
study [24], while in another one, variant allele homozygotes
had higher lamotrigine concentrations than wild type homo-
zygotes and heterozygotes [25]. In vitro, valproic acid was
shown to concentration-dependently increase expression of
ABCG2 in human trophoblast BeWo cell line [26], making it
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plausible to hypothesize about ABCG2 transporter as an addi-
tional potential site of lamotrigine–valproate interaction.

Objective
Considering relative paucity of data and conflicting reports,
which might be ethnicity-specific, the primary objective of
the present work was to evaluate the impact of the suggested
UGT, ABCG2 and MDR1/ABCB1 polymorphisms on steady-
state disposition of lamotrigine as assessed by routine TDM
morning trough concentrations [2] in a sample of Central-
Southern European adults and adolescents with epilepsy,
and to explore their possible involvement in lamotrigine-
valproate interaction. For this purpose, lamotrigine-treated
and lamotrigine + valproate-treated patients were genotyped
for the following polymorphisms: UGT1A4*3 142T>G
(rs2011425), UGT1A4*2 70C>A (rs6755571), UGT2B7 –

161C>T (rs7668258), MDR1/ABCB1 1236C>T (rs1128503)
and ABCG2 421C>A (rs2231142). Since a subset of patients
cotreated with valproate was to be obtained, the secondary
objective was to evaluate possible impact of these polymor-
phisms on valproate steady-state disposition. This subset of
patients (lamotrigine + valproate-treated) was also genotyped
for CYP2C9 [CYP2C9*2 (c.430C>T, rs1799853), CYP2C9*3
(c.1075A>C, rs1057910)] and CYP2C19 polymorphisms
[CYP2C19*2 (c.681G>A, rs4244285), CYP2C19*17 (c.806C>T,
rs12248560)] since the two CYPs are involved in valproic acid
metabolism [27].

Methods
This prospective observational study based on routine TDM
was conducted between 2012 and 2016 in line with the
Declaration of Helsinki (the 2008 version) and was approved
by the Institutional Ethics Committee (approval class:
8.1.-14/78–2, registration number: 02/21/JG). Informed con-
sent was obtained from all participants included in the study
(parents/guardians for underage adolescents).

Subjects
Inclusion criteria were: (i) age > 16 years; (ii) informed con-
sent; (iii) verified epilepsy with indication for treatment with
lamotrigine (immediate-release, Lamictal, GlaxoSmithKline)
or with lamotrigine and valproate (extended-release,
Depakine Chrono, Sanofi-Aventis; no other AEDs), and no
absolute contraindication for either drug; (iv) preserved renal
and liver function based on routine laboratory indicators (se-
rum urea, creatinine, albuminuria, liver function tests, lactate
dehydrogenase); (v) no use of known inducers of lamotrigine
glucuronidation or drugs that affect valproate pharmacoki-
netics (as per approved labels) within 4 weeks prior to blood
sampling for the present analysis. Excluded were patients
with unregulated diabetes mellitus, hyper- or hypothyroid-
ism, patients with chronic heart failure, history of or an
ongoing malignant disease, and HIV-positive subjects.

Drug dosing
Both drugs were dosed as per approved labels with gradual up-
titration based on response and tolerability. For monother-
apy, lamotrigine was started at 25 mg once daily (weeks 1

and 2), increased to 50 mg once daily (weeks 3 and 4) and
was then up-titrated by 50 mg day–1 in (bi)weekly intervals.
For combined treatment, it was started at 25 mg every other
day (weeks 1 and 2), increased to 25 mg once daily (weeks 3
and 4) and was then up-titrated by 25–50 mg day–1 in (bi)
weekly intervals. When maintenance dosing was achieved,
lamotrigine was delivered twice daily. Valproate was dosed
twice daily starting with 300mg day–1 in week 1 and was then
up-titrated by 300 mg day–1 in weekly intervals.

Blood sampling and analytical assays for
lamotrigine and valproate concentrations
Morning troughs were taken between 07:00 and 09:00 h
[24 ± 1 (lamotrigine titration) or 12 ± 1 h after the previous
dose] after at least 21 days of regular (co)treatment. This
period was sufficient for both lamotrigine and valproate to
achieve steady-state and to bridge the period of the initial
UGT induction by lamotrigine [28]. Serum lamotrigine was
quantified using a validated high-performance liquid chro-
matography method with a diode-array detector (Shimadzu,
Japan) as described previously [22]. Serum valproate was
measured by immunoassay (PETINIA) on a Dimension Ex-
pand analyser (Siemens; calibrator and control samples by
Siemens, Germany). Both analytes are included in external
quality control schemes (DGKL RfB and UK NEQAS).

Genotyping procedures
Genomic DNA was extracted from 3 ml of whole blood using
the FlexiGene DNA Kit (Qiagen, Hilden, Germany), accord-
ing to the manufacturer’s instructions. Genotyping of
MDR1/ABCB1 1236C>T, ABCG2 421C>A, UGT1A4*2,
UGT2B7 –161C>T CYP2C9*2, CYP2C9*3, CYP2C19*2 and
CYP2C19*17 was performed using TaqMan Drug Metabolism
Genotyping assays ID C_7586662_10, ID C_15854163_70, ID
C_25957120_10 C_27827970_40, C_25625805_10, C_27104
892_10, C_25986767_70, and C_469857_10, respectively,
while genotyping of UGT1A4*3 was performed using Custom
TaqMan SNP Genotyping assay (Applied Biosystems, Foster
City, CA, USA) by real-time polymerase chain reaction
(PCR) genotyping method on the 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA), accord-
ing to the manufacturer’s instructions. Genotyping of
UGT1A4*3 was confirmed by a PCR-RFLP method on the
Gene Amp PCR System 9700 (Applied Biosystems, Foster
City, CA, USA) [29].

Sample size and power considerations
Based on previous investigations in the target population
[22, 30], we expected frequency of the variant allele at
MDR1/ABCB1 1236C>T to be around 40% and frequency
of intermediate or slow CYP2C9 or CYP2C19 metabolizers
to be around 20–30%. Since we had no insight into the fre-
quency of variant alleles at other genotyped loci, whichmight
be ethnically specific, we opted not to define the sample size
on an a priori power calculation but reasoned that subjects
should be enrolled until the smallest treatment-by-variant al-
lele carriage subset included at least 10 subjects. At a two-sided
5% α level, a comparison between two groups of 10 subjects
each provides 80% power to detect a difference expressed as
a geometric means ratio of 1.55 (55% higher) or 0.64 (36%
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lower) assuming a coefficient of variation of 35%. We consid-
ered differences of this size (and larger) to be potentially prac-
tically relevant.

Statistics
Log-transformed lamotrigine and valproate morning
troughs, as measured and also adjusted per mg dose, were
analysed by fitting general linear models and effects were
expressed as geometric means ratios (GMRs).

In respect to the primary objective, the main analysis
was done in three steps: (i) For initial screening of a poten-
tial effect of the UGT and ABC transporter polymorphisms
on lamotrigine disposition and/or valproate–lamotrigine
interaction, a separate unadjusted model for each polymor-
phism was fitted to lamotrigine troughs with treatment
(lamotrigine only or lamotrigine + valproate), genotype
(variant allele carriage vs. wild type homozygosity), their
interaction and lamotrigine dose in the case of measured
troughs. Since four treatment-polymorphism interactions
were tested, α level for a significant interaction term was
set at 0.0125 to prevent false-positive findings. (ii) To
evaluate whether effects were independent, adjusted models
were fitted: (a) a main effects model included age, sex, body
mass index, treatment, lamotrigine dose (for measured
troughs) and genotypes at all UGT and transporter loci; (b)
a series of models with interactions, a separate one for each
polymorphism, with all the adjustments as in the main
effects model plus a treatment–genotype interaction (for
the specific polymorphism). Alpha level for the interaction
terms was corrected as in the unadjusted analysis. (iii) For
any polymorphism with an independent main effect or
treatment–genotype interaction, a model including only
adjustments with P< 0.1 (parsimonious) was fitted. In the
case of a significant treatment–genotype interaction, two
supportive analyses were performed. The first one aimed to
explore a possibility that the moderating effect of a poly-
morphism on valproate–lamotrigine interaction could vary
with the extent of exposure to valproate. The described

models were re-fitted, but treatment was not considered as
a binary variable, rather the combination treatment patients
were represented by their morning valproate troughs, while
lamotrigine-only patients were considered to have valproate
0. In the second one, adjusted main effects models (without
the treatment effect) were fitted separately for lamotrigine-
only and lamotrigine + valproate patients: numerically
different variant allele effects were illustrative of a
treatment–genotype interaction.

Regarding the secondary objective and considering a
limited number of valproate-(co)treated patients, a separate
model for each evaluated UGT, ABC transporter and CYP
polymorphism was fitted to valproate troughs with adjust-
ment for age, sex, body mass index and valproate dose (for
measured troughs). We used SAS 9.4 for Windows (SAS Inc.,
Cary, NC, USA) for data analysis and CubeX [31] to test
Hardy–Weinberg equilibrium and linkage disequilibrium.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharma-
cology.org, the common portal for data from the IUPHAR/
BPSGuide to PHARMACOLOGY [32], and are permanently ar-
chived in the Concise Guide to PHARMACOLOGY 2017/18
[33, 34].

Results

Patient characteristics
A total of 205 patients were enrolled, 131 treated with
lamotrigine (LAM) and 74 treated with lamotrigine +
valproate (LAM + VAL), fairly comparable regarding age, sex
and body mass index (Table 1) with measured and dose-
adjusted lamotrigine troughs considerably higher in the lat-
ter (Table 1). Variant alleles were common at MDR1/ABCB1
1236C>T and at UGT2B7 –161C>T (40–50%; Table 2), rare
at ABCG2 421 C>A and at UGT1A4*3 (10–13%; Table 2) and

Table 1
Patient demographics and lamotrigine (LAM) and valproate (VAL) doses and measured and dose-adjusted trough concentrations. Data are me-
dian (range) or count (%)

All patients LAM only LAM + VAL

n 205 131 74

Men 69 (33.6) 40 (30.5) 29 (39.2)

Age (years) 34 (14–77) 35 (16–74) 32.5 (14–77)

Body mass index (kg m–2) 24 (12–40.5) 24.1 (18.7–40.5) 23.3 (12–35.4)

LAM daily dose (mg) 125 (12.5–400) 100 (12.5–400) 150 (25–350)

LAM trough (μmol l–1) 10.5 (0.5–102) 6.7 (0.5–37.6) 26 (2.3–102)

LAM trough/mg dose (nmol l–1) 92 (6.5–464) 68 (6.5–318) 172.3 (30.7–464)

VAL daily dose (mg) - - 1000 (250–2000)

VAL trough (μmol l–1) - - 376 (98.5–813.2)

VAL trough/mg dose (nmol l–1) - - 412.9 (129.5–1295)
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Table 2
Prevalence [n (%)] of genotypes, overall and by treatment – lamotrigine (LAM) or lamotrigine + valproate (VAL) CYP2C9 and CYP2C19 data only
for LAM + VAL patients

All patients LAM only (n = 131) LAM + VAL (n = 74)

n 205 131 74

UGT1A4*3

TT 155 (75.6) 99 (75.6) 56 (75.6)

TG 48 (23.4) 31 (23.6) 17 (23.0)

GG 2 (1.0) 1 (0.8) 1 (1.4)

Variant allele frequency (%) 12.7 12.6 12.8

UGT1A4*2

CC 199 (97.1) 128 (97.7) 71 (95.9)

CA 6 (2.9) 3 (2.3) 3 (4.1)

AA 0 0 0

Variant allele frequency (%) 1.4 1.1 2.0

UGT2B7 –161C>T

CC 51 (24.9) 26 (19.9) 25 (33.8)

CT 98 (47.8) 65 (49.6) 33 (44.6)

TT 56 (27.3) 40 (30.5) 16 (21.6)

Variant allele frequency (%) 51.2 55.3 43.9

ABCG2 421C>A

CC 167 (81.5) 103 (78.6) 64 (86.5)

CA 36 (17.5) 26 (19.9) 10 (13.5)

AA 2 (1.0) 2 (1.5) 0

Variant allele frequency (%) 9.7 11.5 6.8

MDR1/ABCB1 1236C>T

CC 75 (36.6) 50 (38.2) 25 (33.8)

CT 93 (44.3) 60 (45.8) 33 (44.6)

TT 37 (18.0) 21 (16.0) 16 (21.6)

Variant allele frequency (%) 40.7 38.9 43.9

CYP2C9 (*2,*3)

*1/*1 - - 42 (56.8)

*1/*2 - - 18 (24.3)

*1/*3 - - 13 (17.6)

*2/*3 - - 1 (1.3)

Allele frequencies *1/ *2/ *3 (%) - - 77.7/12.8/9.5

CYP2C19 (*2,*17)

*1/*1 - - 28 (37.8)

*1/*17 - - 23 (31.1)

*17/*17 - - 2 (2.7)

*1/*2 - - 13 (17.6)

*2/*17 - - 5 (6.8)

*2/*2 - - 3 (4.0)

Allele frequencies *1/ *2/ *17 (%) - - 62.2 /16.2/21.6
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sporadic at UGT1A4*2 (1%; Table 2). All UGT/transporter
variant allele carriage-by-treatment subsets included at least
10 subjects except for UGT1A4*2 – we considered further
enrolment unfeasible (low prevalence), particularly regarding
the reported lack of effect of these polymorphisms on
lamotrigine pharmacokinetics [12]. Consequently, it was
not included in further analyses. In the LAM + VAL-treated
patients, CYP2C9*1 and CYP2C19*1 alleles and homozygotes
prevailed (Table 2). No departure from Hardy–Weinberg equi-
librium was observed at any locus, neither overall nor by
treatment subset (not shown). Linkage disequilibrium
between the investigated ABCG2 and UGT2B7 loci (long
arm chromosome 4) could not be excluded (D’ = 0.408,
r2 = 0.017, χ2 = 3.55, P = 0.059).

Effects of UGTand ABC transporter variant
alleles on steady-state lamotrigine troughs and
lamotrigine-valproate interaction
Figure 1 shows measured and dose-adjusted lamotrigine
troughs by treatment-by-genotype (except for UGT1A4*2).
Table 3 summarizes the main analysis (see Supporting Infor-
mation Tables S1 and S2 for details). Models fitted to
lamotrigine troughs in the entire cohort (unadjusted, ad-
justed and adjusted with treatment–genotype interactions)
consistently indicted no main effect of any of the analysed
polymorphisms, 2.5 to 3.5-times higher lamotrigine troughs
in patients cotreated with valproate (vs. lamotrigine only)
and no significant treatment–genotype interaction, except
for ABCG2 421C>A (Table 3). The results of the unadjusted,
adjusted and parsimonious models (only adjustments with
P< 0.1) pertaining to ABCG2 421C>A were consistent
(Table 4): (i) measured (with lamotrigine dose as a covariate)
and dose-adjusted troughs were around 3.5-times and around
3.0-times higher, respectively, in LAM + VAL vs. LAM-treated
patients (valproate effect); (ii) there was no main effect of the
variant allele; (iii) treatment–genotype interaction was
significant (P< 0.0125) – (a) in wild type homozygotes,
valproate cotreatment (vs. lamotrigine only) was associated
with around 2.4-times (measured) and around 2.2-times
(dose-adjusted) higher troughs, whereas in variant allele car-
riers valproate effect was more pronounced and cotreatment
was associated with around 5.3-times (measured) and around
4.3-times (dose-adjusted) higher troughs; (b) conversely, in
LAM-only patients, variant allele (vs. wild type) was associ-
ated with around 24% (measured) and around 18% lower
troughs, i.e. in this subset of patients it had an effect without
the presence of valproate, whereas in LAM + VAL patients
direction of the effect has changed, and variant allele was as-
sociated with around 70% (measured) and around 60% (dose-
adjusted) higher troughs; (c) geometric means ratios for the
interaction terms indicated that the valproate effect in vari-
ant allele carriers was around 2.2–2.3-times (measured
troughs) and around 1.9–2.0-times (dose-adjusted troughs)
higher than in wild type homozygotes, just as was the effect
of the variant allele in LAM + VAL-treated patients compared
to that in LAM-only patients. Figure 2A illustrates the interac-
tion. Adjusted geometric means and geometric means ratios
suggest that the extent of interaction is mainly defined by en-
hancement of the valproate effect by the variant allele, less so
by its effect in the absence of valproate. The interaction was

evidenced also by the supportive analyses (Table 5; see
Supporting Information Table S4 for details). When the parsi-
monious model from Table 4 was refitted in a way that
valproate cotreatment was represented by valproate troughs
(in LAM-only patients this value was set to zero), valproate
trough–genotype interaction was again significant (Table 5):
increase in valproate troughs was associated with a greater in-
crease in lamotrigine troughs in variant allele carriers than in
wild type homozygotes. Figure 2B illustrates the interaction
from the alternative viewpoint: at zero valproate, adjusted
geometric mean lamotrigine troughs were lower in variant al-
lele carriers than in wild type homozygotes (by 25% and 19%,
measured and dose-adjusted, respectively), but increased to
33% /29% higher values at 100 μmol l–1 (changed direction
of the variant allele effect); lamotrigine troughs continuously
increased across valproate troughs in both variant allele car-
riers and wild type homozygotes, but apparently more so in
the former hence the variant allele – wild type difference in-
creased to 58%/49% at 400 μmol l–1 and to 72%/60% at 800
μmol l–1 (Figure 2B) indicating a greater variant allele effect
at higher valproate troughs. Finally, in a model accounting
for age, sex, body mass index, lamotrigine dose (for measured
troughs) and variant allele carriage at all analysed loci fitted
separately to LAM-only and LAM + VAL-treated patients,
variant allele at ABCG2 421C>A was associated with around
20–25% lower troughs in the former (an effect in absence of
valproate) and with around 55–65% higher troughs in the lat-
ter (Table 5). Across all models (Table 4, Supporting
Information tables), measured lamotrigine troughs were by
13–20% higher with 25 mg day–1 increase in lamotrigine
dose. Higher body mass index tended to be associated with
lower troughs (by 3–5% for each 2 kg m–2 increase) across all
models (Table 4, Supporting Information tables).

Effects of CYP2C9 and CYP2C19
polymorphisms and of UGTand ABC
transporter variant alleles on steady-state
valproate troughs
A general linear model (age, sex, body mass index, valproate
dose for measured troughs, CYP2C9 and CYP2C19 genotype)
fitted to measured or dose-adjusted valproate troughs in
LAM + VAL-treated patients indicated comparable concentra-
tions in CYP2C9*1 homozygotes and *2/*3 allele-carriers; and
comparable concentrations in CYP2C19*1 homozygotes, com-
bined *1/*17 and *17/*17 genotypes and *2 allele-carriers
(Supporting Information Figure S1). Similar models (age, sex,
body mass index, valproate dose for measured troughs), a sepa-
rate one for each of the UGT and ABC transporter polymor-
phisms, indicated no effect of variant alleles at any locus on
valproate troughs (Supporting Information Figure S2).

Discussion
Pharmacokinetics of lamotrigine shows considerable interin-
dividual variability that reflects on its efficacy and safety and
is therefore subject to TDM [2]. It is susceptible to effects of
physiological (e.g. pregnancy) and diseased conditions (e.g.
liver failure) and drugs [1]. Several AEDs and non-AEDs
strongly induce glucuronidation of lamotrigine and may
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Figure 1
Measured and dose-adjusted (per mg dose) steady-state lamotrigine troughs by treatment-by-genotype – wild type homozygosity vs. variant al-
lele carriage at UGT and ABC transporter loci, except for UGT1A4*2. Depicted are individual values (circles), medians (horizontal lines and numer-
ical values), quartiles (boxes) and inner fences (bars). Values outside fences are outliers. For the lamotrigine-treated wild type subjects at
UGT1A4*2 (n = 128) measured lamotrigine troughs ranged between 0.5 and 37.6 μmol l–1 (median 6.6) and dose-adjusted troughs ranged be-
tween 6.5 and 318 nmol l–1 (median 68.0). For the three variant allele carriers, the respective values were 5.2, 12.5 and 23.8 μmol l–1 (measured)
and 79.3, 104.0 and 125 nmol l–1 (dose-adjusted), i.e. within the wild type range. For the lamotrigine + valproate-treated wild type subjects
(n = 71), measured lamotrigine troughs ranged between 2.3 and 102 μmol l–1 (median 25.9) and dose-adjusted troughs ranged between 30.7
and 464 nmol l–1 (median171.6). For the three variant allele carriers, the respective values were 6.5, 49.3 and 67.8 μmol l–1 (measured) and
130, 247 and 339 nmol l–1 (dose-adjusted), i.e. within the wild type range. Data illustrate the valproate effect and do not indicate any effect of
the variant allele carriage
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reduce its efficacy, but the most profound is the effect of a
glucuronidation inhibitor valproic acid [1–3]. Polymor-
phisms of UGT enzymes, most commonly UGT1A4*3,
UGT1A4*2 and UGT2B7 –161C>T have also been
investigated as potential sources of lamotrigine variability,
but data have been rather sparse and contradictory [7–12,
19]. In vitro, lamotrigine is a substrate for MDR1/ABCB1
and ABCG2 transporters [20, 21] and sporadic studies have
suggested that MDR1/ABCB1 exon 12 1236C>T polymor-
phism might be associated with somewhat lower
lamotrigine troughs [22] or have no effect on lamotrigine
pharmacokinetics [12] in Southern-Central European adult
patients, while ABCG2 421C>A polymorphism appeared
associated with somewhat lower [24] or higher [25]
concentrations in Chinese patients. Considering relative
paucity of data and apparent contradictions, our primary
objective was to evaluate the impact of the mentioned
UGT and transporter polymorphisms on the steady-state
disposition of lamotrigine and the valproate–lamotrigine
interaction in adult and adolescent Southern-Central
European patients. In this respect, the present study has
several limitations: first, it was based on morning trough
concentrations as a part of routine TDM and not on a
detailed pharmacokinetic evaluation. This, however, does
not diminish its potential clinical relevance, since morning
troughs are recommended indicators in TDM of AEDs [2];

next, certain treatment-by-variant allele carriage subsets
were rather small – there were only six (2.9%) variant allele
carriers at UGT1A4*2 70C>A, precluding any meaningful
analysis; finally, some other potentially interesting poly-
morphisms such as UGT2B7 372A>G [12], and UGT1A4 –

219C>T / 163G>A [35] were not considered. The present
results should be viewed within the scope of these limita-
tions. By contrast, the study included a reasonable sample
of patients and inclusion/exclusion criteria, the timing of
TDM sampling and analysis of measured (with adjustment
for dose) and dose-adjusted troughs (multivariate models
simultaneously accounting for all polymorphisms and
relevant demographics) ascertained a fair level of control
for potential confounders. Therefore, the observed effects
should be considered fairly accurate.

The main present finding is an interaction between
variant allele at ABCG2 421C>A and valproate in their
effects on steady-state lamotrigine disposition. While in the
entire cohort (lamotrigine monotreatment and valproate
cotreatment approximately 2:1) variant allele had no effect,
in the subset of patients on monotreatment, it was associated
with around 20–25% lower troughs vs. wild type homozygos-
ity (accounting for body mass index and delivered dose). This
is a mild effect unlikely to affect efficacy of lamotrigine since
the range of recommended lamotrigine TDM troughs ex-
pected to result in seizure control is rather wide [2, 3]. In the

Table 3
Effects of variant allele carriage (vs. wild type homozygosity) at genotyped UGT and ABC transporter loci on steady-state measured and dose-
adjusted lamotrigine troughs: summary of the main analysis (see Supporting Information Tables S1 and S2 for details). A significant treat-
ment–genotype interaction indicates differences in the variant allele effects between patients treated with lamotrigine (LAM) + valproate
(VAL) and patients treated with LAM only; conversely, it indicates differences in treatment effect (effect of VAL) between variant allele carriers
and wild type homozygotes. Alpha level for the interaction term was set at 0.0125 to prevent false-positive findings (four treatment–poly-
morphism tests were performed in unadjusted and adjusted analyses)

Model type, purpose Model effects
Main effect of
the variant allele

Main treatment
effect

Treatment*genotype
interaction

Unadjusted; screening.
Separate model for
each polymorphism

Treatment (LAM +
VAL vs. LAM)
Genotype (variant allele
vs. wild type)
Treatment*genotype
interaction
LAM daily dose
(measured troughs)

UGT1A4*3 142T>G
– no effect
UGT2B7 –161C>T
– no effect
MDR1 1236C>T
– no effect
ABCG2 421C>A
– no effect

In all models measured
and dose-adjusted
troughs 2.5–3.5-times
higher with LAM
+ VAL vs. LAM

UGT1A4*3 142T>G
– insignificant
UGT2B7 –161C>T
– insignificant
MDR1 1236C>T
– insignificant
ABCG2 421C>A
–significant

Adjusted, main effects
only; independent
polymorphism effects

Treatment

Genotypes at all
four loci

LAM daily dose
(measured troughs)

Age, sex, body
mass index

UGT1A4*3 142T>G
– no effect

UGT2B7 –161C>T
– no effect

MDR1 1236C>T
– no effect

ABCG2 421C>A
– no effect

Measured and
dose-adjusted troughs
around 2.5-times
higher with LAM +
VAL vs. LAM

-

Adjusted + interaction
treatment*genotype;
independent interaction
effects. Separate model
for each interaction

Treatment
Genotypes at
all four loci
Treatment*genotype
interaction
LAM daily dose
(measured troughs)
Age, sex, body mass index

No variant allele
effect at any locus
was observed in
any of the models.

In all models measured
and dose-adjusted
troughs 2.5–3.5-times
higher with LAM +
VAL vs. LAM

UGT1A4*3 142T>G
– insignificant
UGT2B7 –161C>T
– insignificant
MDR1 1236C>T
– insignificant
ABCG2 421C>A
– significant
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Table 4
Effects of variant allele at ABCG2 421C>A (vs. wild type homozygosity) on measured and dose-adjusted steady-state lamotrigine troughs: main
analysis. Modelsa were fitted to log-transformed troughs: unadjusted, fully adjusted with treatment–ABCG2 genotype interaction and a parsimo-
nious model (only adjustments with P< 0.1). Effects are geometric means ratios (GMR) with 95% confidence intervals (CI). For the interaction
term, GMR is a relative difference in the effect of variant allele between lamotrigine (LAM) + valproate (VAL)-treated patients and LAM-only pa-
tients, i.e. a difference in the effect of VAL between variant allele carriers and wild type homozygotes

Measured troughs Dose-adjusted troughs

Models and effects GMR (95% CI) GMR (95% CI)

Unadjusted model

Treatment (LAM + VAL vs. LAM) 3.57 (2.80–4.54) 3.10 (2.45–3.93)

ABCG2 genotype (variant allele vs. wild type) 1.13 (0.89–1.43) 1.13 (0.89–1.42)

Treatment*ABCG2 genotype interaction 2.19 (1.35–3.54)b 1.89 (1.18–3.03)c

LAM + VAL vs. LAM at wild type 2.41 (1.99–2.92) 2.26 (1.87–2.73)

LAM + VAL vs. LAM at variant allele 5.28 (3.39–8.20) 4.26 (2.76–6.57)

Variant allele vs. wild type at LAM 0.76 (0.59–0.98) 0.82 (0.64–1.05)

Variant allele vs. wild type at LAM + VAL 1.67 (1.11–2.52) 1.55 (1.04–2.31)

LAM daily dose (by 25 mg) 1.16 (1.13–1.19) -

Fully adjusted + treatment*ABCG2 interaction

Age (by 5 years) 0.99 (0.95–1.02) 0.99 (0.96–1.03)

Sex (men vs. women) 0.94 (0.77–1.13) 1.03 (0.85–1.23)

Body mass index (by 2 kg mb) 0.96 (0.91–1.00) 0.95 (0.91–0.99)

Treatment (LAM + VAL vs. LAM) 3.49 (2.73–4.44) 3.02 (2.38–3.83)

UGT1A4*3 142T>G (variant allele vs. wild type) 0.94 (0.79–1.14) 0.90 (0.74–1.10)

UGT2B7 –161C>T (variant allele vs. wild type) 0.97 (0.80–1.19) 0.97 (0.80–1.19)

MDR1 exon 12 1236C>T (variant vs. wild type) 1.06 (0.89–1.27) 1.03 (0.86–1.22)

ABCG2 421C>A (variant allele vs. wild type) 1.14 (0.89–1.45) 1.14 (0.90–1.45)

Treatment*ABCG2 421C>A interaction 2.36 (1.39–3.64)b 1.97 (1.22–3.18)c

LAM + VAL vs. LAM at wild type 2.32 (1.89–2.83) 2.15 (1.77–2.62)

LAM + VAL vs. LAM at variant allele 5.24 (3.38–8.15) 4.24 (2.75–6.54)

Variant allele vs. wild type at LAM 0.76 (0.59–0.98) 0.81 (0.63–1.04)

Variant allele vs. wild type at LAM + VAL 1.72 (1.14–2.62) 1.60 (1.07–2.62)

LAM daily dose (by 25 mg) 1.16 (1.13–1.19) -

Parsimonious model

Body mass index (by 2 kg mb) 0.95 (0.91–0.99) 0.95 (0.92–0.99)

Treatment (LAM + VAL vs. LAM) 3.50 (2.75–4.44) 3.05 (2.41–3.85)

ABCG2 genotype (variant allele vs. wild type) 1.13 (0.89–1.43) 1.13 (0.89–1.42)

Treatment*ABCG2 genotype interaction 2.29 (1.43–3.70)b 1.98 (1.24–3.16)c

LAM + VAL vs. LAM at wild type 2.31 (1.90–2.80) 2.17 (1.80–2.62)

LAM + VAL vs. LAM at variant allele 5.30 (3.43–8.20) 4.29 (2.79–6.58)

Variant allele vs. wild type at LAM 0.74 (0.58–0.96) 0.80 (0.62–1.03)

Variant allele vs. wild type at LAM + VAL 1.71 (1.14–2.55) 1.58 (1.06–2.35)

LAM daily dose (by 25 mg) 1.16 (1.13–1.19) -

aUnadjusted and fully adjusted with treatment–genotype interaction are models described in Table 3 used for the analysis of other polymorphisms
bP = 0.001 in the unadjusted, P = 0.001 in the fully adjusted and P < 0.001 in the parsimonious model
cP = 0.009 in the unadjusted, P = 0.006 in the fully adjusted and P = 0.005 in the parsimonious model
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subset of valproate cotreated patients, by contrast, variant al-
lele was associated with 60–70% higher troughs (vs. wild type
homozygosity). While again this could be judged as a moder-
ate effect with an uncertain clinical relevance, it does convey
an increased risk of lamotrigine adverse effects which is
known to increase considerably at concentrations >58
μmol l–1 [2, 3]. However, this change from 20–25% lower to
60–75% higher lamotrigine disposition conditional on pres-
ence of valproate actually results in a 2.0–2.3-fold difference
{exp[–1x (ln 0.75 or 0.80) + (ln 1.70 or 1.60)]}. Its practical
meaning is more intuitive for interpretation when the rea-
soning is reversed. Valproate increases exposure to lamotrigine
around two-fold, hence dosing guidelines for lamotrigine
anticipate twice lower (by combination of frequency and
dosage) doses in patients cotreated with valproate [1]. These
estimates were probably obtained in patient samples with a
small number of ABCG2 421C>A variant allele carriers since
its frequency is estimated at around 30% in Asians, 10–15%
in Caucasians and 2% in African-Americans [36, 37]. Hence,
in the present study, in line with expectations, cotreatment
with valproate in wild type ABCG2 421C>A homozygotes

resulted in around 2.2-times higher steady-state lamotrigine
troughs compared to lamotrigine monotreatment. However,
in the variant allele carriers, valproate effect was 2.0–2.3-
times greater (quantitative interaction) – cotreatment with
valproate resulted in 4.3–5.3-times higher lamotrigine
troughs than in lamotrigine-only patients. Therefore, ABCG2
421C>A variant allele carriers needing lamotrigine-valproate
cotreatment might actually require even lower than recom-
mended lamotrigine doses. The ATP-binding cassette sub-
family G member 2, ABCG2 (breast cancer resistance
protein, BCRP) is an efflux transporter expressed in the small
intestine, liver, blood–brain barrier, testis, placenta and
mammary glands [38]. It functions primarily as an apical ef-
flux pump in enterocytes, as a canalicular efflux pump
transporting substrates from hepatocytes into the bile, as a
transporter in the brain microvascular endothelial cells, renal
proximal tubular cells and placental syncytiotrophoblasts
contributing to the absorption, distribution and elimination
of compounds as well as to tissue protection against xenobi-
otic exposure [39]. This transporter has now been recognized
as one of the key drug transporters involved in clinically

Figure 2
Illustration of the interaction between the variant allele at ABCG2 421C>A and valproate (VAL) in their effects on steady-state lamotrigine (LAM)
troughs. (A) Adjusted geometric means and geometric means ratios from the main analysis – parsimonious model in Table 4. (B) Adjusted
geometric means (circles for variant allele carriers, squares for wild type homozygotes) and geometric means ratios from the supportive
analysis – parsimonious model in Table 5
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relevant drug disposition [40, 41]. A large number of ABCG2
inhibitors have been identified [42] and there are some con-
vincing data that point to ABCG2 as an important mediator
of drug–drug interactions in humans [43]. Single nucleotide
polymorphism of ABCG2 421C>A (p.Q141K) results in its re-
duced activity [44] – mRNA expression is maintained, but
protein expression and function is reduced by 50–70% due
to enhanced susceptibility to proteasomal degradation [45,
46]. Variant allele carriage is associated with a higher sys-
temic exposure to several statins and sulfasalazine [44, 47]
and with an increased incidence of adverse effects of statins
[48, 49] and gefitinib [50]. The present data suggest that it en-
hances the effect of valproate on exposure to lamotrigine. In
vitro, valproate is not a substrate for human ABCG2 [21],
hence an interaction at the transporter level does not seem
likely. A possible mechanism could include increased absorp-
tion of lamotrigine due to a reduced enterocyte apical efflux.
Combined with the reported stimulation of ABCG2 expres-
sion by valproate in vitro [26] the observed trend of increasing
variant allele effect with increasing exposure to valproate
makes it tempting to speculate about other, more complex
mechanisms. Lamotrigine elimination is only scarcely by re-
nal excretion of the unchanged drug (≤10%) [1] and the
mechanism has not been disclosed – should it involve
ABCG2-mediated transport, kidneys could be an additional
site of the lamotrigine–valproate interaction. The observa-
tion that in the lamotrigine-only treated patients variant al-
lele carriage was associated with mildly (20–26%) lower
morning troughs appears confusing and raises a question
about potentially opposing effects of ABCG2 421C>A

polymorphism on lamotrigine transport that is conditional
on valproate.

In agreement with observations in a sample of patients
from a similar population [12], we found no effect of
MDR1/ABCB1 1236C>T (rs1128503) polymorphism on
lamotrigine disposition. This is in a contrast with previously
reported mildly lower lamotrigine troughs in variant allele
carriers [22]; however, it should be noted that the previous
sample (n = 222) included around 75% of patients cotreated
with UGT inducers, valproic acid or a combination of more
than two AEDs, and no effect of this polymorphism was ob-
served in a subset of lamotrigine-only treated patients. There-
fore, a potential role of this polymorphism in lamotrigine
disposition should be more thoroughly investigated. We
were also unable to detect any relevant impact of UGT1A4*3
or UGT2B7 –161C>T on lamotrigine troughs, while
UGT1A4*2 variant allele carriers were too few for any mean-
ingful analysis. Discrepancies vs. reported effects of these
polymorphisms [7–12, 19] might be due to several factors, in-
cluding rather limited/small sample sizes, differences in mi-
nor allele frequency or (not) accounting for confounding
(genetic or other).

As by-findings, the present study also provides observa-
tions about the effects of several UGT/transporter and CYP
polymorphisms on valproate steady-state disposition. How-
ever, it was not conceived specifically for this purpose, hence
there were no patients treated only with valproic acid and
several potentially interesting polymorphisms were not ad-
dressed. Under these circumstances, the present data do not
indicate any relevant impact of CYP2C9 or CYP2C19

Table 5
Effects of variant allele at ABCG2 421C>A (vs. wild type homozygosity) on measured and dose-adjusted steady-state lamotrigine troughs: sum-
mary of supportive analyses (see Supporting Information Tables S3 and S4 for details). General linear models were fitted to log-transformed
troughs, so effects are geometric means ratios (GMR) with 95% confidence intervals (CI). Model 1 is the parsimonious model from Table 4, refitted
so that treatment was not considered as a binary variable but lamotrigine + valproate-treated patients were represented by their valproate troughs
and in lamotrigine-only patients this value was set to 0. Valproate troughs are log-transformed. Treatment, ABCG2 genotype and interaction ef-
fects are shown. GMR for the interaction term is a relative difference in the effect of a 2.71-fold increase in valproate trough between variant allele
carriers and wild type homozygotes, i.e. a relative increase in the effect of the variant allele with a 2.71-fold increase in valproate concentration.
Model 2 is the adjustedmain effects model from Table 3 (but without effect of treatment) fitted only in lamotrigine-treated patients. Model 3 is the
same model fitted in lamotrigine + valproate-treated patients. Only variant allele effects are shown

Models
Measured troughs Dose-adjusted troughs
GMR (95% CI) GMR (95% CI)

Model 1

Valproate trough (by 2.71-fold) 1.24 (1.19–1.29) 1.22 (1.17–1.26)

ABCG2 421C>A (variant allele vs. wild type) 0.98 (0.78–1.20) 0.99 (0.81–1.27)

Valproate trough–ABCG2 421C>A interaction 1.13 (1.05–1.22)a 1.11 (1.02–1.20)b

Valproate trough at wild type 1.17 (1.13–1.21) 1.16 (1.12–1.19)

Valproate trough at variant allele 1.32 (1.23–1.42) 1.28 (1.19–1.37)

Model 2 (lamotrigine-only patients)

ABCG2 421C>A (variant allele vs. wild type) 0.75 (0.57–0.98) 0.79 (0.60–1.03)

Model 3 (lamotrigine + valproate patients)

ABCG2 421C>A (variant allele vs. wild type) 1.64 (1.14–2.36) 1.56 (1.10–2.22)

aP = 0.005
bP = 0.011
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polymorphisms, ABCG2 421C>A,MDR1/ABCB11236C>T, or
UGT1A4*3 and UGT2B7 –161C>T polymorphisms on
valproate disposition. This is in a disagreement with some
of the published data indicating a significant influence of
UGT2B7 –161C>T [51, 52] or CYP2C9*3 [53] variants on
VPA concentrations but predominantly in Asian popula-
tions. Besides, some data indicate that other genes/variants
such as UGT2B7 A268G [11], UGT1A3*5 [54], UGT1A4 –

219C>T / 163G>A [35] or UGT1A6 552A>G [55] may affect
valproate serum concentrations.

Conclusion
To our knowledge, the present study is the first to indicate a
potentially relevant interaction between ABCG2 421C>A
polymorphism and valproate in their effects on lamotrigine
disposition in patients with epilepsy. The present findings
contribute to a still mostly unexplored field of the practical
relevance of ABCG2 and its polymorphisms in drug–drug
interactions.
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