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Valproic Acid Increases Expression of
Methylenetetrahydrofolate Reductase (MTHFR) and
Induces Lower Teratogenicity in MTHFR Deficiency
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ABSTRACT
Valproate (VPA) treatment in pregnancy leads to congenital anomalies, possibly by disrupting folate or homocysteine metabolism. Since

methylenetetrahydrofolate reductase (MTHFR) is a key enzyme of folate interconversion and homocysteine metabolism, we addressed the

possibility that VPA might have different teratogenicity in Mthfrþ/þ and Mthfrþ/� mice and that VPA might interfere with folate metabolism

through MTHFR modulation. Mthfrþ/þ and Mthfrþ/� pregnant mice were injected with VPA on gestational day 8.5; resorption rates and

occurrence of neural tube defects (NTDs) were examined on gestational day 14.5. We also examined the effects of VPA on MTHFR expression

in HepG2 cells and on MTHFR activity and homocysteine levels in mice. Mthfrþ/þ mice had increased resorption rates (36%) after VPA

treatment, compared to saline treatment (10%), whereas resorption rates were similar in Mthfrþ/� mice with the two treatments (25–27%).

NTDs were only observed in one group (VPA-treated Mthfrþ/þ). In HepG2 cells, VPA increased MTHFR promoter activity and MTHFR mRNA

and protein (2.5- and 3.7-fold, respectively). Consistent with cellular MTHFR upregulation by VPA, brain MTHFR enzyme activity was

increased and plasma homocysteine was decreased in VPA-treated pregnant mice compared to saline-treated animals. These results

underscore the importance of folate interconversion in VPA-induced teratogenicity, since VPA increases MTHFR expression and has lower

teratogenic potential in MTHFR deficiency. J. Cell. Biochem. 105: 467–476, 2008. � 2008 Wiley-Liss, Inc.
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V alproic acid (VPA), also known as valproate or 2-

propylpentanoic acid, is a widely used drug for multiple

conditions including epilepsy [Perucca, 2002], migraine headaches

[Frediani, 2004] and bipolar disorders [Macritchie et al., 2003].

However, women who are administered anti-epileptic drugs such as

VPA during pregnancy are at an increased risk for congenital

anomalies in their offspring. Studies have suggested that the

incidence of congenital malformations with anti-epileptic drug

exposure is 6–7% compared to 2–3% in the general population

[Dieterich et al., 1980; Claytonsmith and Donnai, 1995]. In

particular, offspring of pregnant mothers administered VPA have

1–2% frequency of spina bifida [Lammer et al., 1987]. Thus VPA-

induced malformations are of concern considering that neural tube

defects (NTDs) in the general population occur at a rate of

approximately 0.2–3.5 per 1000 births [Greene and Copp, 2005].
rant sponsor: Canadian Institutes of Health Research; Grant number: 43
ealth; Grant numbers: HL057299, CA06927.

Correspondence to: Dr. Rima Rozen, Montreal Children’s Hospital Research
00, Montreal, Canada H3Z 2Z3. E-mail: rima.rozen@mcgill.ca

eceived 22 May 2007; Accepted 29 May 2008 � DOI 10.1002/jcb.21847

ublished online 9 July 2008 in Wiley InterScience (www.interscience.wi
Although there are alternatives to VPA, it is still one of the most

prescribed anti-epileptic agents [Perucca, 2002], and it is therefore

important to elucidate the deleterious effects caused by VPA so that

they can be controlled or prevented.

Several mechanisms for VPA induction of congenital anomalies

have been proposed. One study suggested that toxic metabolites of

VPA were responsible for the fetal malformations caused by VPA

treatment during pregnancy [Jurima-Romet et al., 1996]. This

mechanism was supported by studies which demonstrated that co-

administration of the antioxidant vitamin E with VPA decreased

fetal malformations in mice compared to VPA treatment alone [Al

Deeb et al., 2000]. More recent studies have identified a role for VPA

in modulating histone deacetylase and activating transcription from

diverse promoters [Chen et al., 1999; Gottlicher et al., 2001; Phiel

et al., 2001; Arinze and Kawai, 2003; Menegola et al., 2005].
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Work in mice [Wegner and Nau, 1992; Padmanabhan and

Shafiullah, 2003] and clinical studies have suggested that VPA

interferes with folate metabolism, since folate levels are decreased

after administration of VPA [Karabiber et al., 2003]. In fact, rescue

experiments in mice, involving folic acid supplementation in

females, significantly reduced VPA-induced NTDs in their offspring

[Padmanabhan and Shafiullah, 2003; Dawson et al., 2006]. Reduced

folate can compromise DNA synthesis since N5,N10-methylenete-

trahydrofolate (N5,N10-methyleneTHF) and N10-formyltetrahydro-

folate (N10-formylTHF) are required for the synthesis of thymidine

and purines, respectively. In addition, reduced folate levels may

result in hyperhomocysteinemia, since N5-methyltetrahydrofolate

(N5-methylTHF) is required for remethylation of homocysteine to

methionine and S-adenosylmethionine. Homocysteine has been

considered a mediator of the teratogenic potential of VPA, although

there are conflicting reports on the association between VPA and

disruption of homocysteine metabolism. Some studies have shown

that the levels of homocysteine in humans taking VPA were

significantly higher than those in controls [Verrotti et al., 2000;

Karabiber et al., 2003], while other studies have shown a decrease in

homocysteine [Apeland et al., 2000; Gidal et al., 2005]. Decreased

intake of folate is a well-recognized risk factor for NTDs in the

general population and the associated hyperhomocysteinemia in

NTD families has also been reported [Steegers-Theunissen et al.,

1994]. Although it is unclear whether hyperhomocysteinemia is

itself teratogenic or whether it is simply a biomarker for

disturbances in folate or methionine metabolism, mild maternal

hyperhomocysteinemia has been considered to be a risk factor for

NTDs [van der Put and Blom, 2000].

Methylenetetrahydrofolate reductase (MTHFR) affects the dis-

tribution of folate forms, since it reduces N5,N10-methyleneTHF to
Fig. 1. Schematic representation of the role of MTHFR in folate and homocysteine meta

THF¼ tetrahydrofolate, SHMT¼ serine hydroxymethyltransferase. Pathway provided by
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N5-methylTHF. MTHFR maintains the delicate balance between

folate utilized for nucleotide synthesis and folate utilized for methi-

onine synthesis, since its substrate is required for thymidine

synthesis and its product is required for homocysteine remethyla-

tion to methionine (Fig. 1). Mild MTHFR deficiency, due to homozy-

gosity for a C! T substitution at bp 677, occurs in approximately

10% of many North American and European populations [Frosst

et al., 1995]. The reduced activity of MTHFR results in hyperho-

mocysteinemia, reduced methylation and an increase in non-

methylated folates [Rozen, 2005]. Mild MTHFR deficiency is

associated with higher risk of NTDs, complications during

pregnancy, and possibly other birth defects [Rozen, 2005]. Similar

risk estimates have been obtained for the maternal 677TT genotype

and for case genotype in association studies examining this variant

and risk for NTDs [Vollset and Botto, 2005]. Reduced maternal

erythrocyte folate concentration is a particularly strong risk factor

for NTD [Amorim et al., 2007] but may act in conjunction with other

risk factors; cellular processes involved in neurulation and possible

roles for folate in this process have been reviewed in Sadler [2005].

In light of studies that suggest VPA may disturb folate

metabolism, the interaction between VPA and MTHFR requires

investigation. One small study on fetal anticonvulsant syndrome,

consisting of 57 cases and 152 controls, suggested that mild MTHFR

deficiency in the mothers might influence risk for the syndrome, but

the women were taking several different anti-epileptic drugs and the

risk for specific anomalies, such as NTDs, could not be examined in

this small cohort [Dean et al., 1999]. A study on children taking VPA

did not identify changes in folate or homocysteine that were related

to MTHFR genotype [Vilaseca et al., 2000].

Our murine model of mild MTHFR deficiency, due to a single

knockout allele of the Mthfr gene (Mthfrþ/�), has been very useful in
bolism. TS¼ thymidylate synthase, MTR¼methionine synthase, DHF¼ dihydrofolate,

Andrea Lawrance, McGill University.
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studying the biochemical and clinical consequences of the 677TT

genotype in human populations [Chen et al., 2001]. Similarly to the

human deficiency, the mice are hyperhomocysteinemic and have

reduced DNA methylation [Chen et al., 2001], tissue-specific altered

distribution of folate derivatives with increased non-methylfolates

[Ghandour et al., 2004], and increased incidence of fetal loss,

intrauterine growth retardation, and heart defects [Leclerc and

Rozen, 2005; Li et al., 2005]. In this study, we used our animal model

to investigate the influence of VPA on resorption rates and NTDs in

MTHFR deficiency. We also examined the possibility that VPA

might regulate MTHFR directly, by assessing MTHFR levels in

HepG2 cells treated with VPA as well as in brain of treated mice.

MATERIALS AND METHODS

ANIMAL STUDIES

Animal experimentation was approved by the Montreal Children’s

Hospital Animal Care Committee, according to the guidelines of the

Canadian Council on Animal Care. At 4 weeks of age, Mthfrþ/þ and

Mthfrþ/� female mice of a BALB/c background were placed on

amino acid-defined diets (Harlan Teklad, Indianapolis) containing

all the necessary components recommended by the American

Institute of Nutrition, including the recommended amount of folic

acid, 2 mg/kg diet. Between 10 and 14 weeks of age, females were

mated with Mthfrþ/� males between 4 and 6 p.m. (11 p.m. of that

night was designated as day 0). The next morning, females were

inspected for vaginal plugs. At gestational day 8.5, pregnant mice

were injected once intraperitoneally with either 300 mg/kg VPA or a

saline solution. At gestational day 14.5, the females were sacrificed

and embryos were inspected for any apparent anomalies. Failure of

anterior or posterior neural tube closure was designated as NTDs;

however, only cases of exencephaly, failure of anterior neural tube

closure, were observed in this study. Resorption rates were

calculated as follows: (number of implantation sites� number of

viable embryos)/number of implantation sites. Dead embryos were

designated as an implantation site with a non-viable embryo which

had not yet resorbed. Mthfr genotyping was performed for dams

(liver sections and toes) and embryos (yolk sac) by previously

reported methods [Chen et al., 2001].

For determination of plasma homocysteine, blood was collected

from pregnant female mice at gestational day 8.5, 1 h after injection

of 300 mg/kg VPA or a saline solution; these mice had been fasted

overnight. Tubes containing EDTA were used for blood collection.

Homocysteine and methionine levels were determined as described

in Wang et al. [2005].

GENERATION OF PROMOTER CONSTRUCTS

In previous work, we had characterized the human and mouse

genomic MTHFR structures and identified two clusters of trans-

cription sites corresponding to two Mthfr promoters in the mouse

genome, located within a 2.7 kb region 50 to the first coding exon;

these are referred to as the upstream and downstream promoters,

respectively. These two promoters lead to the synthesis of two

protein isoforms (77 and 70 kDa depending on splicing into the first

exon) [Tran et al., 2002]. For functional analyses of the mouse

promoters, we had created 11 promoter constructs, 6 from the
JOURNAL OF CELLULAR BIOCHEMISTRY
upstream and 5 from the downstream promoter [Pickell et al., 2005].

For the present study, we generated sets of human promoter

constructs based on orthologous regions of the afore-mentioned

mouse promoter constructs (Fig. 2). A PAC clone encompassing the

50 region of the MTHFR gene, as well as additional non-MTHFR

sequences, was isolated. A specific 4.6 kb XbaI segment was

subcloned into Bluescript. This plasmid (pX5) was used as a template

for PCR-dependent generation of MTHFR promoter sequences.

Primers used for amplification of the upstream promoter contained a

KpnI restriction site in the forward primers and a BglII restriction site

in the reverse primer. Primer sequences were as follows:

hupAFOR, 50-CAGGTACCGCAGGGTAGACGCTTCGAGAGC-30;

hupBFOR, 50-ACGGTACCCCCCTGCACCCCGCCATCTT-30; hupCFOR,

50-TCGGTACCTGCCACTCTGGACCCCTCTAC-30; hupDFOR, 50-GGG-

GTACCGTCACATGACGATAAAGGCACG-30; hupEFOR, 50-GTGGT-

ACCCGGGGCTTCCGGTCACCCG-30; hupFFOR, 50-CTGGTACCCAA-

CCTGACACCTGCGCCGC-30; hupREV, 50-CCAGATCTTCCCTCCCGG-

CGACCCCGG-30; hdownAFOR, 50-GATTCTCGGCCACCTGGGCGC-

30; hdownBFOR, 50-GCGATTCTCCTGCCTCAGCCTC-30; hdownCFOR,

50-CTGAACTTGGGTCTGGCTATTTTT-30; hdownDFOR, 50-CAGAGT-

GAGCTGTTCCTTCTCTG-30; hdownEFOR, 50-CTTCCTTTGTCG-

CAGCTCCGC-30; hdoREV, 50-CTCTGTCAGCTCAGGCCCAGAG-30.

Primers hupAFOR, hupBFOR, hupCFOR, hupDFOR, hupEFOR and

hupFFOR were paired with hupREV and primers hdownAFOR,

hdownBFOR, hdownCFOR, hdownDFOR and hdownEFOR were

paired up with hdoREV. High-specificity and high-fidelity PCR

amplifications were performed in solutions containing 2X PCR

buffer, 48 mM each dNTP, 1 mM MgSO4, 20 ng pX5 DNA template,

1� PCRx Enhancer Solution, 15 pmol of each relevant primer and

1.5 units Platinum Pfx DNA polymerase (Invitrogen). PCR program

steps were as follows: 948C 5 min; 948C 15 s, 688C 2.5 min, repeat 30

cycles; 728C 5 min.

Upstream promoter sequences were digested with KpnI and BglII

enzymes, and cloned into the pGL3-Enhancer (Promega) vector.

Ligation reactions were carried out overnight. Downstream pro-

moters were subcloned into the PCR2.1 vector (Invitrogen), digested

with KpnI and XhoI, and cloned into the pGL3-Enhancer vector. All

plasmids were grown in DH5a Escherichia coli cells (Invitrogen) and

isolated using Plasmid Purification Midi Prep kits (Qiagen). All

inserts and cloning junctions were verified by fluorescent-based

sequencing on an ABI-310 PRISM Genetic Analyzer (Applied

Biosystems) according to the manufacturer’s protocol.

CELL CULTURE

HepG2 cells were grown in DMEM/F12 media with 10% FBS. SK-N-

SH cells were grown in MEM/EBSS media with 10% FBS, 0.1 mM

non-essential amino acids and 1 mM sodium pyruvate.

For transfection of promoter constructs, 125,000 HepG2 cells/

well were plated into 24-well plates and grown overnight. The next

morning, HepG2 cells were transfected using Lipofectamine 2000

reagent (Invitrogen), according to the manufacturer’s protocol.

For measurement of endogenous levels of MTHFR transcripts and

protein, 600,000 HepG2 cells/well and 300,000 SK-N-SH cells/well

were plated into 6-well plates and grown overnight. The next

morning, media was replaced with media supplemented with 1 mM

VPA. Cells were harvested 24 h later.
MTHFR AND TERATOGENICITY OF VALPROIC ACID 469



Fig. 2. Schematic representation of upstream and downstream promoter deletion constructs and their activities in HepG2 cells. (A) Location of constructs in the 50 UTR of the

human MTHFR gene. The diagram at the top represents a segment of genomic DNA encompassing a portion of the MTHFR gene, upstream of MTHFR exon 2. D1 to D6 are donor

splice sites and A1 to A3 are acceptor splice sites. Representative MTHFR cDNAs, that have the potential to encode the short or long MTHFR protein isoforms, are aligned under the

complex genomic structure. Promoter deletion constructs hupA through hupF comprise the designated upstream promoter region and deletion constructs hdownA through

hdownE comprise the designated downstream promoter region. The human promoter schematic is adapted from that of Tran et al. [2002] and the representation of human

promoter deletion constructs is adapted from Pickell et al. [2005]. The relative numbers at the boundaries of the promoter segments (hupA-hupF and hdownA-hdownE) are

derived from GenBank Accession no. AF398930, with the base A of the most upstream MTHFR translational start site as theþ1 position. (B and C) Activity profile of upstream and

downstream promoter deletion constructs in HepG2 cells. Activities for hupA and hdownA show a relative value of 1.0 since upstream promoter deletion constructs are

normalized against promoter construct hupA activity whereas downstream promoter deletion constructs are normalized against construct hdownA. Each value represents the

mean� S.E.M. of three experiments performed in duplicate. 	, P< 0.05 compared to the preceding promoter construct.
TRANSFECTIONS AND PROMOTER ASSAYS

Five hundred nanograms of pGL3-Enhancer vector containing

promoter sequences and 500 ng b-gal vector were used for each

transfection. Twenty hours after transfection, cells were lysed using

Reporter Lysis Buffer (Promega) and assayed for luciferase activity

with the Luciferase Activity Kit (Promega) and for b-gal activity

with a b-Galactosidase Activity Kit (Applied Biosystems). Each

experiment was performed three times in duplicate.

For promoter activity in cells exposed to VPA, media was replaced

with 1 mM VPA-supplemented media 4 h after transfection. Twenty

hours later, cells were lysed and assayed for b-gal and luciferase

activities as above. VPA was found to have an effect on the activity

of the CMV promoter of the pCMVb-gal vector. This problem has
470 MTHFR AND TERATOGENICITY OF VALPROIC ACID
been encountered in a previous study where VPA was shown to

induce several promoters that regulated b-gal, rendering it

inefficient as a normalizing agent for transfection efficiency

[Arinze and Kawai, 2003]. Our smallest construct from the

downstream promoter, hdownE, was only mildly stimulated by

VPA. To overcome the VPA-mediated effect on our reporter vector,

we constructed a novel b-gal vector, by first removing the CMV

promoter from the pCMVb-gal by digestion with restriction

enzymes KpnI and BamHI. We then excised our hdownE promoter

region from the pGL3-Enhancer vector with the same restriction

enzymes and ligated our promoter with the b-gal coding sequence.

A milder VPA-mediated effect (approximately 1.6-fold increase in

activity) was still obtained with our new b-gal vector. Therefore, the
JOURNAL OF CELLULAR BIOCHEMISTRY



effect of VPA was calculated by averaging the b-gal activity

increase in the 12 wells treated with VPA and dividing it by the

average of b-gal activity in the 12 wells treated with saline for each

24-well plate experiment; the b-gal-normalized luciferase activities

following VPA treatment were multiplied by the resulting ratio.

Each experiment was performed three times in duplicate.

RNA ISOLATION AND QUANTITATIVE REAL TIME RT-PCR

RNA was isolated from HepG2 cells with the Trizol reagent

(Invitrogen). DNAse treatment, reverse transcription and quantita-

tive real time RT-PCR were carried out as previously reported

[Mikael et al., 2006]. Primers for MTHFR amplification were

MTHFRFOR, 50-GAAGAACATCATGGCGCTGC-30 and MTHFRREV,

50-TTCGGATGTGCTTCACCAGG-30. Oligonucleotides for GAPDH

amplification were GAPDHFOR, 50-CAATATGATTCCACCCATGG-

CAAA-30 and GAPDHREV, 50-GAAGATGGTGATGGGATTTC-30.

MTHFR real time PCR runs were carried out as follows: 508C
2 min, 948C 3 min, 948C 1 min, 618C 1 min, 728C 1 min, repeat

39 cycles. GAPDH PCR runs were as follows: 508C 2 min, 948C
3 min, 948C 30 s, 608C 30 s, 728C 30 s, repeat 39 cycles. Experiments

were performed three times.

PROTEIN ISOLATION AND WESTERN IMMUNOBLOTTING

Cell protein extracts were isolated and quantified as previously

reported [Mikael et al., 2006]. Thirty and sixty micrograms of

extracts from HepG2 and SK-N-SH cells, respectively, were run on

8% SDS-polyacrylamide gels. Gels used to quantify actin or MTHFR

were run for 1 h at 160 V or 16 h at 20 V, respectively. Proteins were

transferred to a nitrocellulose membrane at 56 V for 2 h at 48C. The

membrane was blocked overnight at 48C in Tris-buffered saline/

Tween buffer with 2% skim milk powder. The primary antibodies

were rabbit anti-MTHFR (as previously reported in Frosst et al.,

1995) and rabbit anti-b-Actin (Sigma). The secondary antibody

was a horseradish peroxidase-linked anti-rabbit IgG (Amersham

Biosciences). Signal intensity was obtained and quantification was

expressed as intensity of the MTHFR band/intensity of the actin

band, as previously reported [Mikael et al., 2006]. Experiments were

performed three times.

MTHFR ENZYME ASSAYS

Cytosolic extracts were prepared and enzymatic assays were

performed as in Tran et al. [2002].
TABLE I. Effect of Valproic Acid on Offspring of Mthfr-Deficient (þ/�

Genotype and
treatment

Implantation
sites

Viable
embryosb

Dead
embryos	 Re

Mthfrþ/þ 300 mg/kg VPA 8.5� 0.43 5.6� 0.72 1.0� 0.37
Mthfrþ/� 300 mg/kg VPA 7.7� 0.44 5.7� 0.47 0.38� 0.18
Mthfrþ/þ saline 8.8� 0.25 7.9� 0.35 0.00� 0
Mthfrþ/� saline 7.9� 0.58 5.6� 0.62 0.09� 0.09

Implantation sites, viable embryos, dead embryos, resorption (%) and NTD (%) are p
	P< 0.05, significant difference between treatments in Mthfrþ/þ dams.
aP< 0.05, significant difference between genotypes treated with VPA.
bP< 0.05, significant difference between genotypes treated with saline.

JOURNAL OF CELLULAR BIOCHEMISTRY
STATISTICAL ANALYSES

A non-parametric Kruskal–Wallis test was performed for resorption

rates, NTDs and number of viable and dead embryos. Independent

sample t-tests were used for luciferase data from promoter activity

profiles and one sample t-tests were performed on promoter activity

data with VPA exposure. Independent sample t-tests were carried

out on quantitative RT-PCR data and on enzyme activity data. Two-

factor ANOVA was performed to examine differences in homo-

cysteine levels between genotype and treatment groups.

RESULTS

VPA AND TERATOGENICITY IN MTHFRR/R AND MTHFRR/� DAMS

Four groups of dams (Mthfrþ/þ and Mthfrþ/�, injected with VPA or

saline) were studied to determine if Mthfr-deficient mice responded

differently from wild type mice to VPA injection. A minimum of 10 l

was examined in each group (Table I). VPA-treated Mthfrþ/þ dams

had significantly increased resorption rates and more dead embryos

compared to saline-treated Mthfrþ/þ dams (P< 0.05). These rates

were higher than those in the VPA-treated Mthfrþ/� group, but

statistical significance was not achieved. Resorption rates in saline-

treated Mthfrþ/� dams were already quite high (27%) compared to

the saline-treated Mthfrþ/þ genotype group (10%; P< 0.05), similar

to the rates reported in our earlier study (27.9% vs 13.4%) [Li et al.,

2005], and VPA did not affect this rate, nor did it affect the numbers

of dead embryos in this genotype group. There did not appear to be

any selective loss of genotypes, based on genotyping of live embryos

from 4 or 5 l from each group of dams (data not shown).

A total of 271 viable embryos from 44 different litters were

screened for NTDs in the four groups. There were no significant

differences in embryonic weights or lengths between groups, based

on measurements in 5–7 l from each group of dams (data not

shown). Eleven NTDs were observed, all of which were characterized

as exencephaly. All of these were from VPA-treated Mthfrþ/þ dams;

this amounts to an average of 21.1% NTDs per litter, which is

significantly higher than that in the other three groups which had no

NTDs. VPA did not elicit NTDs in offspring of Mthfrþ/� mice and did

not induce any other type of observable anomaly in this study. Of

the 11 embryos with NTDs, 5 were Mthfrþ/þ and 6 were Mthfrþ/�.

This almost equal distribution of NTDs in the two embryonic

genotype groups is indicative of a maternal effect of VPA rather than

an embryonic effect.
) and Normal (þ/þ) Mice

sorption	b (%) NTD	a (%) Total NTDs Litters
Total live
embryos

35.5� 6.8 21.1� 8.64 11 10 56
25.2� 4.6 0� 0 0 13 74
10.4� 2.6 0� 0 0 10 79
27.0� 6.7 0� 0 0 11 62

resented as averages per litter� S.E.M.

MTHFR AND TERATOGENICITY OF VALPROIC ACID 471



Fig. 3. Effect of VPA on activity of (A) upstream promoter deletion con-

structs and (B) downstream promoter deletion constructs in HepG2 cells.

Promoter activities in VPA-supplemented cells are normalized against the

same construct activity in saline-supplemented cells. The promoter activities

were corrected for the VPA effect on the normalizing b-gal vector as described.

Each value represents the mean� S.E.M. of three experiments performed in

duplicate. 	, P< 0.05 compared to the saline control.
EXPRESSION PROFILES OF MTHFR PROMOTER DELETION

CONSTRUCTS IN HEPG2 CELLS

Eleven constructs for the two human MTHFR promoters (six

upstream, five downstream promoter constructs) were generated

based on our previous constructs of the mouse promoters (Fig. 2a).

There is 47% identity between human and mouse sequences covered

by these constructs. The plasmids were transfected and assayed in

HepG2 cells to identify key regions of MTHFR promoter activity.

Upstream MTHFR promoter constructs (Fig. 2b) revealed several

possible regulatory regions. A significant increase in activity was

observed between the largest construct (hupA) and deleted construct

hupB (P< 0.05). Gradual and significant decreases were observed

between deletion constructs hupC and hupD, hupD and hupE, and

between hupE and hupF. Activity of the smallest deletion construct

(hupF) was almost completely abolished.

Expression profiles from the downstream MTHFR promoter

(Fig. 2c) also revealed several possible regulatory regions. An

increase in activity, although not statistically significant, was

observed between construct hdownA and deletion construct

hdownB. A significant 5-fold decrease in activity was observed

between deletion construct hdownD and the smallest construct

hdownE. These observations provide a preliminary delineation of

the characteristics of human MTHFR promoters.

MODULATION OF MTHFR PROMOTERS BY VPA IN HEPG2 CELLS

MTHFR promoter activity in HepG2 cells exposed to VPA was

assessed, in order to determine whether VPA could regulate MTHFR.

Both upstream and downstream MTHFR promoter constructs

exhibited increases in activity when cells were treated with VPA,

compared to saline controls. VPA significantly (P< 0.05) increased

upstream promoter activity of five of the six constructs by

approximately 2-fold; the smallest construct (hupF) did not show

a significant increase in activity (Fig. 3a). The low activity of the

hupF construct alludes to a possible VPA-regulated region in the 56

bp located between the 50 boundaries of hupE and hupF.

Downstream constructs hdownA, hdownB and hdownC showed

significant (P< 0.05) increases in activity (between 3- and 4-fold) in
Fig. 4. Effect of VPA on MTHFR mRNA and protein levels. (A) Quantitative real time RT-P

quantity was normalized through GAPDH expression. MTHFR transcript levels in VPA ex

represents mean� SEM for three experiments performed in duplicate. 	, P< 0.01 for

immunoblotting analysis of MTHFR in HepG2 and SK-N-SH cells treated with either VPA o

treated with saline and VPA, respectively; lanes 3 and 4 are HepG2 cells treated with sal

homocysteine, respectively, which are presented as reference bands for the phosphoryla
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the presence of VPA compared to saline (Fig. 3b); the mean increase

in construct hdownD was not statistically significant due to greater

variability and construct hdownE appeared to be only mildly

influenced by VPA. These findings point to a regulatory region

sensitive to VPA treatment in the 195 bp deleted from hdownD.

MODULATION OF MTHFR MRNA AND PROTEIN LEVELS BY VPA IN

HEPG2 CELLS

To confirm that VPA regulated MTHFR expression, we assessed the

levels of MTHFR mRNA and protein in HepG2 cells treated with VPA

or saline. Quantitative real time RT-PCR demonstrated a significant

(P< 0.01) increase of MTHFR transcripts in VPA-treated cells

compared to saline-treated cells; the mean increase was 2.45� 0.25

in three experiments (Fig. 4a).
CR measurement of MTHFR transcripts in HepG2 cells treated with VPA or saline. RNA

periments were normalized against MTHFR transcript levels in saline controls. Value

comparison of VPA treatment with saline treatment. (B) Representative Western

r saline. b-Actin was used as a loading control. Lanes 1 and 2 are SK-N-SH cell extracts

ine and VPA, respectively. Lanes 5 and 6 are HepG2 cells untreated and treated with

ted and unphosphorylated MTHFR 70 kDa isoform.
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Fig. 5. Plasma homocysteine concentrations and MTHFR enzyme activity

after VPA injection. (A) Plasma homocysteine concentrations were determined

for Mthfrþ/þ and Mthfrþ/� pregnant females injected with VPA (black bars) or

saline (white bars). Values represent the mean� S.E.M. of seven mice in each

group. #, &, P< 0.05 for comparison of genotype and treatment groups,

respectively (two-factor ANOVA). (B) MTHFR activity in brain extracts of

pregnant Mthfrþ/þ mice injected with either VPA or saline. Values represent

the mean� S.E.M. of five mice in each group. 	, Treatment effect showed

borderline significance (P¼ 0.052) (independent sample t-test).
Analysis of MTHFR immunoreactive protein by Western

immunoblotting (Fig. 4b) indicated a 4-fold increase in MTHFR

protein in HepG2 cells treated with VPA compared to saline-treated

cells. A second cell line, neuronal SK-N-SH cells, was also treated

with VPA to measure MTHFR protein following VPA treatment; this

line showed a similar increase (3.7-fold) in MTHFR levels.

The shorter MTHFR isoform is post-translationally modified by

phosphorylation [Yamada et al., 2005]. We previously reported that

HepG2 cells express mainly the short (70 kDa) phosphorylated

MTHFR isoform [Mikael et al., 2006], although there is a higher

molecular weight isoform of 77 kDa in some tissues [Tran et al.,

2002]. In both HepG2 and SK-N-SH cell lines, upregulation by VPA

was observed for the phosphorylated and unphosphorylated 70 kDa

MTHFR isoform, although the signal for the latter protein was quite

weak in SK-N-SH cells. For size standardization of the phosphory-

lated and unphosphorylated 70 kDa MTHFR isoform in HepG2 cells,

lanes 5 and 6 of Figure 4b show untreated and homocysteine-treated

cells, respectively.

PLASMA HOMOCYSTEINE AND MTHFR ACTIVITY IN MICE

FOLLOWING VPA INJECTION

VPA increased MTHFR promoter activity, transcript levels and

protein levels in cells. To determine whether VPA also regulated

MTHFR expression in vivo, we measured MTHFR enzyme activity in

brain extracts of pregnant mice one hour after VPA injection, since

brain is a target tissue of this anticonvulsant. We also measured

plasma homocysteine levels at this time point, since an increase in

MTHFR expression could enhance the conversion of homocysteine

to methionine through homocysteine remethylation by methionine

synthase. As shown in Figure 5A, plasma homocysteine was

significantly decreased in VPA-treated pregnant mice compared to

saline-treated animals. Homocysteine levels were also significantly

higher in Mthfrþ/� mice compared to Mthfrþ/þ (Fig. 5A), as

previously observed [Chen et al., 2001]. MTHFR enzyme activity was

increased in brain extracts (borderline significant; P¼ 0.052) in

VPA-treated Mthfrþ/þ pregnant mice compared to saline-treated

controls (Fig. 5B; 7.8� 0.4 vs 6.7� 0.2 nmol/(mg h), respectively).

These results are consistent with the in vitro increase in MTHFR

expression and the decrease in plasma homocysteine in pregnant

Mthfrþ/þ mice.

DISCUSSION

Our findings suggest that VPA elicits a different response in

pregnant mice depending on MTHFR activity. VPA injections into

Mthfr-deficient pregnant mice failed to elicit NTDs in their offspring

whereas wild type mice had an average of 21.1% NTDs per litter.

Injection of mice with saline did not result in NTDs in the offspring.

Although mild MTHFR deficiency in humans due to the 677 variant

is considered to be a risk factor for NTD, other genetic factors

and maternal folate status also contribute to the risk for this

multifactorial disorder. NTD in human populations occur with

variable frequencies; 1 per 1000 births is frequently quoted. The lack

of obvious NTD in offspring of saline-treated Mthfr-deficient mice
JOURNAL OF CELLULAR BIOCHEMISTRY
may be due to the multifactorial nature of the disorder or to the small

sample number.

VPA also significantly increased resorption rates and the number

of dead embryos in wild type mice, compared to saline-injected

mice. In contrast, VPA did not increase rates of resorption or dead

embryos in Mthfrþ/� mice. It is noteworthy that MTHFR deficiency

in this study, as first demonstrated in our previous report [Li et al.,

2005], was associated with increased resorptions (27% in this study,

27.9% in our previous study [Li et al., 2005]). Since this rate is quite

high compared to that of Mthfrþ/þ mice in this study (10.4%) or

compared to that seen in BALB/c mice in other reports (12.2%)

[Matalon et al., 2003], it is possible that VPA cannot induce an

additional increase in resorptions when the rate is already quite

high. The increased pregnancy loss associated with MTHFR

deficiency has also been observed in clinical studies of the 677

bp variant [Lissak et al., 1999]. The influence of MTHFR deficiency

on fetal loss and congenital defects may relate to reduced

homocysteine conversion to methionine and decreased methylation
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potential, or to a toxic effect of homocysteine [Rozen, 2005].

However, some experimental observations argue against homo-

cysteine being a causative agent, since two independent studies have

demonstrated that injection of homocysteine into pregnant mice or

treatment of postimplantation rat embryo cultures with homo-

cysteine failed to produce NTDs in the developing embryos

[Vanaerts et al., 1994; Bennett et al., 2006].

Paradoxically, our study suggests that increased activity of

MTHFR, following treatment with VPA, may also increase resorption

rates, dead embryos and NTDs. These results highlight the impor-

tance of MTHFR in both folate interconversion and methionine

metabolism, since we propose that the altered distribution of folates

by increased MTHFR activity may contribute to VPA-induced

teratogenicity. The substrate of MTHFR is also the substrate for the

thymidylate synthase-catalyzed conversion of dUMP to dTMP, the

rate-limiting step in DNA synthesis. N5,N10-methyleneTHF is also

converted to N10-formylTHF which is required for purine synthesis.

Studies of MTHFR-deficient mice as well as homozygous MTHFR

677TT human volunteers have demonstrated a decrease in methy-

lated folate and an increase in non-methylated folate [Bagley

and Selhub, 1998; Ghandour et al., 2004]. We hypothesize that

a VPA-induced increase in MTHFR would drive the balance of

N5,N10-methyleneTHF towards N5-methylTHF and the homocys-

teine remethylation cycle (Fig. 1). Decreased availability of

N5,N10-methyleneTHF would cause decreased conversion of dUMP

to dTMP which results in DNA instability via increased uracil

misincorporation into DNA and chromosome strand breakage

leading to apoptosis [Blount et al., 1997; Koury et al., 1997].

Decreased availability of thymidine for DNA synthesis would also

result from this folate imbalance. Our hypothesis is supported by

studies of NTDs in splotch mice, which have been reported to be

deficient in thymidine synthesis. Thymidine or folic acid supple-

mentation in this strain resulted in decreased NTD development

[Fleming and Copp, 1998]. NTDs are associated with apoptosis in

neuroepithelial tissue [Phelan et al., 1997]; p53 mutated splotch

embryos did not exhibit NTDs suggesting that the NTDs may occur

through increased apoptosis [Pani et al., 2002].

To further characterize the mechanism by which VPA and MTHFR

interact, we first investigated the effect of VPA on MTHFR promoter

activity. We therefore generated human MTHFR promoter con-

structs based on our studies of the murine promoters. Activity

profiles of human promoter constructs in HepG2 cells identified

several key regions which could potentially regulate MTHFR.

The largest upstream and downstream promoter constructs, hupA

and hdownA, revealed 1.8- and 3.5-fold increases in activity in the

presence of VPA. A similar increase was seen in 4 deletion constructs

(hupB through hupE) of the upstream promoter and in three deletion

constructs of the downstream promoter (hdownB through hdownD).

The lowest increases in activity were seen with constructs hupF and

hdownE, suggesting the presence of VPA-regulatable sites in

regions 50 to these constructs.

We verified that VPA increased MTHFR expression by demon-

strating an increase in MTHFR mRNA and protein following VPA

addition to HepG2 cells. A similar increase in MTHFR protein was

observed following VPA treatment of a neuroblastoma line, SK-N-

SH, indicating that the VPA effect is not restricted to liver cells.
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We also obtained evidence for MTHFR activation by VPA in vivo.

The increased MTHFR enzymatic activity in brain as well as the

decreased plasma homocysteine in pregnant mice after VPA

injection is consistent with the VPA-induced increase in MTHFR

expression in vitro. Clinical studies have yielded conflicting results

on homocysteine levels during VPA treatment [Apeland et al., 2000;

Verrotti et al., 2000; Karabiber et al., 2003; Gidal et al., 2005].

A murine study reported that NTD occurrence is increased with

co-administration of homocysteine and VPA compared to VPA

treatment alone; however, these mice received injections of

homocysteine which increased their plasma homocysteine to very

high levels [Padmanabhan et al., 2006].

We also measured methionine levels in plasma of treated mice,

but, as previously reported [Mudd et al., 1972], plasma methionine is

not a good indicator of remethylation activity, since, even in

patients with severe MTHFR deficiency, methionine levels can be in

the normal range. In this study, methionine levels in plasma were

not related to the observed changes in homocysteine levels (data

not shown).

All NTD embryos in this study were observed in the VPA-treated

Mthfrþ/þ mice and these mice have lower plasma homocysteine

levels than saline-treated mice. On the other hand, several clinical

reports have reported that elevation of homocysteine is associated

with increased frequency of NTD. We suggest that an alteration of

the delicate balance between folate utilized for nucleotide synthesis

and folate utilized for methionine synthesis can contribute to NTD.

We hypothesize that higher levels of MTHFR, as observed upon

treatment with VPA, alter the levels of folates required for

nucleotide synthesis and increase risk for NTD. However, a lower

level of MTHFR activity may also contribute to NTD risk through a

disruption of homocysteine remethylation and decreased methyla-

tion potential.

We suggest that VPA administration to pregnant mothers

increases MTHFR levels which inevitably results in decreased dUMP

conversion to dTMP and leads to misincorporation of dUTP during

DNA synthesis within the developing embryo, resulting in DNA

damage. This might result in apoptosis of the embryological

neuroepithelial tissue and in failure of neural tube closure. MTHFR

upregulation would also decrease availability of nucleotides for

DNA synthesis. We recently demonstrated that transgenic mice

overexpressing MTHFR have altered distributions of folates, as

expected given that MTHFR converts non-methylated folates, used

for thymidine and purine synthesis, to 5-methyltetrahydrofolate,

used in homocysteine remethylation to methionine [Celtikci

et al., 2008]. Therefore, lower expression of Mthfr in the pregnant

Mthfrþ/� dams would protect the developing embryos against

VPA-mediated NTDs through enhanced flux of folate toward dTMP

synthesis. Supplementation of folic acid would rescue this

phenotype by augmenting levels of N5,N10-methyleneTHF, as well

as the levels of other critical folates involved in development.

Thymidine supplementation in pregnant mothers taking VPA might

also protect against NTDs by providing adequate levels of nucleo-

tides for DNA synthesis during embryonic development. The results

from this study suggest that pregnant women receiving VPA who

are homozygous for the 677C! T mutation may be less likely to

have children suffering from neural tube defects compared to those
JOURNAL OF CELLULAR BIOCHEMISTRY



without the polymorphism. Large-scale clinical studies of MTHFR

deficiency in pregnant women on VPA therapy are required to

properly assess the pharmacogenetic effects of the 677C! T variant

on embryonic development. In any event, folate supplementation

prior to pregnancy is still deemed beneficial for healthy develop-

ment of the embryo.
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