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Background and Objectives: There is considerable evidence that periconceptional maternal folate deficiency
and coding variants in maternal genes coding for critical enzymes in the folate pathway are associated with neural
tube defects (NTDs) in offspring. In a case-control study we investigated C677T polymorphism in the 5,10methylenetetrahydrofolate reductase (MTHFR) gene in case and control mothers of Pakistani origin, and compared these with the respective maternal folate concentrations measured at the time of delivery. Methods and
Study Design: A case-control study was conducted among 109 case and 100 control mothers identified through
the Holy Family Hospital Rawalpindi, Quaid-i-Azam University, Islamabad, Pakistan. Red blood cell (RBC) and
serum folate concentrations and MTHFRC677T polymorphism were compared between case and control mothers.
Results: Mean RBC folate and serum folate concentrations were significantly lower in cases compared with control mothers (p<0.0001). Maternal MTHFR 677CT and 677TT genotypes were more common among cases compared with control mothers (CC vs TT p<0.0393 and CC/CT vs TT p<0.021). T-allele frequency was higher in
cases compared with control mothers (C vs T p<0.017). Case mothers with 677CT or 677TT genotypes had significantly lower serum (p<0.0001) and RBC folate concentrations (p<0.0001) compared with control mothers.
Conclusions: The present study provides further evidence that maternal folate deficiency and MTHFRC677T
polymorphism might be associated with an increased risk for NTDs in offspring. Our results are limited by the
fact that maternal folate concentrations were not obtained during the periconceptional period, but at delivery. Further analyses, including maternal folate levels during the periconceptional period, are warranted.
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INTRODUCTION
Neural tube defects (NTDs) are congenital malformations
of the central nervous system, resulting from failure of
the neural tube to close during early embryogenesis.1
NTDs are associated with life-long neurologic, cognitive,
urologic, and gastrointestinal co-morbidities. Especially
varying degrees of limb paralysis and urinary and bowel
incontinence constitute severe functional impairments.2,3
Sub-phenotypes of NTDs comprise spina bifida, anencephaly and encephaloceles.4,5
NTDs have a complex etiology with involvement of
genetic and environmental factors.5-7 Besides a lack of

folate substitution during the periconceptional period,8-12
the development of NTDs has been associated with lower
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socio-economic status,13 maternal diabetes,14 maternal
hyperthermia,15,16 maternal obesity,17,18 maternal age, maternal alcohol abuse, excessive maternal use of Vitamin A,
maternal exposure to lead, and a high intake of tea during
the first trimester of pregnancy.19,20 Furthermore, a history of abortion and higher parity have been implicated as
risk factors.21
So far the only preventive treatment known constitutes
the enrichment of maternal diets with folate during the
periconceptional period.9-12 The Medical Research Council [MRC] Vitamin Study Group concluded that a daily
dosage of 4,000 mcg of folic acid during the periconceptional period is required, to considerably reduce the risk
of NTDs in offspring.8
Besides maternal folate deficiency during the periconceptional period, deficient folate conversion into an active
coenzyme might confer an additional risk factor. Methylenetetrahydrofolate reductase (MTHFR) is an important
enzyme in folate metabolism. Its position in the folate
pathway regulates the distribution of one-carbon units in
nucleotide synthesis and other methylation reactions in
the cell. MTHFR catalyses the conversion of 5,10methylenetetrahydrofolate, a carbon donor for nucleotide
synthesis, to 5-methylenetetrahydrofolate by using
NAD(P)H as a reducing agent.22 5-methylenetetrahydrofolate is essential for the re-methylation of homocysteine
to methionine with generation of the universal methyl
donor, S–adenosyl-L-methionine. In the MTHFR gene,
several single nucleotide polymorphisms have been characterized, but the most widely studied is the C677T polymorphism.23,24 In exon 4, the C>T transition at nucleotide 677 leads to an amino acid substitution of alanine to
valine (c.C677T, p.Ala222Val, rs1801133). The nucleotide transition creates a Hinf I site, which allows for
screening of this polymorphism by restriction analysis of
polymerase chain reaction amplified products (PCRRFLP).25,26 The p.Ala222Val polymorphism results in a
reduction of enzyme activity with decreased folate concentrations in serum, plasma, and red blood cells, and an
increase in plasma homocysteine levels.27
Low concentrations of folate, together with the
MTHFR T-allele, have been associated with higher concentrations of homocysteine. This association between the
MTHFR polymorphism and folate concentrations is the
hypothesized link between the C677T polymorphism and
NTDs.28,29 Homozygosity for the T-allele (677TT) has
been associated with a 7.2 fold increase in the risk for
NTDs.29-37 Previous studies have suggested that not only
the fetal genotype, but also the maternal genotype, might
have an impact on fetal development.33,38,39 Based on
these studies, we carried out a case-control study of case
and control mothers of Pakistani origin. We genotyped
the C677TMTHFR polymorphism by PCR-RFLP in case
and control mothers, and compared these results with the
folate blood concentrations measured in both cohorts at
the time of delivery.
MATERIALS AND METHODS
Subjects
This study was conducted at Holy Family Hospital Rawalpindi, Quaid-i-Azam University, Islamabad, Pakistan
and the Institute of Human Genetics, Life and Brain-

Center, University of Bonn, Germany. Holy Family Hospital is a tertiary care teaching hospital of Rawalpindi
Medical College, Rawalpindi, Pakistan. The study was
approved by the institutional ethic committee of the
Quaid-i-Azam University, Faculty of Biological Sciences,
Department of Animal Sciences, Islamabad.Pakistan (Ref
No: DAS-2007/13) and was conducted according to the
principles of the Declaration of Helsinki. Written informed consent was obtained from all subjects.
Case mothers
Case mothers were identified at the Department of Gynecology and Obstetrics, Holy Family Hospital. Case mothers with prenatal diagnosis of fetal NTD on prenatal ultrasound or after delivery of newborns with NTDs were included. The latter were referred from nearby rural areas
or small towns, where health facilities are either not
available or cannot manage complicated pregnancies.
NTDs included anencephaly, encephalocele and spina
bifida. The latter comprised meningocele, myelomeningocele and spina bifida aperta. All phenotypes were reassessed by pediatricians or neurosurgeons. Altogether,
we were able to include 109 case mothers.
Control mothers
For the control group we included women who had delivered a healthy newborn at the Department of Gynecology
and Obstetrics at the Rawalpindi Medical College. Altogether, we were able to include 100 control mothers.
Demographic data
This included the residential area of case and control
mothers, whether from rural or urban areas. Maternal age
was recorded. History was taken regarding smoking habits or partner’s smoking habits (or anybody else smoking
in the household). Breathing in “second-hand smoke” or
“passive smoke” is equally hazardous as active smoking.40 The educational status of the mothers was recorded
and categorized as those who did not receive school education, or received college or university education. Economic status was based on the monthly income of the
husband and was divided into four classes: (i) between Rs
5,000-10,000, (ii) between Rs 11,000-15,000, (iii) between Rs 16,000-20,000 and (iv) >20,000. Holy Family
Hospital is a public sector hospital and the majority of
patients seeking medical treatment fall in the lower socioeconomic class, with no schooling or poor educational
status’. Nutritional status was assessed by a semiquantitative food intake questionnaire on the average intake of fresh fruits/nuts, eggs, milk and vegetables. Mothers were divided in two groups. Those who had an adequate intake of fruits and vegetables per week, and those
whose diet was deficient in fruits and vegetables. The diet
history questionnaire from Laurence et al41 was used in a
modified form. Meat, except liver, does not contain folic
acid, and hence was not included for assessment of folate
rich foods. A lack of knowledge and low awareness of the
importance of folate were the two most common reasons
reported for not consuming a folate rich diet, especially in
the periconceptional period.
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Collection of blood samples
Blood samples were collected after delivery, following
informed consent from the subjects. Blood samples were
collected in the morning following an 8 hour fasting period, to obtain basal folate concentrations. For serum and
red blood cell (RBC) folate analysis, blood samples were
collected aseptically in k3EDTA-Vacutainer tubes and
red cap serum separator tubes (Becton Dickinson, Franklin Lakes, and NJ), and were centrifuged within 1 hour of
collection. 10 mL blood was drawn from the anti-cubital
vein and divided into three tubes: 5 mL was placed in
EDTA (ethylenediaminetetraacetic acid) lined tubes for
DNA analysis, 2.5 mL was placed in another EDTA lined
tube for RBC folate analysis, and 2.5 mL was placed in a
red cap serum separator tube for serum folate estimation
and kept at -20ºC until analysis.
Serum specimens
After complete clot formation, each sample was centrifuged (centrifuge 3000/Rev/min; Rotofix 32 A, Hettich
Lab Technology, Germany). Serum was separated from
the clots within 24 hours after blood drawing. Serum
specimens were stored at -20°C until testing.
Whole blood specimens
Blood samples for DNA analysis were permanently
stored at -20ºC prior to analysis. Whole blood specimens
collected in tri potassium EDTA tubes for RBC folate
analysis were stored at -20°C until testing. A complete
blood picture was performed on a Sysmex XP-300™ Automated Hematology Analyzer for hemoglobin and hematocrit before storage. RBC folate and serum folate analysis was carried out on an immunoassay analyzer (AxSYM,
Abbot Laboratories, Abbot Park, Ill), according to the
manufacturer’s protocol (Abbot Diagnostic Division,
2010).
DNA extraction
DNA extractions were performed from whole blood by
using magnetic bead technology with the Chemagic Magnetic Separation Module I and the Chemagic DNA Kit
(Chemagen, Baesweiler, Germany), according to manufacturers’ protocol.
PCR-reaction and conditions
To analyze the MTHFR polymorphism C677T, amplification of exon four using PCR was carried out using standard conditions and modified primers (4F:5’TCTTCATCCCTCGCCTTGAAC-3’; 4R:5’-AGGACGG
TGCGGTGAGAGTG-3’). The MTHFR polymorphism
was determined by enzymatic digestion of the initial PCR
product with HinfI enzyme (Thermoscientific, MA; USA)
using standard conditions.
Genotyping of the MTHFR C677T polymorphism by
PCR-RFLP
MTHFRC677T polymorphism analysis was carried out
using PCR and Hinf I as previously described.25 The
RFLP digestion products were run on agarose gel electrophoresis to identify whether an individual was homozygous for the major allele, heterozygous or homozygous
for the minor allele.
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Statistical analysis
Differences in the genotype and allele frequencies of the
C677T polymorphism were assessed by χ²-analysis. Student’s t-test was used to compare means, and the Pearson
chi-square test was used to compare categorical variables.
Analysis of covariance was conducted to compare means
adjusted for appropriate potential confounding variables.
Multivariate logistic regression analysis was used to identify risk factors for serum and RBC folate deficiency.
Risk of NTD, related to Folate vitamin deficiency in serum and RBCs, was assessed using binary logistic regression while adjusting for covariates. All significance tests
were two sided and significant at p<0.05.
RESULTS
For this study, 109 case and 100 control mothers were
recruited from January 2010 to January 2013. Demographic variables and obstetric data are given in Table 1.
The mean age of case mothers was 27.17±0.50 years and
of control mothers 27.73±0.53 years. The majority of case
mothers had a rural background (59%) and 45% had never attended school. None of the mothers in our study population was a cigarette smoker or indulged in drinking
alcohol. However, 41.05% of case mothers were exposed
to passive smoke as compared with 25% of control mothers. A diet not adequate in fruits and vegetables was reported by 60% of the case mothers (p<0.0073). For 32%
of case mothers it was the first pregnancy, whereas 67%
were multigravida. As outlined in other studies, we found
a tendency of lower socio-economic status (p<0.0025)
and less adequate diet among case compared with control
mothers.13-16
Folate status of study population
RBC folate concentrations
The mean RBC folate concentrations in control mothers
(n=100) were 337.2±18.42 ng/mL and 104.1±9.17 ng/mL
in case mothers (n=109). In case mothers RBC folate
concentrations were significantly lower (p<0.0001) compared with control mothers (Table 2). RBC folate concentrations were arranged in different groups, starting from
the lowest to the highest concentrations, in both case and
control mothers (Table 2). RBC folate concentrations in
case mothers were significantly lower in the lowest group
of concentrations (0-150 ng/mL) compared with control
mothers (p<0.0001). In the following two groups (151300 ng/mL; 301-450 ng/mL) with higher RBC folate concentrations, there was no significant difference between
case and control mothers. Most of the case mothers were
in the lowest concentration group (n=77; 70.64%). None
of the case mothers had RBC folate concentrations above
440 ng/mL. In control mothers there were 16% who had
concentrations in the 0-150 ng/mL group displaying folate deficiency and 84% had concentrations above 150
ng/mL.
Serum folate concentrations
Overall, mean serum folate concentrations were
6.75±0. 42 ng/m L in ca se m oth er s (n=109) and
10.83±0.56 ng/mL in control mothers (n=100) (p<0.0001).
According to the RBC folate concentrations, we divided
case and control mothers into four different groups (Table
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Table 1. Demographic characteristics of the both study cohorts (case and control mothers)
Demographic variable
Age at presentation (years)
15-19
20-24
25-29
31-34
>35
Mean age (years)
Range (years)
Residential location
Rural
Urban
Level of education
No schooling
School
College
University
Socio-economic status (ruppees)
5,000-10,000
10,000-15,000
16,000-20,000
>20,000
Nutritional status
(weekly intake of meat, vegetables and fruits)
Adequate
Not adequate
Obstetric history
Primigravida
Multigravida

Control mothers
n (%)

Case mothers
n (%)

5 (5)
24 (24)
36 (36)
27 (27)
8 (8)
27.17±0.50
16-40

5 (4.6)
30 (27.6)
29 (26.6)
27 (24.7)
18 (16.5)
27.73±0.53
16-40

32 (32)
68 (68)

62 (59.6)
47 (43.1)

45 (45)
28 (28)
16 (16)
11 (11)

50 (45,9)
40 (36.7)
16 (14.7)
3 (2.7)

40 (40)
14 (14)
46 (46)

43 (39.5)
31 (28.40)
29 (26.6)
6 (5.5)

χ² (1) = 9.108;
p<0.0025

58 (58)
42 (42)

43 (39.5)
66 (60.5)

χ² (1) = 7.187;
p<0.0073

29 (29)
71 (71)

35 (32.1)
74 (67.9)

p values

Table 2. Mean RBC folate concentrations (ng/mL) in case and control mothers
Mean RBC folate groups (ng/mL)
0-150
151-300
301-450
451-600+

Mean RBC folate concentrations (ng/mL)
Control mothers (n=100; %)
Case mothers (n=109; %)
105.4±6.31
52.13±4.29
(n=16; 16%)
n=77 (70.6%)
238.3±8.14
205.2±7.38
(n=34; 34%)
n=28 (25.7%)
352.5±8.43
395.5±23.51
(n=23; 23%)
n=4 (3.7%)
586.2±23.95
(n=27; 27%)

p values
t(91)=5.40
p<0.0001
t(63)=2.95
p<0.0045
t(25)=1.92
p<0.0658ns

t-test was applied to assess the statistical difference between the means of the two groups.
ns
not significant.

3). Here, 27 (24.77%) case mothers showed concentrations below 3 ng/mL compared with 8% control mothers
with severe deficiency.
Results of PCR-RFLP genotyping
The frequency of MTHFRC677T alleles and genotypes is
shown in Table 4. The frequency of CC, CT, and TT genotypes in case mothers was 61%, 28% and 10%, respectively, while in control mothers it was 72%, 26% and 2%,
respectively. The frequency of the C and T allele was
76% and 24% in case mothers and 85% and 15% in control mothers, respectively (p<0.017).
Folate analysis and MTHFR genotypes
The distribution of mean serum folate concentrations and
mean RBC folate concentrations among case and control
mothers corresponded with the MTHFR genotype. As
outlined in Table 5, RBC folate concentrations in the TT

homozygous groups in case mothers were significantly
lower compared with control mothers (p<0.0001). In case
mothers, those mothers with 677C/T and 677TT genotypes showed significantly lower serum (p<0.0001) and
RBC folate concentrations (p<0.0001) compared with
control mothers.
Risk of NTDs in offspring of Case- and Control mothers
depending on maternal genotypes adjusted for covariates
For homozygous maternal 677TT genotypes, the risk of
NTD in offspring increased significantly (OR=5.5, 95%
CI=1.19-25.46) (Table 6). When adjusted for covariates
using logistic regression analysis the OR was slightly
lower with is OR=4.05 (95% CI 0.75-21.73) (Table 6).
However, adjusting maternal heterozygous CT genotype
or the CT/TT additive model did not increase the OR for
the occurrence of NTDs in offspring. This suggests that

Maternal folate metabolsim and neural tube defects

257

Table 3. Mean serum folate concentrations (ng/mL) in case and control mothers
Mean serum folate concentrations (ng/mL)
Control mothers (n=100; %)
Case mothers (n=109; %)
1.98±0.24
2.18±0.1
(n=8; 8%)
(n=27; 24.8%)
4.30±0.25
4.04±0.14
(n=4; 4%)
(n=18; 16.5%)
5.92±0.14
5.88±0.14
(n=22 (22%)
(n=20; 18.3%)
7.79±0.14
7.94±0.12
(n=19; 19%)
(n=18; 16.5%)
15.23±0.6
13.93±0.65
(n=47; 47%)
(n=26; 23.9%)

Mean serum folate
groups (ng/mL)
0-2.9
3-4.9
5-6.9
7-8.9
>9

p values
t(33)=0.13
p<08935ns
t(23)=0.79
p<0.4341ns
t(40)=0.89
p<0.9297ns
t(35)=1.36
p=0.1819ns
t(71)=2.16
p<0.0343

t-test was applied to assess the statistical difference between the means of the two groups.
ns
not significant.

Table 4. Genotype and allelic frequencies of the MTHFR C677T polymorphism in Case- and Control mothers
Genotype frequencies
CC
CT
TT
67
31
11
72
26
2

Case mothers (n=109)
Control mothers (n=100)

p values
CC vs TT <0.0393
CC vs CT vs TT <0.021

Allele frequencies
C
T
165
53
170
30

p value
<0.017

CC vs TT (χ² (2) = 6.31); CC vs. CT vs. TT (χ² (2) = 6.47);C vs. T (χ² (1)= 5.68)

Table 5. MTHFRC677T genotypes in Case- and Control mothers with mean RBC and mean serum folate concentrations (ng/ml)
MTHFR Genotypes

Mean RBC folate concentrations
(ng/mL)

Mean serum folate concentrations
(ng/mL)

CC
CT
TT

328.6±20.81
378.6±39.78
111.4±12.47

9.94±0.64
11.55±1.19
5.60±3.10

Control mothers
(n=100)
Case mothers
(n=109)

Control vs Case mothers CC/TT
Control vs Case mothers CT/TT

CC
CT
TT

112.5±12.40
100.5±16.87
62.6±13.70
Serum folate concentrations
RBC folate concentrations
Serum folate concentrations
RBC folate concentrations

the maternal TT homozygous genotype represents an independent risk factor for development of NTDs in offspring. When looking at the dietary history of case and
control mothers it shows that even those control mothers
with an inadequate history of dietary intake of fruits, vegetables and meat had higher mean serum and RBC folate
concentrations than the respective case mothers (Table 7).
DISCUSSION
In this study case and control mothers differed significantly in regards to their socio-economic status and nutritional intake, and also to their exposure to passive smoking. For the development of NTDs, it is known that a low
folic acid diet predisposes to the development of NTDs8.
Folate status is determined by measurement of RBC folate and plasma/serum concentrations. While RBC folate
concentrations represent a measurement of dietary folate
intake over the previous 180 days, serum folate reflects
the recent dietary intake.42 Folate deficiency is defined as
RBC folate concentrations below 315 nmol/L (140 ng/mL)
and serum folate concentrations below 7 nmol/L (3

7.25±0.58
6.36±0.72
4.86±0.83
p<0.0001
p<0.0001
p<0.0001
p<0.0001

ng/mL).43 Maternal periconceptional folic acid deficiency
due to deficient maternal dietary intake and disturbed
maternal folate metabolism due to reduced MTHFR activity has been associated with the occurrence of NTDs in
offspring.33
In the present study the mean RBC folate concentrations in case mothers was significantly lower compared
with control mothers (p<0.0001). In accordance, the
number of case mothers in whom RBC folate concentrations were less than 150 ng/mL (folate deficiency cohort)
was significantly higher compared with control mothers.
The results are consistent with those of Martinez de Villareal et al33 in Mexican women and earlier studies.44-46 In
a large case-control study of Irish mothers, Kirke et al
determined folate concentrations in women on their first
prenatal visit with their obstetrician.44 They found an increased risk of NTDs to be associated with decreased
RBC concentrations. With RCB folate concentrations
below <150 ng/mL, the risk of NTDs was 6,6 per 1.000
newborns, whereas maternal RBC folate concentrations
above 400 ng/mL decreased the risk to 0,8 per 1.000
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Table 6. Risk of NTDs in offspring of case and control mothers depending on maternal genotypes adjusted for covariates using logistic regression analysis
Genotypes
CC
CT
TT
CT & TT

Case mothers
n
67
31
11
42

Control mothers
n
72
26
2
28

χ2 value
(df)
2.597 (1)
0.157 (1)
5.854 (1)
2.597 (1)

p value

Odds ratio (95% CI)

0.107
0.692
0.016
0.107

0.62 (0.35 – 1.11)
1.13 (0.61 - 2.08)
5.5 (1.19 - 25.46)
1.61 (0.9 - 2.89)

Odds ratio (95% CI
0.50 (0.24 - 1.06)
1.47 (0.67 - 3.23)
4.05 (0.75 - 21.73)
1.98 (0.94 - 4.14)

The covariates adjusted for in the logistic regression analysis comprised (see also Table 1) residency (urban vs rural); dietary status (inadequate vs adequate); educational level (Illiterate, primary, middle, matric, graduate, post-graduate); husband’s salary (in 1000PKR 510=0, 11-15=1, 16-20=3, >20=4).

Table 7. Dietary information for case and control mothers and the corresponding folate concentrations according to
reported diet history
Reporte ddietary history
Adequate diet in fruits, vegetables and meat
Inadequate diet in fruits, vegetables and meat
Control vs Case mothers
Adequate diet
Inadequate diet

Mean folate concentrations (ng/mL)
Control mothers (n=100)
Case mothers (n=109)
n
Serum
RBC
n
Serum
RBC
58
11.16±0.72 382.8±25.51
43
8.26±0.81
143.2±16.71
42
8.75±0.82 274.3±23.57
66
5.53±0.40
79.86±9.74
Mean serum folate concentrations
Mean RBC folate concentration
Mean serum folate concentration
Mean RBC folate concentration

newborns. In the present study, none of the case mothers
had RBC folate concentrations above 400 ng/mL, a level
needed for protection against the occurrence of NTDs in
the offspring.45
By looking at the maternal MTHFRC677T polymorphism, we not only focused on the maternal folate status
but also on the maternal ability to metabolize folate. Here,
case mothers were significantly more often hetero- or
homozygous for the T-allele, compared with control
mothers (p<0.0393). Among persons, hetero- or homozygous for the T-allele, MTHFR enzyme activity decreases
to 65% or 30%, respectively.46,47 Accordingly, Martinez
de Villarreal et al,33 in a Mexican case-control-study,
found the homozygous 677TT genotype to be significantly more prevalent in case mothers compared with control
mothers (p<0.05). In the present investigation, we found
NDT to be associated with low RBC and serum folate
concentrations, as well as with the TT genotype in the
case mothers. Christensen et al,48 investigating Canadian
families with NTDs, found similar results by showing that
the MTHFR677TT genotype and low maternal folate status were both associated with NTDs in the offspring.
Nevertheless, case-control studies among case and control mothers of Italian and Irish backgrounds found no
difference between both cohorts and the frequency of the
677TT genotype.49,50 Another study by Yan et al51 found
an association of NTDs among Asian and Caucasian case
mothers with the 677CT and 677TT genotypes, but not
among African case mothers. However, independent of
the MTHFR genotype and across different populations,
low maternal folate status was associated with an increased risk for NTDs.29
Our study has several important limitations. First, the
present study is limited by the fact that folate concentrations were not obtained during the periconceptional peri-

t (99)=2.88; p=0.0049
t (99)=7.36; p<0.0001
t (106)=3.28; p=0.0014
t (106)=8.69; p<0.0001

od, but at the time of delivery, which does not reflect the
vulnerable time for NTD formation. Hence, it can only be
speculated from the RBC and serum folate concentrations,
measured here at the time of delivery in case and control
mothers, that these concentrations might also reflect the
folate concentrations during the periconceptional period.
Second, our study comprised rather smaller cohorts of
case and control mothers, which might have limited the
power of our analysis. Third, our study did not analyze
newborns’, only the mothers’ genotypes for the MTHFRC677T polymorphism, allowing only for analysis
about the maternally conferred risk to their fetuses, but
not for the risk the fetuses carry in their own MTHFR
genotype.
In conclusion, more studies are warranted to elucidate
the complex network of pre-disposing gene-nutrient interactions in NTDs. We would also like to stress the importance of public health intervention programs to create
awareness and promote use of folic acid supplementation
and food fortification in women of reproductive age to
prevent NTDs.
ACKNOWLEDGEMENTS
We thank all mothers who participated in the present study.
AUTHOR DISCLOSURES
The authors declare that they have no financial support or relationships that may pose a conflict of interest.
REFERENCES
1. De Marco P, Merello E, Mascelli S, Capra V. Current
perspectives on the genetic causes of neural tube defects.
Neurogenetics. 2006;7:201-21. doi:10.1007/s10048-006-005
2-2.
2. Digra NC. Primary prevention of neural tube defects. JK
Science. 2004;6:1-3.

Maternal folate metabolsim and neural tube defects
3. Pitkin RM. Folate and neural tube defects. Am J Clin Nutr.
2007;85:285-8.
4. Detrait ER, George TM, Etchevers HC, Gilbert JR,
Vekemans M, Speer MC. Human neural tube defects:
Developmental biology, epidemiology, and genetics.
Neurotoxicol Teratol. 2005;27:515-24. doi: 10.1016/j.ntt.
2004.12.007.
5. Kondo A, Kamihira O, Ozawa H. Neural tube defects:
prevalence, etiology and prevention. Int J Urol. 2009;16:4957. doi: 10.1111/j.1442-2042.2008.02163.
6. Cabrera RM, Shaw GM, Ballard JL, Carmichael SL, Yang
W, Lammer EJ et al. Autoantibodies to folate receptor
during pregnancy and neural tube defect risk. J Reprod
Immunol. 2008;79:85-92. doi: 10.1111/j.1442-2042.2008.
02163.
7. Copp AJ, Stanier P, Greene ND. Neural tube defects: recent
advances, unsolved questions, and controversies. Lancet
Neurol. 2013;12:799-810. doi: 10.1016/S1474-4422(13)70
110-8.
8. Anonymous. 1991. Prevention of neural tube defects: results
of the Medical Research Council Vitamin Study. MRC
Vitamin Study Research Group. Lancet 1991;338:131-7. doi:
10.1016/0140-6736(91)90133-A.
9. Czeizel AE, Dudás I. Prevention of the first occurrence of
neural-tube
defects
by
periconceptional
vitamin
supplementation. N Engl J Med. 1992;327:1832-5. doi: 10.
1056/NEJM199212243272602
10. Botto LD, Moore CA, Khoury MJ, Erickson JD. Neural-tube
defects. N Engl J Med. 1999;341:1509-19. doi: 10.1056/
NEJM199911113412006.
11. Berry RJ, Li Z, Erickson JD, Li S, Moore CA, Wang H et al.
Prevention of neural-tube defects with folic acid in China.
China-U.S. Collaborative Project for Neural Tube Defect
Prevention. N Engl J Med. 1999;341:1485-90. doi: 10.
1056/NEJM199911113412001.
12. Bestwick JP, Huttly WJ, Morris JK, Wald NJ. Prevention of
neural tube defects: a cross-sectional study of the uptake of
folic acid supplementation in nearly half a million women.
PLoS One. 2014;9:e89354. doi: 10.1371/journal.pone.00893
54.
13. Little L, Elwood JM. Epidemiology of neural tube defects.
In: Kiely M, editor. Reproductive and Perinatal
Epidemiology. Boca Raton (FLA): CRC Press Inc.; 1991. pp.
251-336.
14. Becerra JE, Khoury MJ, Cordero JF, Erickson JD. Diabetes
mellitus during pregnancy and the risks for specific birth
defects: a population-based case-control study. Pediatrics.
1990;85:1-9.
15. Graham JM Jr, Edwards MJ, Edwards MJ. Teratogen update:
gestational effects of maternal hyperthermia due to febrile
illnesses and resultant patterns of defects in humans.
Teratology. 1998;58:209-21. doi: 10.1002/(SICI)1096-992
6(199811)58:5<209::AID-TERA8>3.0.CO;2-Q
16. Edwards MJ. Hyperthermia and fever during pregnancy.
Birth Defects Res A Clin Mol Teratol. 2006;76:507-16. doi:
10.1002/bdra.20277.
17. Shaw GM, Velie EM, Schaffer D. Risk of neural tube defect
affected pregnancies among obese women. JAMA. 1996;
275:1093-6. doi: 10.1001/jama.1996.03530380035028.
18. Agopian AJ, Tinker SC, Lupo PJ, Canfield MA, Mitchell LE.
National Birth Defects Prevention Study. Proportion of
neural tube defects attributable to known risk factors. Birth
Defects Res A Clin Mol Teratol. 2013;97:42-6.
19. Au KS, Ashley-Koch A, Northrup H. Epidemiologic and
genetic aspects of spina bifida and other neural tube defects.
Dev Disabil Res Rev. 2010;16:6-15. doi: 10.1002/ddrr.93.

259

20. Ye R, Ren A, Zhang L, Li Z, Liu J, Pei L et al. Tea drinking
as a risk factor for neural tube defects in northern China.
Epidemiology. 2011;22:491-6. doi: 10.1097/EDE.0b013e31
821b4526.
21. Frey L, Hauser WA. Epidemiology of neural tube defects.
Epilepsia. 2003;44(Suppl 3):4-13. doi: 10.1046/j.1528-1157.
44.s3.2..x.
22. Yamada K, Chen Z, Rozen R, Matthews RG. Effects of
common polymorphisms on the properties of recombinant
human methylenetetrahydrofolate reductase. Proc Natl Acad
Sci USA. 2001;98:14853-8. doi: 10.1073/pnas.261469998
23. Greene ND, Stanier P, Copp AJ. Genetics of human neural
tube defects. Hum Mol Genet. 2009;18:R113-29. doi: 10.
1016/S1474-4422(13)70110-8.
24. Sameer AS, Shah ZA, Nissar S, Mudassar S, Siddigi MA.
Risk of colorectal cancer associated with the
methylenetetrahydrofolate reductase (MTHFR) C677T
polymorphism in the Kashmiri population. Genet Mol Res.
2011;10:1200-10. doi: 10.4238/vol10-2gmr1067.
25. Frosst P, Blom, HJ, Milos R, Goyette P, Sheppard CA,
Matthews RG et al. A candidate genetic risk factor for
vascular
disease:
a
common
mutation
in
methylenetetrahydrofolate reductase. Nat Genet. 1995;10:
111-3. doi: 10.1038/ng0595-111
26. Sharp L, Little J. Polymorphisms in genes involved in folate
metabolism and colorectal neoplasia: a HuGE review. Am J
Epidemiol. 2004;159:423-43. doi: 10.1093/aje/kwh066.
27. Van der Put NM, Blom HJ. Neural tube defects and a
disturbed folate dependent homocysteine metabolism. Eur J
Obstet Gynecol Reprod Biol. 2000;92:57-61.
28. Van der Put NM, Steegers-Theunissen RP, Frosst P, Trijbels
FJ, Eskes TK, van den Heuvel LP et al. Mutated
methylenetetrahydrofolate reductase as a risk factor for
spina bifida. Lancet. 1995;346:1070-1. doi: 10.1016/S01406736(95)91743-8.
29. Botto LD, Yang Q. 5,10-Methylenetetrahydrofolate
reductase gene variants and congenital anomalies: a HuGE
review. Am J Epidemiol. 2000;151:862-77. doi: 10.1093/
oxfordjournals.aje.a010290.
30. Ou CY, Stevenson RE, Brown VK, Schwartz CE, Allen WP,
Khoury MJ et al. 5,10 Methylenetetrahydrofolate reductase
genetic polymorphism as a risk factor for neural tube defects.
Am J Med Genet. 1996;63:610-4. doi: 10.1002/(SICI)10968628(19960628)63:4<610::AID-AJMG15>3.0.CO;2-L.
31. Shields DC, Kirke PN, Mills JL, Ramsbotton D, Molloy AM,
Burke H et al. The “thermolabile” variant of
methylenetetrahydrofolate reductase and neural tube defects:
An evaluation of genetic risk and the relative importance of
the genotypes of the embryo and the mother. Am J Hum
Genet. 1999;64:1045-55. PMC1377828.
32. Volcik KA, Blanton SH, Tyerman GH, Jong ST, Rott EJ,
Page TZ et al. Methylenetetrahydrofolate reductase and
spina bifida: evaluation of level of defect and maternal
genotypic risk in Hispanics. Am J Med Genet. 2000;95:21-7.
doi: 10.1002/1095-8628(20001106)95:1<21::AID-AJMG6>
3.0.CO;2-M.
33. Martínez de Villarreal LM, Delgado-Enciso I, Valdéz-Leal
R, Ortíz-López R, Rojas-Martínez A, Limón-Benavides C et
al. Folate levels and N(5),N(10)-methylenetetrahydrofolate
reductase genotype (MTHFR) in mothers of offspring with
neural tube defects: a case-control study. Arch Med Res.
2001;32:277-82. 10.1016/S0188-4409(01)00292-2.
34. Richter B, Stegmann K, Röper B, Böddeker I, Ngo ET,
Koch MC. Interaction of folate and homocysteine pathway
genotypes evaluated in susceptibility to neural tube defects
(NTD) in a German population. J Hum Genet. 2001;46:1059. doi: 10.1007/s100380170096

260

N Nauman, S Jalali, S Shami, S Rafiq, G Große, AC. Hilger, R Zhang, S Mansoor, M Ludwig and H Reutter

35. García-Fragoso L, García-García I, de la Vega A, Renta J,
Cadilla CL. Presence of the 5,10-methylenetetrahydrofolate
reductase C677T mutation in Puerto Rican patients with
neural tube defects. J Child Neurol. 2002;17:30-2. doi:
10.1177/088307380201700107.
36. Obeid R, Holzgreve W, Pietrzik K. Is 5methyltetrahydrofolate an alternative to folic acid for the
prevention of neural tube defects? J Perinat Med. 2013;41:
469-83. doi: 10.1515/jpm-2012-0256.
37. Zhang T, Lou J, Zhong R, Wu J, Zou L, Sun Y, Lu X et al.
Genetic variants in the folate pathway and the risk of neural
tube defects: a metaanalysis of the published literature.
PLoS One. 2013;4:8e59570. doi: 10.1371/journal.pone.0059
570.
38. Liu J, Qi J, Yu X, Zhu J, Zhang L, Ning Q et al.
Investigations of single nucleotide polymorphisms in folate
pathway genes in Chinese families with neural tube defects.
J Neurol Sci. 2014;337:61-6. doi: 10.1016/j.jns.2013.11.017.
39. Morales de Machín A, Méndez K, Solís E, Borjas de Borjas
L, Bracho A, Hernández ML et al. C677T polymorphism of
the methylentetrahydrofolate reductase gene in mothers of
children affected with neural tube defects. Invest Clin.
2015;56:284-95.
40. Li Z, Zhang L, Ye R, Liu J, Pei L, Zheng X et al. Partner
cigarette smoking and risk of neural tube defects among
infants of non-smoking women in northern China. Tob
Control. 2013;22:401-5. doi: 10.1136/tobaccocontrol-2011050384.
41. Laurence K M, James N, Miller M, Campbell H. Increased
risk of recurrence of pregnancies complicated by fetal neural
tube defects in mothers receiving poor diets, and possible
benefit of dietary counseling. Br Med J. 1980:281:1592-4.
PMC1715083
42. McNulty H, Scott JM. Intake and status of folate and related
B-vitamins: considerations and challenges in achieving
optimal status. Br J Nutr. 2008;99:48-54. doi: 10.1017/S000
7114508006855.
43. Crider KS, Bailey LB, Berry RJ. Folic acid food
fortification-its history, effect, concerns, and future

directions. Nutrients. 2011;3:370-84. doi: 10.3390/nu30303
70.
44. Kirke PN, Molloy AM, Daly LE, Burke H, Weir DG, Scott
JM. Maternal plasma folate and vitamin B12 are
independent risk factors for neural tube defects. Q J Med.
1993;86:703-8.
https://doi.org/10.1093/oxfordjournals.qjmed.a068749.
45. Daly LE, Kirke PN, Molloy A, Weir DG, Scott JM. Folate
levels and neural tube defects. Implications for prevention.
JAMA. 1995;274:1698-702. doi: 10.1001/jama.1995.035302
10052030.
46. Molloy AM, Mills JL, Kirke PN, Weir DG, Scott JM. Folate
status and neural tube defects. Biofactors. 1999;10:291-4.
doi: 10.1002/biof.5520100230.
47. Rozen R. Molecular genetics of methylenetetrahydrofolate
reductase deficiency. J Inherit Metab Dis. 1996;19:589-94.
doi: 10.1007/BF01799831.
48. Christensen B, Arbour L, Tran P, Leclerc D, Sabbaghian N,
Platt
R
et
al.
Genetic
polymorphisms
in
methylenetetrahydrofolate reductase and methionine
synthase, folate levels in red blood cells, and risk of neural
tube defects. Am J Med Genet. 1999;84:151-7. doi: 10.
1002/(SICI)1096-8628(19990521)84:2<151::AID-AJMG12
>3.0.CO;2-T.
49. De Marco P, Calevo MG, Moroni A, Arata L, Merello E,
Finnell RH, Zhu H et al. Study of MTHFR and MS
polymorphisms as risk factors for NTD in the Italian
population. J Hum Genet. 2002;47:319-24. doi: 10.1007/
s100380200043.
50. Kirke PN, Mills JL, Molloy AM, Brody LC, O’Leary VB,
Daly L et al. Impact of the MTHFR C677T polymorphism
on the risk of neural tube defect case-control study. BMJ.
2004;328:1535-6. doi: 10.1136/bmj.38036.646030.EE
51. Yan L, Zhao L, Long Y, Zou P, Ji G, Gu A et al.
Association of the maternal MTHFR C677T polymorphism
with susceptibility to neural tube defects in offsprings:
evidence from 25 case-control studies. PLoS One. 2012;7:
e41689. doi: 10.1371/journal.pone.0041689.

