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Abstract

Background: ABCB1, EPHX1 and SCN1A gene polymorphisms have been reported play important roles in individual variability

carbamazepine (CBZ) metabolism and resistance, but the result of that association still remains controversial. Objective: To

clarify the associations among ABCB1, EPHX1 and SCN1A gene polymorphisms and CBZ metabolism and resistance. Methods:

The PubMed, EMBASE, Cochrane library, Chinese National Knowledge Infrastructure, Chinese Science and Technique Journals

Database, China Biology medicine disc and Wan Fang Database were searched for appropriate studies up to April 2020.

Results: A total of 18 studies involving 3293 related epilepsy patients were included. ABCB1 c.3435C>T polymorphism was

significantly associated with adjusted concentrations of CBZ (CC vs. CT, P=0.004), and EPHX c.416A>G polymorphism was

significantly associated with carbamazepine-10, 11-trans dihydrodiol (CBZD) (AA vs. GG, P=0.045; AG vs. GG, P=0.010).

Furthermore, ABCB1 c.3435C>T polymorphism was also observed to be significantly influenced CBZ resistance (CT vs TT,

P=0.01; CC+CT vs TT, P=0.006). Conclusion: ABCB1 c.3435C>T polymorphism may affect the CBZ metabolism and

resistance, EPHX1 c.416A>G polymorphism may only affect CBZ metabolism. These findings provided further evidence for

individualized therapy of epilepsy patients in clinics. Nevertheless further large studies are still warranted to provide conclusive

evidences.

1 Introduction

Carbamazepine (CBZ), prescribed as a first-line treatment for focal or generalized tonic-clonic epileptic
seizures, is diverse from individuals among CBZ daily maintenance doses, plasma concentrations, and treat-
ment efficacy [1]. The difference of pharmacodynamics and pharmacokinetics of CBZ varied from environ-
mental factors co-medication to genetic variation [2], among which genetic variation of drug-resistance and
drug-metabolizing enzymes were found play critical roles in CBZ therapy for epileptics [3, 4].

CBZ, catalyzed by cytochrome P450 3A4 (CYP3A4) , can generate a bioactive metabolite carbamazepine-
10,11-epoxide (CBZE) of which possess a strongly antiepileptic activity [5]. Subsequently, CBZE inactivated
to carbamazepine-10,11-transdihydrodiol (CBZD) by microsomal epoxide hydrolase which is encoded by
microsomal epoxide hydrolase (EPHX1 ) [6]. Meanwhile, the genetic variants ofc.337T>C (rs1051740) and
c.416A>G (rs2234922) in EPHX1 were found associated with the pharmacokinetics and pharmacodynamics
of CBZ [7, 8]. P-glycoprotein (P-gp), producted by ATP binding cassette transporter, subfamily B, member
1 (ABCB1 ) or multidrug resistance 1 gene (MDR1 ), is a highly reported drug efflux transporter as CBZ
substrates [9-11]. As a highly polymorphic drug-resistance gene, the ABCB1 polymorphisms ofc.3435C>T
(rs1045642) in exon 26,c.1236C>T (rs1128503) in exon 12 andc.2677G>T/A (rs2032582) in exon 21 have
been extensively studied can influence the extent of expression and transport activities of P-gp [11]. The
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c.3184A>G (rs2298771) and IVS5-91G>A (rs381278) polymorphisms in SCN1A alter the sodium channels
structure and functions relationship with CBZ, ultimately rendering them insensitive to the blocking effect
of CBZ, and SCN1A polymorphisms has been found to be associated with CBZ-resistant epilepsy [12-14].

In 2019, Gui-Xin Zhao et al. [15] performed a meta-analysis revealed an association between EPHX1
c.337T>C andc.416A>G polymorphisms and CBZ metabolism in epilepsy with 7 articles were included, but
the CDRCBZdata units were inconsistent in the Chin-Chuan Hung [16] and Chun-Lai Ma [17] studies were
also directly meta-analyzed, which will bring a huge deviation in the outcome. Meanwhile, the relationship
between ABCB1 (C.3435C>T, c.2677G>T/A and c.1236C>T) , EPHX1 (c.337T>Cand c.416A>G) poly-
morphisms and CBZ resistance still remains contradictory. In order to realize the individualized treatment
of CBZ in epileptic patients, we performed a systematic meta-analysis to evaluate the effects of ABCB1
(C.3435C>T, c.2677G>T/A and c.1236C>T) and EPHX1 (c.337T>C and c.416A>G) polymorphisms on
CBZ metabolism and resistance.

2 Methods

2.1 Search and inclusion/exclusion criteria

The present systematic review was based on with the PRISMA statement principles [18]. The PubMed,
EMBASE, Cochrane library, Chinese National Knowledge Infrastructure, Chinese Science and Technique
Journals Database, China Biology medicine disc and Wan Fang Database were searched up to 30 April 2020
using the boolean combination of the following key terms: “Carbamazepine” OR “ABCB1 ” OR “MDR1 ”
OR “EPHX1 ” OR “SCN1A ” AND “polymorphism”. Eligible studies were required to meet the following
inclusion criteria: (i) case–control studies; (ii) investigating the association of ABCB1 polymorphisms and
or EPHX1polymorphisms and plasma concentration or resistance of CBZ in epileptic patients; (iii) reporting
sufficient data for estimating an odds ratio (OR) for the association with the gene variants of interest; (iv)
each patient was administrated with CBZ monotherapy and not receiving pharmacological treatment for
other pathologies; (v) including at least 3 studies for each polymorphism to allow calculation of publication
bias between studies.

Exclusion criteria: (i) review articles and editorials; (ii) duplication of previous publications; (iii) not human
studies; (iv) not English or Chinese articles. All potentially relevant studies retrieved in the initial screening
step were then read in their entirety to assess appropriateness for inclusion in the systematic review. The
reference lists of all included studies and relevant reviews were also checked to identify additional studies
missed from the initial electronic search. The corresponding authors were contacted by e-mail when relevant
data could not be extracted from the original paper. Studies were excluded if the corresponding author
did not answer to the e-mail or was unable to provide the requested data. If two or more studies shared
part of the same patient population, the one with the larger sample size was included. All studies were
independently analysed by two reviewers and any discrepancies in data extraction were resolved through
consensus.

2.2 Data extraction and quality assessment

Information was carefully extracted from all eligible publications by two independent authors, including
author’s name publication date, country, sample size, plasma concentration and adjusted serum concentration
of CDRCBZ, CDRCBZE and CDRCBZD, CDRCBZE : CDRCBZ and CDRCBZD : CDRCBZE ratios, genotypes
distribution, drug resistant patients (defined as no change or less than 50% reduction in seizure frequency
for at least 1 year during treatment with CBZ and drug responsive patients defined as seizure-free or a 50%
or greater reduction in seizure frequency for at least 1 year during treatment with CBZ) [8, 19]. If diverse
results were generated the disagreement was resolved by discussion between the two authors or by asking
a third investigator. The authors of the studies were contacted for additional data when necessary and
applicable.

2.3 Assessment of methodological quality

We used the Newcastle-Ottawa scale (NOS) [20] for assessing the quality of the included studies in this
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meta-analysis. Using this scale system, each included study was judged on three broad perspectives: the
selection of the study groups, the comparability of the groups, and the ascertainment of outcome of interest.
High-quality studies were identified with a NOS score of five or more. Whereas those with less than a score
of five were considered as low-quality studies.

2.4 Statistical analysis

We conducted the review using the Stata 12.0 and RevMan 5.3 software. Comparisons of the dichotomous
variables were performed using odds ratio (OR) with 95% confidence interval (CI). For continuous variables,
the standard mean differences (Std. MD) with 95% CI were used. Z-test was performed to determine the
statistical significance of results with statistical significance defined as P<0.05 . Heterogeneity between
articles was assessed by Cochrane’s Q-test. Data with low heterogeneity (P[?]0.10 andI2<50% ) were
analyzed by a fixed-effects model while a random-effect model was used for data with high heterogeneity
(P<0.10 andI2>50% ). To explore sources of heterogeneity the leave-one-out sensitivity analysis was also
conducted. Furthermore, a funnel plot was used to evaluate the publication bias when applicable.

3 Results

3.1 Characteristics of the identified studies

The search criteria on PubMed, Web of Knowledge and Cochrane databases yielded 932 hits of which 324
were duplicates. After removal of additional 590 records (including one [21] of the two articles [21, 22] with
the same sample published in different journals was excluded), 13 studies of CBZ resistance [7, 8, 13, 14,
22-30] and 8 studies of CBZ metabolism [7, 8, 17, 25, 29, 31-33] were included in the systematic review (Fig.
1). All participants in the studies were epilepsy patients and were treated with CBZ monotherapy at a stable
maintenance dose. The characteristics of included studies are presented in Table 1 and 2. All the patients
were treated with CBZ in a dose range of 400–1200 mg/day. The NOS scores of the included studies ranged
from 5 to 8 based on the NOS evaluation system, indicating a relatively high quality of included studies.
Furthermore, a test of funnel plot was not conducted due to the insufficient number of studies in the present
study.

3.2 Data Analysis

Table 3 and 4 summarizes the main results of this meta-analysis. The pooled ORs were computed for the
allelic contrast, recessive, homozygotes and dominant models.

3.2.1 Associations between ABCB1 (c.3435C>T), EPHX1 (c.337T>C and c.416A>G),
SCN1A (c.3184A>G and IVS5-91G>A) polymorphisms and CBZ metabolism.

For ABCB1 c.3435C>T polymorphism, a total of 714 epilepsy patients treated by CBZ in 4 studies [8,
29, 31, 33] were included, and a statistically significant association was found in the (CC vs CT)model for
the adjusted concentrations of CDRCBZ(OR = 0.251 (95% CI: 0.081˜0.42), P = 0.004)(Table 3) (Fig. 2).
For ABCB1 c.2677G>T/Apolymorphism, a total of 569 epilepsy patients treated by CBZ in 3 studies were
included, and a statistically significant association was found in the (GG vs GA) model for the adjusted
concentrations of CDRCBZ (OR = -0.366 (95% CI: -0.697˜-0.036), P = 0.030) with high heterogeneity
(I2=64.2%)(Table 3). There is no significant association between other genetic models in ABCB1 c.3435C>T
and ABCB1 c.2677G>T/A [29, 31, 33] (3 studies including 569 epilepsy patients) and the whole genetic
models in c.1236C>T [29, 31-33] (4 studies including 659 epilepsy patients) polymorphisms on the adjusted
concentrations of CDRCBZ (Table 3).

For EPHX1 c.416A>G polymorphism, the adjusted concentrations of CDRCBZ, CDRCBZE and CDRCBZD

were reported in 4 [7, 8, 25, 31], 3 [7, 8, 31] and 3 [7, 8, 31] articles, respectively. A total of 646 epilepsy
patients treated by CBZ in 3 studies were included with statistically significant association between (AA
vs GG) ,(AG vs GG) models in EPHX1 c.416A>Gpolymorphisms and CDRCBZD (OR = 0.483 (95% CI:
0.011˜0.956), P = 0.045; OR = 0.682 (95% CI: 0.163˜1.201), P = 0.010, respectively) (Table 3) (Fig. 3).
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No association was observed between other genetic models ofEPHX1 c.416A>G polymorphism and on the
adjusted concentrations of CDRCBZ, CDRCBZE, CDRCBZD, respectively (Table 3).

For EPHX1 c.337T>C polymorphisms, the adjusted concentrations of CDRCBZ, CDRCBZE, CDRCBZD,
CDRCBZE : CDRCBZ and CDRCBZD : CDRCBZE including 812 epilepsy patients were reported in 4 [7,
8, 25, 31], 3 [7, 8, 31], 3 [7, 8, 31], 3 [7, 8, 17] and 3 [7, 8, 31] articles, respectively. A statistically
significant association was found in the (TT vs CC) model for the adjusted concentrations of CDRCBZE

(OR = -0.446 (95% CI: -0.811˜-0.0.081), P = 0.004) with high heterogeneity (I2=98.9%) (Table 3). No
significant association among other genetic models of EPHX1 c.337T>C polymorphism and on the adjusted
concentrations of CDRCBZ, CDRCBZE, CDRCBZD, CDRCBZE : CDRCBZ and CDRCBZD : CDRCBZE were
found (Table 3).

3.2.2 Associations between ABCB1 (c.3435C>T), EPHX1 (c.337T>C and c.416A>G),
SCN1A (c.3184A>G and IVS5-91G>A) polymorphisms and CBZ resistance.

For ABCB1 c.3435C>T polymorphism, a total of 344 CBZ resistance and 458 CBZ responsive in 5 studies
[8, 22, 27, 29, 30] were included in this meta-analysis. A statistically significant association was found in
the (CT vs TT) and (CC+CT vs TT) model (OR = 1.603 (95% CI: 1.119˜2.298), P = 0.010; OR = 1.61
(95% CI: 1.148˜2.258), P = 0.006, respectively) (Table 4) (Fig. 4). There is no associations between other
genetic models in ABCB1 C.3435C>T polymorphism and CBZ resistance (Table 4).

For EPHX1 c.337T>C and c.416A>Gpolymorphisms, a total of 113 CBZ resistance and 233 CBZ responsive
in 3 studies [7, 8, 25] were included in this meta-analysis with no associations in any genetic models of EPHX1
c.337T>Cand c.416A>G polymorphisms for CBZ resistance. The same results were also observed in all
genetic models SCN1A c.3184A>G [8, 13, 24, 26] (4 studies including 430 CBZ resistance and 597 CBZ
responsive) and IVS5-91G>A[8, 14, 23, 24, 26, 28] (6 studies including 612 CBZ resistance and 648 CBZ
responsive) (Table 4).

3.3 Heterogeneity and publication bias

Egger’s test showed no evidence of publication bias in the studies analysed except ABCB1 c.3435C>T
polymorphism in the(CC vs CT+TT) and (CC+CT vs TT) model. The distribution of the genotype in
the CBZ responsive group of each study was consistent with HWE except 2 studies [22, 29] for ABCB1
c.3435C>T and 1 study [7] for EPHX1 c.337T>C and c.416A>G . The heterogeneity and publication
bias of included studies on each gene polymorphism are presented in Table 2. Considering that significant
heterogeneity was identified in overall studies and the ineligible studies for HWE, we performed a sensitivity
analysis by repetitive calculation of the combined OR estimate and a heterogeneity test after removing one
study at a time. However, while remove 1 study [22] in the (CC vs TT) model of ABCB1 c.3435C>T which
is not conformed with HWE, the results of association changed with significant difference (OR = 1.781 (95%
CI: 1.166˜2.722), P = 0.008) (Table 4).

4 Discussion

As a clinical first-line antiepileptic drug, CBZ has a relatively narrow therapeutic range (4–12μg/mL) and
wide inter-individual variability [34]. Genetic variants in ABCB1, EPHX1, SCN1A genes are wellknown
to influence the individual CBZ daily maintenance doses, metabolism and resistance for epileptic patients.
Thus, clarify the role of ABCB1, EPHX1, SCN1A genetic polymorphisms in pharmacokinetics and pharma-
codynamics of CBZ will be helpful for the effective clinical individualized treatment of epilepsy.

The ABCB1 (c.3435C>T, c.2677G>T/A and c.1236C>T) in exon 26 closely related with the altered expres-
sion levels of P-gp, range of CBZ resistance in epileptics. In the meta-analysis, c.3435C>T andc.2677G>T/A
polymorphisms were found to be associated with adjusted concentrations of CBZ. For the high heterogeneity
in c.2677G>T/A , we did not conduct subgroup analysis or sensitivity analysis limited by only 3 articles
included. In order to seek the mechanism ofc.3435C>T on the clinical effect of CBZ in epilepsy patients,
we further analyzed whether c.3435C>Tpolymorphism change the clinical efficacy by influencing CBZ resis-
tance, and found that patients with the c.3435C>T TTgenotype exhibited lower CDZ resistance compared

4
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with CT or(CT + CC) genotype, Hongmei Meng’s study [29] also supported it. This might attributable to
the CC genotype ofc.3435C>T enhancing the expression of P-gp and excessive CBZ efflux across the blood-
brain barrier (BBB) resulting in drug resistance in epileptics. However, the included studies of Armond Daci
[8] and Gulay Oner Ozgon’s [30] results unsupported it in Kosovar Albanian and Turkey epileptic patients.
This phenomenon may be attribute to ethnic differences, but we did not conduct racial analysis limited
number of literatures included. Overall, our results confirmedc.3435C>T polymorphism may influence the
clinical efficacy via regulating CBZ resistance followed by adjusting serum concentration of CBZ although
more high-quality original studies are still required.

As an active metabolites of CBZ, CBZ-10,11-epoxide (CBZE) is further transformed to an inactive metabo-
lite, CBZ-10,11-diol (CBZD) via microsomal epoxide hydrolase (mEH) which encoded by EPHX1 [35, 36].
Thus, EPHX1 (c.337T>C and c.416A>G)mutation may affect CBZ pharmocokinetics and pharmacody-
namics by changing the function of mEH [36, 37]. Our study found that the patients with AA genotype in
c.416A>G has lower level of CDRCBZD, prompting that CBZ metabolism may be inhibited by the c.416A>G
variant [37], which has been demonstrated to decrease mEH activity in Yukiko Nakajima’s study [38]. How-
ever, no association between any genetic models of EPHX1 c.416A>G polymorphism and CBZ resistance
was found, which supported by Wenting Yun et al. study [25]. In addition, we abandoned high heterogeneity
data of CDRCBZE (for c.337T>C ) and the instability data of CDRCBZD : CDRCBZEratio (for c.416A>G )
limited by 2 articles with small samples. Furthermore, no association was found between EPHX1 c.416A>G
and CBZ resistance in our present study. Therefore, EPHX1 c.416A>G associated with CBZ metabolism
and resistance need to be further studied in the larger cohorts of CBZ for epilepsy.

IVS5-91G>A located at 5 splice donor site ofSCN1A exon 5N, plays a crucial role in epilepsy by encoding
the S4 transmembrane segment or voltage sensor in the first domain of the Nav1.1 protein and initiating
action potentials in neurons in different parts of the mammalian brain [39, 40]. Whilec.3184A>G poly-
morphism in SCN1A may influence the structural and functional properties of sodium channels and further
impact treatment of CBZ for epilepsy via converting threonine to alanine [24]. It was noteworthy that, no
association was found based on the present included studies containing Chinese, Japanese, Serbia, and Pak-
istan epilepsy patients among SCN1A (c.3184A>G and IVS5-91G>A) and CBZ resistance, which cannot
be further supported by CBZ metabolism for small numbers of literatures and samples included. This may
be due to the lack of data for further evaluation differences in the geographical distribution of the subjects
or environmental factors [41]. Consequently, further investigations based on more well-designed experiments
and larger sample size should be performed to verify the effects of SCN1A (c.3184A>G and IVS5-91G>A)
on CBZ resistance and metabolism.

This meta-analysis first comprehensively collected the existing studies and reviewed the relationships among
ABCB1 (c.3435C>T) , EPHX1 (c.337T>C and c.416A>G) , SCN1A (c.3184A>G and IVS5-91G>A) poly-
morphisms and CBZ metabolisms and resistance. Compared with precious meta-analysis [15], the present
study not only evaluated the associations between the ABCB1 (c.3435C>T) , EPHX1 (c.337T>C and
c.416A>G) , SCN1A (c.3184A>G and IVS5-91G>A) polymorphisms and drug-resistance risk, but also
clarified the effect of corresponding genes on CBZ metabolism in epileptics. Consequently, our data suggest
that ABCB1 c.3435C>T and EPHX1 c.416A>Gpolymorphisms could influence inter-individual variability
of CBZ metabolism and resistance.

The inconsistencies in the studies may be explained by some phenomena. Firstly, only English and Chinese
studies were included, many literatures in other languages were ignored which may lead to the existence of
bias. Secondly, the small sample size may result in false-positive problem and weaken the statistical power.
Thirdly, the optimal dosage of CBZ may be influenced by a variety of confounding factors such as age,
sex, ethnicity, and the interaction between gene mutations, but the lack of original data limited our ability
to further assess these factors. Fourthly, lack of some important raw data limits the further evaluation
of other indicators, such as the therapeutic effect of concentration-time curves on metabolic clearance and
adverse events. Furthermore, based on Egger’s test, we detected a small publication bias which might
be caused by unpublished data, because negative studies were less likely to be published and included in
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journals and computerized database, and only studies indexed by the selected databases were included, this
results in a potential overestimation of effect sizes. Finally, different doses and treatment durations were
used in the included studies, which may affect the observable effect of pharmacokinetic genes. These caveats
should be considered and overcome in future large sample and multiracial studies. In spite of above potential
limitations, our meta-analysis collected the most recently published data on the association between ABCB1,
EPHX1 gene polymorphisms and CBZ metabolism and resistance.

Conclusion

Our results showed that ABCB1 c.3435C>T polymorphism was associated with adjusted concentrations
of CBZ and drug-resistance, and EPHX1 c.416A>G polymorphism was related to decrease CBZD concen-
tration, which confirmed important effects ofABCB1 c.3435C>T and EPHX1 c.416A>G gene on pharma-
cokinetics and pharmacodynamics of CBZ and would help improve individualized therapy of in epilepsy
patients.
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