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Background: Valproate (VPA) as a ﬁrst-line antiepileptic drug is useful for the most types of epileptic
seizure treatment. Previous studies observed that VPA inﬂuenced one-carbon metabolism (OCM),
consequently, DNA methylation. However, other individual genetic variations, as well as VPA, modify
DNA methylation.
Objective: In this study, we investigated associations between genetic variations in OCM and leukocyte
DNA methylation in VPA-treated patients with epilepsy.
Methods: This was a cross-sectional study of 101 epileptic patients who underwent VPA monotherapy
and 68 healthy controls. All subjects were measured OCM-related nutrients (folate, homocysteine and
vitamin B12), and DNA methylation of speciﬁc regions were analyzed. Furthermore, we examined the
associations between genetic variations in OCM and DNA methylation levels in epileptic patients.
Results: VPA-treated patients with epilepsy exhibited both higher serum homocysteine and vitaminB12
levels and lower folate levels relative to controls (P ¼ 0.018, P ¼ 0.003, P < 0.001 respectively), the
methylation level of the MTHFR amplicon was signiﬁcantly lower in the VPA group compared with those
in the controls (P ¼ 0.043). VPA-treated epileptic patients carrying the T-allele of methylenetetrahydrofolate reductase (MTHFR) c.677C>T showed higher serum Hcy levels than those observed in the
677CC group (P < 0.01). Epileptic patients who carried G-allele of methionine synthase (MTR) c.2756A>G
showed signiﬁcantly lower MTHFR amplicon methylation levels compared to carriers of the wild-type
MTR 2756AA genotype (P ¼ 0.028).
Conclusion: Our study provided evidence that the MTR c.2756A>G polymorphism is associated with
MTHFR amplicon hypomethylation in VPA-treated patients with epilepsy.
© 2017 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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1. Introduction

Abbreviations: AED, antiepileptic drug; ANOVA, one-way analysis of variance;
BHMT, betaine-homocysteine methyltransferas; FA, folate; Hcy, homocysteine;
HWE, hardyeweinberg equilibrium; LINE-1, long interspersed nucleotide element1; MTHFR, methylenetetrahydrofolate reductase; MTR, methionine synthase;
MTRR, methionine synthase reductase; NTDs, neural tube defects; OCM, one-carbon metabolism; RFC-1, reduced folate carrier-1; SNP, Single nucleotide
polymorphisms.
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DNA methylation is the most extensively studied mechanism
that contribute to the regulation of gene expression and maintenance of genome stability [1,2]. It is widely recognized that aberrant genomic DNA methylation, not only in the genome overall, but
also in speciﬁc genes is associated with congenital malformations
[3]. For example, previous studies suggested that hypomethylation
of methylenetetrahydrofolate reductase (MTHFR) gene and long
interspersed nucleotide element-1 (LINE-1) were associated with
increased risk of neural tube defects (NTDs) [4,5]. According to the
results of several epilepsy pregnancy registers over the last 15e20
years, exposure to valproate (VPA) during pregnancy increased the
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risk of NTDs from a background risk of 1‰ to between 1% and 2%
[6e8]. In animal research, Alonso-Aperte et al. found that VPA
through altered methionine synthase activity, induced DNA hypomethylation, which may be involved in VPA-induced teratogenesis
[9]. Although there have been tissue-level investigation of aberrant
DNA methylation under VPA treatment, the epigenetic markers in
peripheral or cord blood still have great interest. Recent studies
found hypomethylation of DNA from cord or peripheral blood
mononuclear cells in antiepileptic drug (AED)-treated patients with
epilepsy [10,11].
Nutrients (homocysteine, folate and vitamin B12) in one-carbon
metabolism (OCM) are cosubstrates and cofactors associated with
methylation and also function as regulatory molecules. The
abnormal status of these nutrients may cause disturbances in
methylation reactions [12]. Patients with epilepsy and involved in
long-term VPA therapy are more susceptible than the general
population to abnormal status of nutrients in OCM [13]. We previously demonstrated that VPA, through its known effects on OCM,
affects MTHFR amplicon methylation levels [14]. Additionally,
observational studies revealed associations between genetic variation in OCM and global methylation levels in leukocyte DNA from
healthy individuals [15,16].
To the best of our knowledge, no study has yet investigated the
interaction between genetic variation in OCM and DNA methylation
levels in VPA-treated patients with epilepsy. Therefore, we examined the associations between genetic variation in OCM and DNA
methylation status in VPA-treated patients with epilepsy.

2. Methods
2.1. Subjects
This study is designed to investigate the effects of genetic variants in OCM on DNA methylation in epileptic patients. Epileptic
patients (aged between 16 and 55 years) who were treated with
VPA as monotherapy for at least 6 months were included in this
study. Patients who had discontinued medication or had been
treated with other AEDs were excluded from this study. Epilepsy
caused by ischemic stroke, history of cardiac and peripheral
vascular disease, diabetes mellitus, tobacco use, hematologic diseases, endocrine disorders, tumors, pregnancy, liver or renal diseases constituted criteria resulting in exclusion from the study. All
subjects using folate (FA) antagonists and vitamins, as well as
vegetarians, were excluded. Healthy volunteers who received
annual physical checkups were recruited as controls. Both patients
and controls were from the same geographic area and were
matched for age, sex and ethnic background. The current study was
approved by the human ethics committee of the ﬁrst afﬁliated
hospital, Sun Yat-Sen university, and a written informed consent
was obtained from each participant.

2.3. DNA extraction and genotyping
Whole-blood genomic DNA was extracted from the peripheral
blood samples using a QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. DNA concentration and purity were determined by absorbance at 260 nm
and 280 nm using a NanoDropTM 1000 Spectrophotometer
(Thermo Scientiﬁc, Wilmington,USA). The polymorphisms within
OCM genes that include MTHFR c.677C>T, methionine synthase
(MTR) c.2756A>G, methionine synthase reductase (MTRR)
c.66A>G,
betaine-homocysteine
methyltransferas
(BHMT)
c.716G>A, reduced folate carrier-1 (RFC-1) c.80G>A were genotyped using the Sequenom MassARRAY technology platform with
the iPLEX gold chemistry (Sequenom, CA, USA) in the conditions
recommended by the manufacturer (primers details are listed in
additional ﬁle 1: Table S1). The MassARRAY Typer 4.0 software was
used for proper data acquisition and analysis. A manual review was
carried out to further clarify uncertain genotype calls. Assays with
less than 80% call rate within the same SpectroCHIP was considered
as having failed.

2.4. DNA bisulﬁte conversion and quantitative methylation analysis
Extracted whole-blood genomic DNA was treated with sodium
bisulﬁte using the EZ 96 DNA-methylation kit (Zymo Research,
Irvine, CA, USA). The bisulﬁte converted DNA was resuspended in
10 ml of elution buffer and stored at 80  C until the samples
were ready for analysis. The Sequenom MassARRAY platform was
used to perform quantitative methylation analysis of the LINE-1
element and MTHFR amplicon. Bisulﬁte converted DNA was
ampliﬁed by PCR using primers designed by Epidesigner online
(primers details are listed in additional ﬁle 2: Table S2), followed
by fragmentation after transcription and analysis on a mass
spectrometer (Sequenom, Inc, San Diego,USA). This generated
mass signal patterns were translated into quantitative DNAmethylation levels of different CpG sites in the earlier
mentioned genes by MassARRAY EpiTYPER Analyzer software
(version 1.0, Sequenom, Inc, San Diego,USA). Measurements were
done in triplicate on DNA from the same bisulﬁte-treatment batch
on different PCR plates. The methylation level was expressed as
the percentage of methylated cytosines over the total number of
methylated and unmethylated cytosines. Prior to analysis, strict
quality control was carried out to remove potentially unreliable
measurements, such as low mass, high mass and silent peak
overlap CpG units. The CpG units that failed to produce data for
more than 30% of samples (unreliable CpG units) and samples
lacking more than 30% of their data points (unreliable samples)
were discarded [17].

2.5. Statistical analysis
2.2. Laboratory tests and serum concentration assay
Blood samples were collected from subjects for laboratory
evaluations between 08:00 and 08:30 AM after overnight fasting.
The levels of serum FA, homocysteine (Hcy) and vitamin B12 were
measured using an autoanalyzer Immulite 2000 and suitable kits,
(DPC Diagnostic Products Corporation, Los Angeles, USA) according
to manufacturer's instructions.
The serum VPA concentration was assayed using a highperformance liquid chromatographic technique with an ultraviolet detector (Chromsystems, Waters Company, Milford Massachusetts, USA).

Statistical analyses of the results were conducted using SPSS
version 21.0. Mean differences of continuous variables between the
two groups were compared using the Student's t-test for normallydistributed variables or the ManneWhitney U-test for nonnormally-distributed variables. Analysis of parametric variables
among the three subgroups were performed using one-way analysis of variance (ANOVA) with a post hoc bonferroni's test. For
analysis of non-parametric variables, a KruskaleWallis test with a
post hoc ManneWhitney U-test was employed. Deviation from
HardyeWeinberg equilibrium (HWE) was tested for all genotypes
studied using Haploview 4.2. A P-value <0.05 was considered to be
statistically signiﬁcant.
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3. Results

Table 2
Levels of one-carbon metabolism nutrients and DNA methylation.

VPA-treated patients with epilepsy (101) and sixty-eight healthy
controls of matched age and sex were studied. Demographic features are shown in Table 1.
VPA-treated patients with epilepsy exhibited both higher serum
Hcy and vitamin B12 levels and lower FA levels relative to controls
(P ¼ 0.018, P ¼ 0.003, P < 0.001 respectively), and the methylation
level of the MTHFR amplicon was signiﬁcantly lower in the VPA
group compared with those in the controls (P ¼ 0.043); however
LINE-1 amplicon methylation level was indifferent from the control
group (P ¼ 0.593). (Table 2).
The associations between genetic polymorphisms of OCM enzymes and serum levels of Hcy in VPA-treated epileptic patients
were analyzed. In this study, we detect that the allelic distributions
of all SNPs were consistent with HardyeWeinberg equilibrium. We
observed MTHFR (rs1801133) was signiﬁcantly associated with
increased serum levels of Hcy in VPA-treated epileptic patients.
VPA-treated epileptic patients carrying the T-allele of MTHFR
c.677C>T showed serum Hcy levels higher than those observed in
the 677CC group (P ¼ 0.008) (Table 3). Furthermore, we compared
the levels of serum Hcy and FA between the VPA group and controls
for the different MTHFR genotypes. The serum FA levels in VPAtreated epileptic patients were lower than those in controls;
however, the serum Hcy levels were higher relative to those in
controls and were only observed in T-allele of MTHFR genotypes
(Table 4).
Table 5 lists the genotypes investigated and their associations
with MTHFR amplicon methylation in VPA-treated patients with
epilepsy. Epileptic patients who carried G-allele of MTR c.2756A>G
showed signiﬁcantly lower MTHFR amplicon methylation levels
compared with carriers of the wild-type MTR 2756AA genotype
(P ¼ 0.028).
4. Discussion
The present study conﬁrmed our previously research that VPAtreated epileptic patients were more susceptible to developing
hyperhomocysteinemia and hypomethylation of MTHFR amplicon
relative to the general population [14]. Here we showed that
MTHFR c.677C>T contributed to increased serum Hcy levels in
epileptic patients receiving VPA treatment. Furthermore, we
revealed that the G-allele of the MTR c.2756A>G variant was
associated with reduced MTHFR amplicon methylation in VPAtreated epileptic patients. To our knowledge, our study represents
the ﬁrst published ﬁndings showing associations between genetic
variations in OCM and DNA methylation in VPA-treated epileptic
patients.
Hcy is an intermediate product of OCM. Our results are consistent with previous reports reporting high levels of Hcy in VPAtreated epileptic patients [13,18]. Elevated Hcy concentrations
may be resulted from a deﬁciency in cofactors indispensible for
OCM. As an important cofactor, FA participates in OCM by donating
a methyl group for vitaminB12 dependent remethylation of Hcy to

Table 1
Demographic details of valproate and control groups.

Gender M/F (n)
Age (years)
Duration of treatment (months)
Dose of treatment (mg/d)
AEDs concentration (mg/ml)

3

Controls (n ¼ 68)

VPA (n ¼ 101)

35/33
26.8 ± 5.4

53/48
26.8 ± 10.6
24 (6.5,60)
750 (500,1000)
59.06 ± 25.64

VPA ¼ valproate, AEDs ¼ antiepileptic drugs.

OCM nutrients
Hcy (mmol/l)
FA (mg/l)
VitB12 (ng/l)
DNA methylation (%)
LINE-1 amplicon
MTHFR amplicon

Controls (n ¼ 68)

VPA (n ¼ 101)

p-value

9.91 ± 1.97
11.54 ± 4.02
555.94 ± 217.46

11.38 ± 5.58
7.94 ± 2.93
670.72 ± 275.28

0.018
<0.001
0.003

56.55 ± 4.56
6.11 ± 3.28

56.99 ± 4.81
5.05 ± 2.99

0.593
0.043

VPA ¼ valproate, OCM ¼ one-carbon metabolism, Hcy ¼ homocysteine, FA ¼ folate,
VitB12 ¼ vitamin B12, LINE-1 ¼ long interspersed nucleotide element-1,
MTHFR ¼ methylenetetrahydrofolate reductase.

Table 3
The associations between one-carbon metabolism related genotypes and serum
homocysteine levels in valproate-treated patients with epilepsy.
Gene

SNP

Serum Hcy (mmol/l) (n)

p-value

MTHFR

rs1801133

<0.001a

MTR

rs1805087

MTRR

rs1801394

BHMT

rs3733890

RFC-1

rs1051266

CC 9.94 ± 2.41 (47)
CT 12.19 ± 5.92 (40)
TT 19.41 ± 13.04 (6)
CT þ TT 13.13 ± 7.43 (46)
AA 10.83 ± 4.58 (73)
AG þ GG 12.67 ± 7.98 (21)
AA 10.73 ± 5.26 (52)
AG 11.81 ± 6.17 (37)
GG 11.30 ± 3.32 (6)
AG þ GG 11.74 ± 5.83 (43)
GG 11.28 ± 6.21 (41)
GA 11.72 ± 5.48 (41)
AA 10.30 ± 2.04 (8)
GA þ AA 11.49 ± 5.09 (49)
AA 10.75 ± 3.36 (34)
AG 10.83 ± 3.90 (33)
GG 11.27 ± 6.40 (24)
AG þ GG 11.02 ± 5.06 (57)

0.008b
0.179
0.664

0.228
0.798

0.48
0.905

0.542

SNP ¼ single nucleotide polymorphism, MTHFR ¼ methylenetetrahydrofolate
reductase, MTR ¼ methionine synthase, MTRR ¼ methionine synthase reductase,
BHMT ¼ betaine-homocysteine methyltransferas, RFC-1 ¼ reduced folate carrier-1.
a,b
The MTHFR variant c.677C>T was signiﬁcantly associated with serum Hcy levels
in VPA treated patients with epilepsy.

Table 4
Levels of homocysteine and folate, according to methylenetetrahydrofolate reductase genetic polymorphism.
Hcy (mmol/l)
Controls CC
VPA CC
Controls CT/TT
VPA CT/TT

9.81 ± 2.12 (36)
9.94 ± 2.41 (47)
10.07 ± 1.80 (30)
13.13 ± 7.43 (46)

p-value
0.793
0.010

FA (mg/l)
12.02 ± 3.77 (36)
8.78 ± 2.99 (47)
10.88 ± 4.05 (30)
7.20 ± 2.69 (46)

p-value
<0.001
<0.001

Hcy ¼ homocysteine, FA ¼ folate, VPA ¼ valproate.

methionine. Our research indicated that FA deﬁciency occurs in
VPA-treated patients with epilepsy. Although the mechanisms by
which VPA induce FA deﬁciency are unclear, a proposed mechanism
is that VPA may interfere with the intestinal absorption of FA [19].
Recent research suggested that Hcy may reﬂect a better indicator of methyl group supplement and utilization in genome DNA
methylation [20]. To better understand the status of DNA methylation in VPA-treated epileptic patients, the levels of LINE-1 and
MTHFR amplicon methylation were also determined. We found
that the levels of MTHFR amplicon methylation in VPA-treated
patients with epilepsy were signiﬁcantly lower than those of the
controls. MTHFR is a key enzyme in OCM that catalyses the
reduction
of
5,10-methylenetetrahydrofolate
to
5methyltetrahydrofolate, which is the methyl donor required for
methylation of Hcy to methionine. Lower MTHFR amplicon
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Table 5
The associations between one-carbon metabolism related variants and methylenetetrahydrofolate reductase methylation status in valproate-treated patients with
epilepsy.
Gene

SNP

MTHFR methylation (%) (n)

p-value

MTHFR

rs1801133

0.54

MTR

rs1805087

MTRR

rs1801394

BHMT

rs3733890

RFC-1

rs1051266

CC 4.82 ± 2.31 (42)
CT 5.59 ± 3.86 (37)
TT 5.04 ± 1.68 (5)
AA 5.41 ± 3.27 (63)
AG þ GG 4.04 ± 1.96 (19)
AA 5.14 ± 2.73 (45)
AG 5.24 ± 3.45 (33)
GG 4.79 ± 3.51 (6)
GG 5.49 ± 3.35 (37)
GA þ AA 4.62 ± 2.36 (44)
AA 4.59 ± 3.04 (29)
AG 5.93 ± 3.45 (30)
GG 4.82 ± 2.54 (22)

0.028a
0.946

0.174
0.213

SNP¼ Single nucleotide polymorphism, MTHFR ¼ methylenetetrahydrofolate
reductase, MTR ¼ methionine synthase, MTRR ¼ methionine synthase reductase,
BHMT ¼ betaine-homocysteine methyltransferas, RFC-1 ¼ reduced folate carrier-1.
The MTR variant c.2756A>G was signiﬁcantly associated with MTHFR amplicon
methylation status in VPA treated -patients with epilepsy.

methylation levels could indicate increased MTHFR enzyme activity, thereby promoting Hcy remethylation in VPA-treated epileptic
patients.
Hyperhomocysteinemia in epileptic patients is caused by not
only exogenous factors (VPA related FA deﬁciency) but also
endogenous factors (genetic polymorphisms of OCM enzymes)
[21]. To determine the effects of endogenous factors on Hcy
metabolism in epileptic patients, we investigated the relationship
between ﬁve genetic variants of OCM enzymes and plasma Hcy
levels. Our results indicated that VPA-treated epileptic patients
carrying the T-allele of MTHFR c.677C>T showed serum Hcy levels
higher than those observed in the 677CC group. MTHFR c.677C>T is
known to be associated with reduced enzyme activity, in the homozygous state, implies a 50e60% decrease in the enzymatic activity [22]. One possible explanation for results differing from those
previously report is the difference in the study population. Yoo et al.
observed that epileptic patients with homozygous (MTHFR TT)
exhibited higher serum Hcy levels in carbamazepine and phenytoin
treated groups, but not in the VPA-treated group [23]. However, the
number of VPA-treated patients enrolled in that study was 33,
which may have been too few to constitute a statistically signiﬁcant
conclusion. In another study, Semmler et al. [24] found that MTHFR
c.677C>T did not contribute to the risk of hyperhomocysteinemia
during AED treatment; however, the patients in that study were
treated with both monotherapy and combined therapy.
Mutations in the genes which encode one-carbon unit metabolizing enzymes can lead to aberrant DNA methylation by affecting
the synthesis of methyl donor. At present the most widely studied
common mutation in general population is the MTHFR c.677C>T.
Our result is not consistent with previous studies reporting that the
MTHFR c.677C>T mutation possess a lower degree of DNA
methylation [25,26]. Our study differed in that the subjects
recruited in our study were VPA-treated patients with epilepsy. The
MTHFR c.677C>T affects genomic DNA methylation through alterations of FA status, and VPA interferes with intestinal absorption of
FA and induce DNA hypomethylation in epileptic patients. Therefore, we suggest that the effect of VPA on DNA methylation may
overshadow the effect of the MTHFR c.677C>T mutation in
epileptic patients.
A novel ﬁnding in our study was that there was a relation between the G-allele of MTR c.2756A>G and the reduced MTHFR
amplicon methylation in VPA-treated epileptic patients. MTR is an
important enzyme involved in methionine biosynthesis and

methionine is an essential methyl donor for DNA methylation reactions. Previous associations between MTR c.2756A>G and DNA
methylation levels were controversial [16,27]. Bleich et al. reported
that the G-allele of MTR c.2756A>G had an association with
reduced global DNA methylation. The mechanism associated with
MTR c.2756A>G reduced MTHFR amplicon methylation remains
unclear. Here, not association was detected between MTR
c.2756A>G and serum Hcy levels. Therefore, our results suggest
that the MTR c.2756A>G may have an effect on DNA methylation
independent of effects on Hcy metabolism.
VPA as a ﬁrst-line AED is useful for the most types of epileptic
seizure treatment. However, prenatal exposure to VPA is associated
with increased risk of NTDs [28]. Vajda et al. reported that pregnant
women for whom VPA treatment resulted in malformed fetuses
had substantially increased risk of having other malformed fetuses
in future pregnancies [29]. This ﬁnding suggested the existence of
genetic polymorphisms that determined individual susceptibility
to fetal malformation. Our study found an association between
MTR c.2756A>G and MTHFR amplicon hypomethylation in VPAtreated patients with epilepsy. Because MTHFR amplicon hypomethylation is a modiﬁable risk factor for NTDs [4], we suggest that
genetic variations in OCM maybe predictors of individual susceptibility to the teratogenic effect of VPA.
Limitations of this research should be considered. First, our
study did not contemplate a possible interaction caused by each
AED between the one-carbon metabolic changes and epilepsy
syndromic category. Second, because of the well known sensitivity
level (approximately 5%) of the MassARRAY technique, the method
we used to detect DNA methylation levels had an insufﬁcient
sensitivity when some of our results of MTHFR methylation were
below the sensitivity level. Third, other environmental factors that
might affect the results were not excluded in this cross-sectional
study. Finally, the small sample size in this work was also a
limitation.
5. Conclusions
In summary, we investigated associations between variations
involved in OCM and DNA methylation in VPA-treated patients with
epilepsy. Our results indicated that the T-allele of MTHFR c.677C>T
was associated with increased Hcy levels and that the G-allele of
MTR c.2756A>G was associated with reduced MTHFR amplicon
methylation.
Conﬂicts of interest
The authors declare that they have no conﬂicts of interest.
Authors' contributions
GN and LZ conceived and designed the experiments. GN, JQ and
HL collected blood samples and patients' data. GN, JQ, HL performed the experiments. GN, JQ and ZC analyzed the data. GN, ZC,
and JZ contributed reagents/materials/analysis tools. GN, MH and
LZ contributed to the writing of the manuscript. All authors read
and approved the ﬁnal manuscript.
Acknowledgments
The authors acknowledge Wei Zhuang, Yafang Zhou and Juan
Chen for the technical assistance. This work was supported in part
by grant from the National Natural Science Foundation of China
(Grant no. 81571266). Funders had no role in the design, analysis or
writing of this manuscript.

Please cite this article in press as: Ni G, et al., Associations between genetic variation in one-carbon metabolism and leukocyte DNA methylation
in valproate-treated patients with epilepsy, Clinical Nutrition (2017), http://dx.doi.org/10.1016/j.clnu.2017.01.004

G. Ni et al. / Clinical Nutrition xxx (2017) 1e5

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.clnu.2017.01.004.
References
[1] Davis CD, Uthus EO. DNA methylation, cancer susceptibility, and nutrient
interactions. Exp Biol Med (Maywood) 2004;229:988e95.
[2] Robertson KD, Wolffe AP. DNA methylation in health and disease. Nat Rev
Genet 2000;1:11e9.
[3] Chowdhury S, Cleves MA, MacLeod SL, James SJ, Zhao W, Hobbs CA. Maternal
DNA hypomethylation and congenital heart defects. Birth Defects Res A Clin
Mol Teratol 2011;91:69e76.
[4] Stolk L, Bouwland-Both MI, van Mil NH, Verbiest MM, Eilers PH, Zhu H, et al.
Epigenetic proﬁles in children with a neural tube defect; a case-control study
in two populations. PLoS One 2013;8:e78462.
[5] Wang L, Wang F, Guan J, Le J, Wu LH, Zou JZ, et al. Relation between hypomethylation of long interspersed nucleotide elements and risk of neural tube
defects. Am J Clin Nutr 2010;91:1359e67.
[6] Campbell E, Kennedy F, Russell A, Smithson WH, Parsons L, Morrison PJ, et al.
Malformation risks of antiepileptic drug monotherapies in pregnancy: updated results from the UK and Ireland epilepsy and pregnancy registers. J Neurol
Neurosurg Psychiatry 2014;85:1029e34.
[7] Hernandez-Diaz S, Smith CR, Shen A, Mittendorf R, Hauser WA, Yerby M, et al.
Comparative safety of antiepileptic drugs during pregnancy. Neurology
2012;78:1692e9.
[8] Tomson T, Battino D, Bonizzoni E, Craig J, Lindhout D, Sabers A, et al. Dosedependent risk of malformations with antiepileptic drugs: an analysis of data
from the EURAP epilepsy and pregnancy registry. Lancet Neurol 2011;10:609e17.
[9] Alonso-Aperte E, Ubeda N, Achon M, Perez-Miguelsanz J, Varela-Moreiras G.
Impaired methionine synthesis and hypomethylation in rats exposed to valproate during gestation. Neurology 1999;52:750e6.
[10] Tremolizzo L, Difrancesco JC, Rodriguez-Menendez V, Riva C, Conti E,
Galimberti G, et al. Valproate induces epigenetic modiﬁcations in lymphomonocytes from epileptic patients. Prog Neuropsychopharmacol Biol Psychiatry 2012;39:47e51.
[11] Emes RD, Clifford H, Haworth KE, Farrell WE, Fryer AA, Carroll WD, et al.
Antiepileptic drugs and the fetal epigenome. Epilepsia 2013;54:e16e19.
[12] Crider KS, Yang TP, Berry RJ, Bailey LB. Folate and DNA methylation: a review
of molecular mechanisms and the evidence for folate's role. Adv Nutr 2012;3:
21e38.
[13] Ni G, Qin J, Fang Z, Chen Y, Chen Z, Zhou J, et al. Increased homocysteine levels
in valproate-treated patients with epilepsy: a meta-analysis. BMJ Open
2014;4:e004936.
[14] Ni G, Qin J, Li H, Chen Z, Zhou Y, Fang Z, et al. Effects of antiepileptic drug
monotherapy on one-carbon metabolism and DNA methylation in patients
with epilepsy. PLoS One 2015;10:e0125656.

5

[15] Tajuddin SM, Amaral AF, Fernandez AF, Rodriguez-Rodero S, Rodriguez RM,
Moore LE, et al. Genetic and non-genetic predictors of LINE-1 methylation in
leukocyte DNA. Environ Health Perspect 2013;121:650e6.
[16] Weiner AS, Boyarskikh UA, Voronina EN, Mishukova OV, Filipenko ML.
Methylenetetrahydrofolate reductase C677T and methionine synthase
A2756G polymorphisms inﬂuence on leukocyte genomic DNA methylation
level. Gene 2014;533:168e72.
[17] Sheng W, Wang H, Ma X, Qian Y, Zhang P, Wu Y, et al. LINE-1 methylation
status and its association with tetralogy of fallot in infants. BMC Med Genomics 2012;5:20.
[18] Chuang YC, Chuang HY, Lin TK, Chang CC, Lu CH, Chang WN, et al. Effects of
long-term antiepileptic drug monotherapy on vascular risk factors and
atherosclerosis. Epilepsia 2012;53:120e8.
[19] Tumer L, Serdaroglu A, Hasanoglu A, Biberoglu G, Aksoy E. Plasma homocysteine and lipoprotein (a) levels as risk factors for atherosclerotic vascular
disease in epileptic children taking anticonvulsants. Acta Paediatr 2002;91:
923e6.
[20] Fryer AA, Nafee TM, Ismail KM, Carroll WD, Emes RD, Farrell WE. LINE-1 DNA
methylation is inversely correlated with cord plasma homocysteine in man: a
preliminary study. Epigenetics 2009;4:394e8.
[21] Stover PJ. Polymorphisms in 1-carbon metabolism, epigenetics and folaterelated pathologies. J Nutr Nutr 2011;4:293e305.
[22] Carmel R, Green R, Rosenblatt DS, Watkins D. Update on cobalamin, folate,
and homocysteine. Hematol Am Soc Hematol Educ Program 2003:62e81.
[23] Yoo JH, Hong SB. A common mutation in the methylenetetrahydrofolate
reductase gene is a determinant of hyperhomocysteinemia in epileptic patients receiving anticonvulsants. Metabolism 1999;48:1047e51.
[24] Semmler A, Moskau-Hartmann S, Stoffel-Wagner B, Elger C, Linnebank M.
Homocysteine plasma levels in patients treated with antiepileptic drugs
depend on folate and vitamin B12 serum levels, but not on genetic variants of
homocysteine metabolism. Clin Chem Lab Med 2013;51:665e9.
[25] Friso S, Choi SW, Girelli D, Mason JB, Dolnikowski GG, Bagley PJ, et al.
A common mutation in the 5,10-methylenetetrahydrofolate reductase gene
affects genomic DNA methylation through an interaction with folate status.
Proc Natl Acad Sci USA 2002;99:5606e11.
[26] Castro R, Rivera I, Ravasco P, Camilo ME, Jakobs C, Blom HJ, et al. 5,10methylenetetrahydrofolate reductase (MTHFR) 677C/T and 1298A/C mutations are associated with DNA hypomethylation. J Med Genet 2004;41:
454e8.
[27] Bleich S, Semmler A, Frieling H, Thumfart L, Muschler M, Hillemacher T, et al.
Genetic variants of methionine metabolism and DNA methylation. Epigenomics 2014;6:585e91.
[28] Tomson T, Battino D, Perucca E. Valproic acid after ﬁve decades of use in
epilepsy: time to reconsider the indications of a time-honoured drug. Lancet
Neurol 2015. http://dx.doi.org/10.1016 /S1 474-4422(15)00314-2.
[29] Vajda FJ, O'Brien TJ, Lander CM, Graham J, Roten A, Eadie MJ. Teratogenesis in
repeated pregnancies in antiepileptic drug-treated women. Epilepsia
2013;54:181e6.

Please cite this article in press as: Ni G, et al., Associations between genetic variation in one-carbon metabolism and leukocyte DNA methylation
in valproate-treated patients with epilepsy, Clinical Nutrition (2017), http://dx.doi.org/10.1016/j.clnu.2017.01.004

本文献由“学霸图书馆-文献云下载”收集自网络，仅供学习交流使用。

学霸图书馆（www.xuebalib.com）是一个“整合众多图书馆数据库资源，
提供一站式文献检索和下载服务”的24 小时在线不限IP 图书馆。
图书馆致力于便利、促进学习与科研，提供最强文献下载服务。

图书馆导航：
图书馆首页

文献云下载

图书馆入口

外文数据库大全

疑难文献辅助工具

