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The association of adjusted plasma valproic acid concentration
with CYP2C9 gene polymorphism in patients with epilepsy: a
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Background: Valproic acid (VPA) is a common antiepileptic drug used to treat both generalized and partial
epilepsy. Although there is increasing evidence to suggest that CYP2C9 gene polymorphisms are associated
with interindividual variability of VPA metabolism, the results are debatable. Therefore, in the present study,
we conducted a meta-analysis to evaluate the correlation between CYP2C9 gene polymorphisms and adjusted
plasma VPA concentration.

Methods: The EMBASE, MEDLINE, and Cochrane Library databases were searched to obtain relevant
studies. Eligible articles were reviewed, and data extraction was performed. We calculated 95% confidence
intervals (CIs) and mean differences (MDs) to assess the strength of the relationship of CYP2C9 gene
polymorphisms with adjusted plasma VPA concentration.

Results: The meta-analysis included 6 studies involving 847 patients with epilepsy. The pooled
analysis showed that the CYP2C9 A1075C (AA vs. AC) polymorphism was related to the adjusted plasma
concentration of VPA (P=0.02, ’=82%). Additionally, the AC phenotype statistically significantly increased
the adjusted plasma VPA concentration in children compared with the mixed age subgroup (P=0.04,
I’=48%). A similar association was observed between the AC phenotype for Asians (P<0.00001, I’=0%) but
not for Caucasians (P=0.34, I’=87%).

Discussion: Age might be a crucial covariate influencing the dosage-adjusted VPA concentration in
patients with epilepsy. A reduced VPA dosage may be recommendable for children, particularly Asian
children, who are CYP2C9 A1075C AC carriers. Further studies could provide high-quality evidence to
confirm the correlation between VPA pharmacokinetics and CYP2C9 A1075C polymorphisms.
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Introduction

Valproic acid (VPA) is a first-line antiepileptic therapy
that has been widely applied to treat both generalized and
partial seizures (1). However, VPA displays significant
interindividual differences and has a narrow therapeutic
range, which results in varying therapeutic efficacy
and adverse reactions. In recent years, the continuous
development of pharmacogenetics has revealed genetic
polymorphisms to have pivotal importance in the
pharmacodynamics and pharmacokinetics of VPA (2-4).
Therefore, genetic factors may contribute to individual
VPA pharmacotherapy.

The VPA metabolism in humans involves mainly three
pathways: glucuronidation, f-oxidation in mitochondria, and
cytochrome P450 (CYP)-mediated oxidation (5-7). In adults,
the conversion of 50% VPA to VPA-glucuronide conjugate
is mediated by glucuronosyl transferases (UGTs) (8).
The second route, mitochondrial B-oxidation, is responsible
for approximately 30% of VPA metabolism, and produces
unsaturated VPA metabolites. Elimination of VPA through
CYP enzyme catalysis accounts for the final 15-20% (9).
Studies and meta-analyses have reported the effect of
UGT2B7 polymorphisms on pharmacokinetics in patients
with epilepsy who were treated with VPA (10), which
suggests that genetic polymorphisms may be a crucial factor
in interindividual variability in VPA metabolism.

In children, however, studies have demonstrated CYP-
mediated VPA catalysis to be the principal route of
metabolism (11). The main reason for this difference is that
UGTS5 in children are not matured and exhibit low activity
compared with those in adults (12). Secondly, both VPA
and its metabolites can inhibit mitochondrial B-oxidation.
Additionally, the CYP-dependent VPA metabolism in
children surpasses that in adults and decreases gradually
during adolescence. In children, a higher proportion of
VPA is metabolized by CYP (13-15). CYP2C9 is the major
catalyst for desaturation and hydroxylation to 4-ene-VPA,
with CYP2B6 and CYP2A6 making minor contributions.
Therefore, it is necessary to explore the relationship
between CYP2C9 polymorphism and VPA pharmacokinetics
in different age groups.

CYP2CY9, which is a major cytochrome P450 isoform,
constitutes approximately 20% of the total microsome
P450 content in the human liver (16). In total, 35 alleles
of the CYP2CY gene, which is located on chromosome
10q24.1, have been described. Several studies on patients
with epilepsy have investigated the influence that CYP2C9
genetic polymorphisms have on VPA through blood levels
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and pharmacokinetic considerations. Among the CYP2C9
variants, A1075C has been reported to be a vital determinant
of individual variability in VPA pharmacokinetics (17,18).
However, studies to date have produced inconsistent
findings. For instance, it has been shown that the plasma
VPA concentration is higher in patients with the AC
genotype than in patients with the AA genotype, which is
indicative of patients with the AA genotype having a high
metabolism (19-22). On the other hand, some studies
have failed to observe a significant association between the
adjusted plasma concentration of VPA and CYP2C9 A1075C
(23,24). Therefore, further clarification of the influence
of CYP2C9 gene polymorphism on VPA concentration
and other pharmacokinetic parameters, especially in
patients of different ages, is essential. Here, we conducted
a comprehensive review and meta-analysis to evaluate the
correlations between CYP2C9 gene polymorphism and
VPA metabolism, which we expect will further guide the
individualized use of VPA in clinical practice. We present
the following article in accordance with the PRISMA
reporting checklist (available at http://dx.doi.org/10.21037/
atm-21-1459).

Methods
Search strategy

Systematic searches of the Cochrane Library, EMBASE,
and MEDLINE databases were carried out to identify
studies published up to December 23, 2020 on the
potential correlations between the adjusted plasma VPA
concentration and CYP2C9 genetic variants. Key search
words included “valproic acid” and “CYP2CY9,” with the
following search strategies in PubMed: ((((((((((“valproic
acid”(MeSH Terms)) OR “valproic acid”) OR “valproic
acid glucuronide”) OR “valproate”) OR “2-propylpentanoic
acid”) OR “2-n-propyl-n-valeric acid”) OR “2-propyl-
pentanoic acid”) OR “2-propylpentanoic acid”) OR
“2-propylvaleric acid”) OR “VPA”) AND (((CYP2C9 (MeSH
Terms)) OR CYP2C9) OR Cytochrome P450 2C9). There
were no restrictions on region, language, age or race of the
study participants. The reference lists of original articles
and literature reviews were also scanned to avoid the
omission of any qualified study.

The abstracts and titles of all articles retrieved by the
search engines were read separately by two authors (HHF
and XJW). Two authors performed the data extraction
and quality assessment independently. Any discrepancies
between two authors were resolved by discussion until
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reaching a consensus. The final results were reviewed by a
senior reviewer (LH).

Exclusion and inclusion criteria

Studies meeting all of the following inclusion criteria were
included in the meta-analysis: (I) assessing the correlations
between CYP2C9 and plasma VPA concentration in patients
with epilepsy; (II) including AA and AC genotype data and
comprehensive statistical indicators; and (III) providing
information on the adjusted serum VPA concentration.
Studies that did not provide results on the adjusted plasma
VPA concentration and those with incomplete data were
excluded, as were abstracts, reviews, comments, case
reports, and cell or animal studies.

Data extraction and quality assessment

After eliminating duplicates, two investigators independently
extracted detailed data from eligible studies. These data
included the name of the first author, publication year,
nationality, race, number of participants, dosage-adjusted
plasma VPA concentration, genotype distribution, and
detection methods. Any disagreements were resolved through
discussion between the two investigators or consultation with
a 3" investigator.

The Newecastle-Ottawa quality assessment scale (NOS)
is a rating system with a score range of 0-9 used for the
quality evaluation of non-randomized studies (25). In the
present study, high-quality studies were identified as those
with an NOS score of 6 or more. The quality assessment
and data extraction were performed independently by two
reviewers. Whenever necessary, additional information or
raw data were requested from the authors by the reviewers.

Level of evidence

Evidence from observational studies with different
outcomes was rated using the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE)
framework (26). Inconsistency, risk of bias, imprecision,
indirectness, and publication bias may result in a lower
evidence level. The GRADE working group evidence grades
are as follows: high quality: further research is unlikely to
change our confidence in the estimate of effect; moderate
quality: further research is likely to have a significant impact
on our confidence in the estimate of effect and may change
the estimate; low quality: further research is likely to have a
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vital impact on our confidence in the estimate of effect and
is likely to change the estimate; and very low quality: we are
extremely uncertain about the estimate.

Statistical analysis

Statistical analyses were performed using Review
Manager 5.2 software. The associations of CYP2CY
polymorphism with adjusted plasma concentration of
VPA were evaluated by calculating the mean difference
(MD) and corresponding 95% confidence intervals
(CIs). Heterogeneity was estimated using the I statistic.
Initially, the fixed effects model was applied, but in cases
of heterogeneity I’>50%, the random effects model was
utilized. Subgroup analyses were performed to analyze the
impact of ethnicity and age differences on heterogeneity.
Further, the deviation of each selected study from the
Hardy-Weinberg equilibrium (HWE) was assessed;
disequilibrium was considered if P<0.05. Studies not in
HWE were subjected to sensitivity analysis, in which each
study was sequentially excluded from pooled results with
high heterogeneity. Also, publication bias was examined by
Egger’s and Begg’s tests, with a P value of <0.05 considered
statistically significant.

Results
Study selection and characteristics

A flow diagram showing the study selection process is
illustrated in Figure 1. All studies were published between
2003 and 2020. An initial online search yielded 63 potentially
relevant articles, with 20, 31, and 12 articles obtained
from Embase, MEDLINE, and the Cochrane Library,
respectively. Of these articles, 15 duplicates were excluded.
The titles and abstracts of the remaining 48 articles on
CYP2C9 polymorphisms and the VPA were then screened
against the inclusion criteria. Eventually, 6 eligible original
research reports (19-24) involving 847 patients formed the
basis of the present meta-analysis. Detailed characteristics of
the included studies are presented in Tuble 1. All participants
in the studies were patients with epilepsy, and the majority of
the studies were conducted in Asia. For all included studies,
the genotype distributions were in HWE.

Quality assessment

NOS was used to determine the quality of the included
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MEDLINE, EMBASE,
Cochrane Library (n=63)

A

Records after the removal
of duplicates (n=15)

A

Excluded based on title or
abstract (n=48)

> Unrelated articles (n=23)

A

Full text not available (n=6)
Reviews (n=3)
Not human trials (n=2)

Preliminary screening of
studies (n=25)

Y

A

Studies meeting the Studies with insufficient data (n=4)
eligibility criteria (n=14) Studies without relevant data (n=4)

Y

A

Studies qualified for inclusion in
the meta-analysis based on full
text (n=6)

Figure 1 Flow diagram of study selection.

studies. The scores of all 6 studies ranged from 5 to 7,
with only 1 study having a score of less than 6, indicating
a minimal risk of bias and ensuring high quality for the
included studies. The quality assessment results are
presented in Table 2.

Association between CYP2C9 A1075C polymorphism and
adjusted plasma VPA concentration

Total population

The results of the meta-analysis are detailed in Figure 2.
All 6 studies analyzed the association between CYP2C9
A1075C polymorphism (AA vs. AC) and adjusted plasma
VPA concentration (19-24). According to pooled results,
AC phenotype carriers exhibited significantly higher
adjusted serum concentrations than patients with the AA
genotype [MD =-0.46, 95% CI (-0.84, ~0.08), P=0.02,
I’'=82%].

Subgroup analysis by age
Because of the significant heterogeneity observed across the
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Table 2 Quality assessment of the included studies according to the Newcastle-Ottawa Scale
ltern/stud Lan Tan Yingjie Guo Katalin Toh Can Wang R. L. Smith Zhao M

y 2010 2012 2015 2017 2016 2017

Represent of the exposed cohort * * * * * *
Selection of the non-exposed cohort * * * * * *
Ascertainment of exposure * * * * * *
Demonstration that outcome of interest - - - - * *
was not present at start of study
Comparability of cohorts on the basis - * * * * -
of the design or analysis
Assessment of outcome * * * * * *

Was follow-up long enough for
outcomes to occur

Adequacy of follow up of cohorts - -

*, a study can be awarded a maximum of one star for each numbered item within the Selection and Exposure categories. A maximum of

two stars can be given for Comparability.

AA AC

r I Mean D Total Mean D Total Weigh
CanWang 2017 2.81 1.16 95 272 1.46 7 8.7%
KatalinToth 2015 221 1.13 12 433 217 11 5.8%
LanTan 2010 34 04 164 39 04 15 29.5%
R. L.Smith 2016 2.08 0.15 181 2.15 0.11 23 32.3%
Yingjie Guo 2012 421 2.16 80 48 1.81 10 7.5%
Zhao M 2017 3.16 1.14 189 3.95 1.11 11 16.1%
Total (95% CI) 721 77 100.0%

Heterogeneity: Tau? = 0.12; Chi? = 27.50, df = 5 (P < 0.0001); I> = 82%
Test for overall effect: Z = 2.35 (P = 0.02)

Mean Difference Mean Difference
IV, Random, 95% ClI IV, Random, 95% Cl
0.09 [-1.02, 1.20] —
212[-355,-069)
-0.50 [-0.71, -0.29] -
-0.07 [-0.12, -0.02] n
-0.59 [-1.81, 0.63] -1
-0.79 [-1.47, -0.11] S —
-0.46 [-0.84, -0.08] -
2 -1 0 1 2

Favours [experimental] Favours [control]

Figure 2 Forest plots for association between CYP2C9 A1075C (AA versus AC) polymorphism and adjusted plasma concentration

(pg/mL per mg/kg) of VPA. VPA, valproic acid.

studies, age-wise subgroup analyses were further performed.
As shown in Figure 3, the AC phenotype exhibited a
significantly higher adjusted plasma VPA concentration
in children [MD =-0.77, 95% CI (-1.51, -0.03), P=0.04,
I’=48%]; however, no effect was observed in the mixed
age subgroup [MD =-0.27, 95% CI (-0.69, 0.15), P=0.20,
I'=93%)].

Subgroup analysis by race

Subgroup analysis was performed by race (Figure 4). Among
Asians, the adjusted plasma VPA concentration was higher
in patients with the AC phenotype than in those with
the AA phenotype [MD =-0.51, 95% CI (-0.70, -0.31),
P<0.00001, I’=0%], whereas stratification of the results in

the Caucasian population exhibited no significant effect
of the CYP2C9 A1075C polymorphism (AA vs. AC) on
adjusted plasma VPA concentrations (P=0.34). However, as
this subgroup analysis included only two studies, its results
had a limited influence.

Sensitivity analysis

To assess the impact of individual data on the pooled MDs,
we performed a sensitivity analysis by sequentially omitting
each eligible study. The sensitivity analysis results showed
that no individual study had a considerable influence on
the pooled estimate; thus, the meta-analysis was considered
stable. The P statistic ranged from -0.89 to -0.4, revealing
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AA AC Mean Difference Mean Difference
tudy or Subgrou Mean D Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
1.2.1 children
CanWang 2017 2.81 1.16 95 272 1.46 7 241% 0.09 [-1.02, 1.20] -~
KatalinToth 2015 221 113 12 433 217 1 17.7% -2.12[-3.55,-0.69] — =~
Yingjie Guo 2012 421 216 80 4.8 1.81 10 21.7% -0.59 [-1.81, 0.63] - = 1
Zhao M 2017 3.16 1.14 189 3.95 1.11 11 36.5% -0.79 [-1.47,-0.11] —
Subtotal (95% CI) 376 39 100.0%  -0.77 [-1.51, -0.03] -
Heterogeneity: Tau? = 0.27; Chi? = 5.80, df =3 (P = 0.12); 12 = 48%
Test for overall effect: Z = 2.04 (P = 0.04)
1.2.2 mixed-age
LanTan 2010 34 04 164 39 04 15 47.0%  -0.50[-0.71,-0.29] =
R. L.Smith 2016 2.08 0.15 181 2.15 0.11 23 53.0% -0.07 [-0.12, -0.02] J
Subtotal (95% CI) 345 38 100.0% -0.27 [-0.69, 0.15]
Heterogeneity: Tau? = 0.09; Chi? = 15.04, df = 1 (P = 0.0001); I* = 93%
Test for overall effect: Z = 1.27 (P = 0.20)

2 A1
Favours [experimental]

0 1 2

Favours [control]

Figure 3 Forest plot of CYP2C9 A1075C polymorphism (AA versus AC) associated with adjusted plasma concentration (pg/mL per mg/kg)

of VPA according to the age. VPA, valproic acid.

AA AC Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% Cl 1V, Random, 95% CI
1.3.1 Asian
CanWang 2017 281 1.16 95 272 1.46 7  31% 0.09[-1.02, 1.20] I
LanTan 2010 34 04 164 39 04 15 85.9% -0.50 [-0.71, -0.29] .
Yingjie Guo 2012 421 2.16 80 4.8 1.81 10 2.6% -0.59 [-1.81, 0.63] -
Zhao M 2017 3.16 1.14 189 3.95 1.11 11 8.4% -0.79 [-1.47,-0.11] -
Subtotal (95% CI) 528 43 100.0% -0.51[-0.70, -0.31] *
Heterogeneity: Tau? = 0.00; Chi? = 1.81, df =3 (P = 0.61); I? = 0%
Test for overall effect: Z = 5.08 (P < 0.00001)
1.3.2 Caucasian
KatalinToth 2015 221 113 12 433 217 11 43.6% 212[-355,-069] — W&
R. L.Smith 2016 2.08 0.15 181 215 0.11 23 56.4% -0.07 [-0.12, -0.02] =
Subtotal (95% CI) 193 34 100.0% -0.96 [-2.96, 1.03]
Heterogeneity: Tau? = 1.83; Chi? = 7.85, df = 1 (P = 0.005); I = 87%
Test for overall effect: Z = 0.95 (P = 0.34)

2 -1
Favours [experimental]

0 1 2

Favours [control]

Figure 4 Forest plot of CYP2C9 A1075C polymorphism (AA versus AC) associated with adjusted plasma concentration (pg/mL per mg/kg)
of VPA according to the ethnicity. The squares and horizontal lines correspond to the study-specific MD and 95% CI. The area of the
squares reflects the weight (inverse of the variance). The diamond represents the MD and 95% CI. VPA, valproic acid.

no significant values. The results of the sensitivity analysis
are shown in Figure 5.

Estimation of publication bias

Publication bias in the present meta-analysis was examined
by Egger’s and Begg’s tests. No significant publication
bias was observed among the included studies through the
assessment of the pooled OR (Egger’s test: P=0.707; Begg’s

© Annals of Translational Medicine. All rights reserved.

test: P=0.951).

Assessment of the level of evidence (GRADE)

All 6 studies included in the meta-analysis were evaluated
using the GRADE framework. The quality of evidence for
the overall results was low. For the 4 studies on children
(21-24), the evidence presented plausible confounders and
was graded as moderate. The 2 studies with participants of

Ann Transl Med 2021;9(10):846 | http://dx.doi.org/10.21037/atm-21-1459
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Meta-analysis estimates, given named study is omitted

| Lower CI Limit
Lan Tan (2010) |

Yingjie Guo (2012)

Katalin Téth (2015)

Can Wang (2017)| |

R. L. Smith (2016)

Zhao M (2017) \

o Estimate

I Upper CI Limit
o

o} |

-1.02 -0.89

1
-0.64 -0.40 -0.21

Figure 5 Sensitivity analysis of CYP2C9 A1075C polymorphism associated with adjusted plasma concentration (pg/mL per mg/kg) of VPA.

VPA, valproic acid.

mixed ages (19,20) were downgraded due to inconsistency
(I’=93%). The evidence level of the 4 studies on Asian
patients (20,22-24) was classified as moderate due to a
dosage-response gradient increase. The 2 studies involving
Caucasian patients (19,21) were downgraded due to
inconsistency (I’=87%) and imprecision. Tizble 3 presents
the GRADE evaluation results.

Discussion

VPA is a drug which has a narrow therapeutic range
and displays significant interindividual variability in
plasma concentrations; in turn, this affects its clinical
efficacy and safety. Nonlinear pharmacokinetics and the
influence of patient characteristics such as sex, age, genetic
polymorphisms, weight, and liver disease may account for
the variability (27,28). Although the clinical relevance of
UGT to VPA metabolism was recently confirmed (10),
the correlations between CYP2CY polymorphisms and
VPA metabolism in patients are still poorly understood.
Therefore, in the present study, we explored the associations
between the CYP2C9 A1075C variants and adjusted plasma
VPA concentration levels in patients with different age
groups by performing a meta-analysis of existing data.
Genetic testing of CYP2C9 might play a role in guiding
individualized VPA pharmacotherapy.

Regarding CYP2C9 A1075C allelic variants, the
frequency of the CC genotype (loss of function) was <0.05%

© Annals of Translational Medicine. All rights reserved.

across different racial groups studied. For these patients,
T6th et al. recommended an alternative antiepileptic (non-
valproate) therapy due to the potential for poor valproate
metabolism (21), and no individual homozygous mutation
for this allele was observed among the other studies.

In the overall analysis of our pooled results, a statistically
significant correlation was observed between the variant
genotype of CYP2C9 A1075C and adjusted plasma VPA
concentration. The present study also exhibited obvious
heterogeneity. Therefore, a stratified analysis to detect the
source of heterogeneity was conducted, which identified age
and race as the sources of the heterogeneity. The subgroup
analysis indicated that patients’ age might be a pivotal factor
influencing the dosage-adjusted VPA concentrations in
epilepsy.

A significant association was observed between the
CYP2C9 A1075C polymorphism and adjusted plasma
VPA concentration in children but not in the mixed age
group, which suggested that this polymorphism may be
a determinant for adjusted plasma VPA concentration
in children. The results also indicated that the adjusted
plasma VPA concentration is higher in patients with the
AC phenotype than in those with the AA phenotype. Our
finding is consistent with the metabolic characteristics of
VPA in different age groups. UGTs play a major part in
VPA metabolism in adults, but in children, the CYP2C9-
catalyzed oxidation pathway is the principal metabolic
route. Therefore, CYP2C9 genetic polymorphisms could

Ann Transl Med 2021;9(10):846 | http://dx.doi.org/10.21037/atm-21-1459
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play a prominent role in interindividual variability of VPA
metabolism among children. A novel strategy for VPA
therapy adjusted according to the CYP2C9 genotype might
be developed and recommended for children with epilepsy.
Additionally, it is mainly attributed to children under 2
years old, and glucuronidation in children are not matured
and exhibit low activity compared with those in adults. The
oxidation pathway catalyzed by CYP2C9 will be gradually
replaced by UGTs pathway as children grow older.
Glucuronidation reaches the normal level after 10-15 years
old. Treatment strategies might need to change with the age
of children.

Additionally, the subgroup analysis by race revealed
that the AC genotype significantly increased the adjusted
plasma VPA concentration in Asian patients. The interracial
variability in the frequencies of CYP alleles has been well
recognized (29). The AC genotype presents with a higher
frequency in Asians (11.66%), than in Caucasians (6.49%)
or Native Americans (2.38%) (30). Therefore, more
attention should be paid to the clinical relevance of the
CYP2C9 A1075C alleles in Asian patients.

Despite the substantial analysis and retrieval conducted
in the present study, our meta-analysis still has several
limitations. First, most of the results demonstrated high
heterogeneity, which could be attributable to multiple
factors such as differences in therapeutic regimens, age
groups, disease staging, sex, race, body mass index, and
the methods used for genotype and VPA concentration
detection. Subgroup analyses were performed with
limited access to the existing data, which may have further
influenced the results. Second, the exclusion of several
eligible studies due to the absence of available original data
might have influenced the results of our meta-analysis.
Finally, the small sample sizes of the included studies
prevent the generalization of data. Further studies need to
be performed to strengthen the current findings.

The present study demonstrated that the age of
the patients with epilepsy might be a critical covariate
influencing the dosage-adjusted VPA concentration. In the
children subgroup, the AC phenotype significantly increased
the adjusted plasma concentration of VPA. Similar effects
were observed in Asians but not in Caucasians. Therefore,
children who carry CYP2C9 A1075C AC, especially Asian
children, might require a reduced dosage of VPA. However,
there was not enough evidence to determine the specific
reduction range for these children. The CYP2C9 A1075C
genotype could help clinicians with the adjustment of
the VPA dosage prior to treatment initiation, and more

© Annals of Translational Medicine. All rights reserved.
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attention should be paid to the side effects of VPA in
children throughout therapy. Further studies need to be
conducted to gather high-quality evidence to confirm the
correlation between CYP2C9 A1075C polymorphisms and
VPA pharmacokinetics.
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