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Numerous studies have investigated the distribution of
methylenetetrahydrofolate reductase (MTHFR) C677T and A1298C
polymorphisms and their associations with diseases in China. In this study
we conducted a systematic review and meta-analysis of these studies (715
eligible studies in total).Results revealed that the frequencies of the MTHFR
C677T and A1298C polymorphisms varied markedly in different areas and
ethnicities, and even showed geographical gradients. The MTHFR C677T
polymorphism was significantly associated with 42 clinical disorders (p <
0.05), mostly relating to the diseases of circulatory system, birth defects and
cancers. The association of the A1298C polymorphism with three diseases
(coronary heart disease, breast cancer and neural tube defects fathers) was
statistically significant (p < 0.05). However, according to the Venice criteria,
only the associations of the C677T polymorphism with breast and ovarian
cancers were assessed as having strong epidemiological credibility. This is
the first study to provide a comprehensive assessment of the current status
and gaps in genetic epidemiological study of the two polymorphisms in

Future studies are warranted to focus on the interactions of MTHFR genes
with environmental exposure and with other genes, and to improve their
methodological quality and reporting of findings.
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RNA biosynthesis (1, 2). C677T and A1298C are the
two most common polymorphisms in MTHFR gene
that are associated with reduced MTHFR activity, ele-
vated homocysteine concentrations, and aberrant DNA
methylation patterns (2-5).

In terms of the MTHFR C677T and A1298C poly-
morphisms, prior research has demonstrated that their
frequencies vary markedly across different regions and
ethnic groups worldwide, and even show geographical
gradients in some regions like Europe, North America
and India (6—11).There were also numerous studies in
China investigating its geographical and ethnic distribu-
tion of the two polymorphisms (12—14), yet the results
were irreproducible and inconclusive. Accurate informa-
tion on the distribution of the two polymorphisms may
be beneficial for studies of gene-disease associations and
population genetics as well as for differential diseases
prevention and health impact assessment (6). Further-
more, in the past decades, a large number of human
studies have explored the associations of the MTHFR
C677T and A1298C polymorphisms with various clin-
ical conditions (e.g. vascular diseases, birth defects,
diabetes mellitus and cancers) (15), which, however,
often yield controversial results.

Meta-analysis is a widely utilized statistical method
that can quantitatively synthesize information across
studies endeavoring to increase statistical power and set-
tle uncertainty from single studies. Up to now, over 300
meta-analyses have been done to evaluate associations
of the C677T and A1298C polymorphisms with vari-
ous diseases. Results from these meta-analyses showed
that the associations often depended on ethnicity and
geographical location of the population studied (15-18).
This indicates a necessity of constructing a database of
gene-disease associations for a specific area and/or eth-
nicity. Given the above considerations, this study thus
aimed to investigate the distribution of the MTHFR
C677T and A1298C polymorphisms and their associ-
ations with diseases among Chinese population. We
comprehensively retrieved all relevant literature to date
and conducted a systematic review and meta-analysis of
them, in order to achieve the purpose of this study.

Methods
Search strategy

All relevant publications reporting genotype distribution
of the MTHFR C677T and A1298C polymorphisms or
investigating the relationships of the two polymorphisms
with any diseases among the Chinese population were
identified by computerized searches in seven databases.
The search strategy for each database is detailed in
Table S1 (Supporting information). All databases were
searched from their inception to February 2015. Ref-
erence lists from identified articles were manually
scrutinized.

Study selection and eligibility criteria

Duplicates were removed from the initially retrieved
records of literature, and the remaining articles were
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screened for eligibility in two phases. First, titles and
abstracts of articles were assessed for potential eligibil-
ity. Second, for articles rated as potentially eligible, their
full text was thoroughly gone through to decide whether
the studies should be included for final analysis (Fig. S1).
Two reviewers worked independently to screen eligible
articles for inclusion. Any discrepancies were reconciled
through consensus and discussion with a third reviewer.

Studies were included if they met the following cri-
teria: (i) the study design was cross-sectional, cohort or
case—control; (ii) the study subjects in cross-sectional
and cohort studies should be apparently healthy; (iii) the
number of individual genotypes was provided or could
be calculated; (iv) Hardy—Weinberg equilibrium (HWE)
can be evaluated; (v) case—control or case-cohort stud-
ies must provide sufficient data for calculating odds
ratio (OR) and 95% confidence interval (CI); (vi) the
published language was English or Chinese; (vii) if the
same study population was reported more than once,
only the one that provided the most detailed information
was included.

Quality assessment

Two reviewers independently assessed the quality of the
included studies. Case—control studies were assessed
using Newcastle Ottawa Scale (NOS). Each study was
evaluated on a score from O to 9, and a score of 6 or
more was regarded as ‘high quality’. For cross-sectional
studies, we adopted the Joanna Briggs Institute (JBI)
meta-analysis of statistics assessment and review instru-
ment. The study was categorized as ‘high quality’ if its
quality score was greater than 13 out of a maximum
score 20.

Data extraction

Information extracted from each eligible study included:
authors’ names, title, year of publication, source of
controls, year of data collection, ethnicity, study location,
percentage of males, mean age, endpoints (diseases),
counts of alleles and genotypes and sample size. If
an article reported results separately for more than
one ethnicity or disease, each was considered as an
independent data set. The total number of included
studies was counted as equivalent to that of data sets.

Statistical analysis

All statistical analyses were performed using Stata S.E.
version 12.1 (StataCorporation, Colloege station, TX).
Two-tailed p value <0.05 was taken as statistically
significant unless otherwise stated. The HWE was recal-
culated using %> goodness of fit. Genotypic and allelic
frequencies with corresponding 95% ClIs were pooled
using the inverse variance method (19). Subgroup analy-
ses by study region (Table S2) and ethnicity were further
performed. For diseases with available genotype data
in >2 independent samples, the pooled ORs and 95%
CIs were calculated under homozygous co-dominant,



heterozygous co-dominant, dominant, recessive, and
allelic models, to estimate the strength of gene-disease
association. The significance of the pooled ORs was
determined by the Z test. The most appropriate genetic
model was selected according to the method suggested
by Thakkinstian etal. (20), and further secondary
analyses were based on the selected genetic model.

Between-study heterogeneity was investigated using
the Q test and I statistics (21, 22). If the heterogene-
ity was statistically significant (p <0.10 from Q test or
P >50%), the random effects model was used; other-
wise, the fixed effects model was applied (23). Sensitiv-
ity analyses were performed to examine the influence of
excluding some specific studies (small study or genotype
distribution not in HWE) on the overall estimates (24).
Potential publication bias was evaluated using funnel plot
and Egger’s test (295).

For each significant association identified by
meta-analysis, we applied the Venice criteria to appraise
its epidemiological credibility. Details of the crite-
ria were published elsewhere (26, 27). Briefly, each
meta-analyzed association was graded according to the
amount of evidence, consistency of replication, and
protection from bias. Based on these assessments, the
overall epidemiological credibility was graded as strong
(grade A), moderate (grade B), or weak (grade C).

Results
Literature search and study characteristics

A total of 5518 articles were retrieved in the initial
searches. After exclusion of duplicates and those that
did not meet our inclusion criteria, 566 articles com-
prising 715 studies were finally included for analysis
(Fig. S1). Table S3 shows the baseline characteristics of
the included studies, and Tables S4 and S5 summarize
the genotype and allele distribution of the two polymor-
phisms in each study. The average NOS and JBI scores of
included studies were 6.11 and 10.08, respectively, and
502 studies were regarded as ‘high quality’ (Tables S4
and S5).

Concerning the C677T polymorphism, there were 408
studies (including 117,661 participants) providing geno-
type data, which covered investigations on all Chi-
nese provinces except the Tibet autonomous region
(Table 1 and Fig. 1), and were mainly conducted in the
south-eastern coast of China (Fig. S2). There were 209
studies reporting the ethnicity of its participants, leading
to a total inclusion of 23 ethnicities and the Han national-
ity as the most studied one (Table S6). With regards to the
1298C polymorphism, a total of 142 studies (including
69,439 participants) were identified to have contributed
the genotype data on it (Table 2); and these studies cov-
ered 27 provinces and were also mostly conducted in the
south-eastern coast of China (Fig. S3). Eighty-four stud-
ies provided information on ethnicity, where 16 ethnici-
ties were included and the Han was still the most studied
ethnic group (Table S7).

The relationships of the MTHFR C677T polymor-
phism with 103 diseases were examined in 617 studies
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(including 137,013 participants). The number of stud-
ies per disease ranged from 1 to 88, and the sample size
from 57 to 27,628 (Table 3). One hundred and fifty-four
studies (including 72,248 participants) explored the asso-
ciations of the MTHFR A1298C polymorphism with 55
diseases. The number of studies and the sample size per
disease varied from 1 to 10 and from 110 to 11,310,
respectively (Table 4).

Pooled population frequency by geographical area
and ethnicity

The C677T polymorphism

The overall pooled frequencies of the 677TT genotype
and the 677T allele were 15.0% and 36.9%, respectively,
in Chinese population (Table 1). The distribution of
the polymorphism varied among different provinces
and presented apparent geographical trends: (i) initially
increasing and subsequently decreasing, along with the
increase in latitude (e.g. the TT frequency was 6.6%
in south region, 14.2% in central region, 21.3% in
north region and 15.0% in northernmost region); (ii)
initially increasing and subsequently decreasing, along
with the increase in longitude (e.g. the TT frequency
was 11.1% in west region, 20.5% in central region, and
14.0% in east region) (Table 1, Figs 1 and S4-S33).
Also, the 677TT genotype and 677T allele frequencies
differed among ethnic groups (Table S6, Fig. S34—S39).
After excluding the studies where genotype distribution
violated HWE, the above estimations did not change
substantially (Tables S8 and S9).

The A1298C polymorphism

The overall pooled frequencies of the 1298C allele and
the 1298CC genotype were 22.4% and 4.4%, respec-
tively, in Chinese population (Table 2). The distribu-
tion of the polymorphism also differed among various
provinces. However, in contrast to the C677T polymor-
phism, it presented reverse geographical trends: (i) ini-
tially decreasing and subsequently increasing, along with
the increase in the latitude (e.g. the CC frequency was
7.6% in south region, 3.7% in central region, 3.0% in
north region and 4.5% in northernmost region); (ii) ini-
tially decreasing and subsequently increasing, along with
the increase in the longitude (e.g. the CC frequency was
6.5% in west region, 3.2% in central region and 4.2%
in east region) (Table 2, Figs 2 and S40-S59). Regard-
ing the distribution of the polymorphism among eth-
nic groups, it differed considerably as well (Table S7,
Figs S60-S62). These pooled frequencies did not change
materially after excluding the studies where genotype
distribution departed from HWE (Tables S10 and S11).

Pooled association between the C677T polymorphism
and disease

Table 3 and Figs S63—-S109 present the pooled ORs and
95% Cls for the relationships of the C677T polymor-
phism with diseases. Table S12 and Figs S110-S117
display the results for heterogeneity test, publication bias
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Table 1. Pooled frequencies of the MTHFR 677T allele and the 677TT genotype by geographical area

MTHFR 677TT genotype MTHFR 677T allele
No. of Heterogeneity test Heterogeneity test
No. of total Frequency Frequency
Area studies participants (%) 95% Cl 2 (%) p value (%) 95% Cl 2 (%) p value
Total 408 117,661 15.0 14.1,16.0 95.7 <0.01 36.9 35.7,382 97.6 <0.01
Province/municipality
Heilongjiang 16 1510 14.6 9.9,19.3 880 <0.01 37.5 30.2,44.9 945 <0.01
Jilin 11 879 16.4 13.4,19.4 30.0 0.16 39.1 36.5,41.7 21.1 0.24
Inner Mongolia 10 1269 10.6 71,141 726 <0.01 32.6 26.9,38.2 87.6 <0.01
Liaoning 16 4396 19.8 16.8,22.9 82.0 <0.01 451 41.5,48.7 89.8 <0.01
Xinjiang 23 2422 13.1 9.8,16.4 86.2 <0.01 36.7 32.5,41.0 89.9 <0.01
Beijing 31 7284 23.4 21.0,25.8 817 <0.01 46.3 43.7,48.9 89.2 <0.01
Tianjin 11 3771 21.8 15.0,28.5 954 <0.01 44.6 38.5,50.7 95.6 <0.01
Hebei 17 4754 24.6 20.6,28.6 86.8 <0.01 46.3 42.2,50.5 93.0 <0.01
Shanxi 14 1541 19.3 13.0,25.6 945 <0.01 40.0 30.7,49.2 96.7 <0.01
Ningxia 8 1293 15.4 8.8,22.1 924 <0.01 40.0 32.8,47.3 92.9 <0.01
Shandong 22 7944 18.9 14.2,23.7 94.7 <0.01 43.0 38.2,47.8 96.5 <0.01
Qinghai 1 40 20.0 7.6,32.4 43.8 32.9,54.6
Gansu 2 155 11.6 3.0,20.1 66.3 0.09 33.0 13.1,52.8 93.1 <0.01
Henan 16 6190 225 16.0,29.1 97.1 <0.01 43.4 35.6,51.2 98.6 <0.01
Shaanxi 8 6045 21.8 16.3,27.3 94.4 <0.01 43.3 341,525 98.8 <0.01
Jiangsu 31 11,111 16.0 14.3,17.7 79.2 <0.01 39.4 374,415 88.1 <0.01
Anhui 10 2467 17.3 14.9,19.6 47.6 0.05 39.5 36.5,425 73.2 <0.01
Shanghai 22 5462 14.6 12.8,16.3 63.9 <0.01 38.7 36.7,40.6 73.5 <0.01
Hubei 9 4396 14.4 11.7,17.1 65.2 <0.01 36.4 33.4,39.3 725 <0.01
Sichuan 10 4991 10.6 7.4,13.7 913 <0.01 33.0 29.3,36.7 92.0 <0.01
Chongqing 4 1060 10.2 4.0,16.4 854 <0.01 29.7 22.8,36.6 83.7 <0.01
Zhejiang 16 5231 13.4 10.9, 16.0 85.1 <0.01 33.5 29.7,37.4 93.8 <0.01
Jiangxi 3 899 14.0 11.8,16.3 0.0 0.54 36.7 345,389 0.0 0.38
Hunan 7 2371 11.6 7.1,16.0 86.7 <0.01 34.4 28.7,40.1 89.6 <0.01
Guizhou 7 659 2.1 1.0,3.2 0.0 0.48 21.2 16.1,26.3 82.0 <0.01
Fujian 7 1085 75 45,106 738 <0.01 271 20.3,33.8 924 <0.01
Guangxi 13 4687 5.5 39,70 828 <0.01 23.2 19.1,27.2 954 <0.01
Yunnan 8 757 7.2 29,115 867 <0.01 31.3 24.3,38.3 87.8 <0.01
Guangdong 32 5945 8.0 6.3,9.7 857 <0.01 26.8 24.0,29.5 91.0 <0.01
Taiwan 13 4274 6.9 5.6,83 645 <0.01 26.1 24.3,28.0 69.6 <0.01
Hongkong 3 934 6.6 3.1,10.1 793 0.01 26.0 16.7,35.3 95.3 <0.01
Hainan 3 11,520 5.7 09,104 975 <0.01 21.3 12.0,30.6 98.9 <0.01
North-central-south geographical divide
Northernmost 76 10,477 15.0 13.3,16.7 84.8 <0.01 38.6 36.4,40.9 91.2 <0.01
North 130 39,017 21.3 19.3,23.3 955 <0.01 43.7 41.7,45.7 96.9 <0.01
Central 112 37,988 14.2 13.2,15.2 851 <0.01 36.7 35.5,37.9 91.0 <0.01
South 86 29,862 6.6 57,74 870 <0.01 25.7 242,271 92.8 <0.01
East-central-west geographical divide
East 203 64,062 14.0 12.9,152 95.0 <0.01 35.9 34.2,37.6 97.6 <0.01
Central 107 29,902 20.5 18.5,22.6 95.1 <0.01 42.3 401,445 96.7 <0.01
West 94 23,379 11.1 9.4,12.7 951 <0.01 32.9 30.4,35.4 97.0 <0.01
Coastal-inland geographical divide
Coastal 206 71,114 14.1 12.9,15.3 96.1 <0.01 35.6 33.8,37.4 98.1 <0.01
Inland 198 46,229 16.0 14.6,17.4 94.9 <0.01 38.3 36.6,39.9 96.2 <0.01

Cl, confidence interval; MTHFR, 5, 10-methylenetetrahydrofolate reductase.

assessment and p value from association test. The results
of sensitivity analyses are displayed in Table S13. The
Venice grading of the epidemiological credibility for sig-
nificant associations is shown in Table S14.

The diseases of circulatory system

The 4 most widely studied diseases were stroke, coro-
nary heart disease, essential hypertension and venous
thrombosis. Each of them was investigated in >20
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studies. Type II diabetes mellitus with cardiovascular
complications, myocardial infarction, hypertension with
vascular complications and cerebral vascular stenosis
were explored in 11, 9, 4 and 3 studies, respectively.
Meta-analyses showed that all the aforementioned 8
diseases were significantly associated with the C677T
polymorphism. The co-dominant model was appropri-
ate for all these diseases (ORs ranged from 1.87 to 2.76
and from 1.31 to 1.71 in homozygous and heterozy-
gous co-dominant models, respectively) except type



MTHFR gene polymorphisms and diseases in China

80°E 90°E 100°E 110°E 120°E 130°E

=

o -

o

ln +

=

g
Frequency of
677 TT genotype

Z ] : No data

(=1

® B <10
B 1015
Bl 1520

z| ' I -2

& o 1,250 2,500 km

(b)

90°E 100°E
1 1

110°E 120°E 130°E
1 1 I

- I
0 1,250

1
2,500 km

Frequency of

677T allele

g No data
el <27

B 27-34

Bl 3440

Bl >4

v

Fig. 1. The pooled frequencies of the methylenetetrahydrofolate reductase (MTHFR) 677TT genotype (a) and 677T allele (b) in China.

II diabetes mellitus with cardiovascular complications
(OR: 2.07; 95% CI: 1.64—-2.61; dominant) and cerebral
vascular stenosis (OR: 2.13; 95% CI: 1.30-3.49; reces-
sive). Based on the Venice criteria, the cumulative evi-
dence was moderate for venous thrombosis, essential
hypertension, type II diabetes mellitus with cardiovas-
cular disease, and myocardial infarction, and was weak
for the remaining four diseases. There were three stud-
ies investigating aneurysm and aortic dissection and two
studies examining pulmonary thromboembolism, but no
significant association was observed.

Congenital malformations, deformations and chromosomal
abnormalities

Eighteen studies examined the risk for congenital heart
disease affected infants, yielding pooled ORs of 2.38

(95% CI: 1.64-3.45) and 1.38 (95% CI: 1.09-1.74)
in homozygous and heterozygous co-dominant models,
respectively. Five studies explored the risk for having a
congenital heart disease affected child in parents, and
the pooled OR was 1.43 (95% CI: 1.09-1.87; dom-
inant). Nonsyndromic cleft lip with or without cleft
palate in infants and parents were explored in 12 and
5 studies, respectively. An increased risk was found in
infants (OR: 1.92; 95% CI: 1.23-3.00; dominant), but
the association in parents was in the opposite direction
(OR: 0.60; 95% CI: 0.40—0.91; homozygous; OR: 0.62;
95% CI: 0.46—0.84; heterozygous). Neural tube defects
in infants and parents were investigated in 11 studies
each. A significantly increased risk was found in both
infants (OR: 1.83; 95% CI: 1.08—-3.12; recessive) and
parents (OR: 3.49; 95% CI: 1.82—6.69; homozygous;
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Table 2. Pooled frequencies of the MTHFR 1298C allele and the 1298CC genotype by geographical area

MTHFR 1298CC genotype

MTHFR 1298C Allele

No. of Heterogeneity test Heterogeneity test

No. of total Frequency Frequency
Area studies participants (%) 95% Cl I (%) p value (%) 95% Cl I (%) p value
Total 142 69,439 4.4 39,49 924 <0.01 22.4 21.2,23.5 96.4 <0.01
Province/municipality
Heilongjiang 3 620 6.2 4.3, 8.1 0.0 0.82 17.2 10.4,24.0 89.8 <0.01
Jilin 2 79 7.7 0.0,22.8 829 0.02 23.5 0.0,50.1  94.1 <0.01
Liaoning 5 1157 3.3 13,62 756 <0.01 19.0 156.7,22.2 743 <0.01
Xinjiang 13 1258 5.1 3.0,72 740 <0.01 24.7 20.2,29.2 86.7 <0.01
Beijing 9 2457 4.9 25,73 947 <0.01 22.6 15.3,29.8 97.9 <0.01
Hebei 6 2723 2.6 17,35 381 0.15 18.7 15.0,22.5 90.3 <0.01
Shanxi 5 532 2.4 01,42 362 0.18 17.8 13.7,21.9 573 0.05
Ningxia 2 567 12.2 0.0,30.2 95.7 <0.01 32.7 2.2,63.2 988 <0.01
Shandong 5 6128 2.0 02,37 923 <0.01 18.2 12.3,24.2 98.2 <0.01
Henan 6 4882 3.6 19,64 937 <0.01 20.2 145,259 97.9 <0.01
Shaanxi 4 5692 2.6 18,33 62.6 0.05 20.8 11.4,30.3 99.3 <0.01
Jiangsu 19 9719 2.8 18,38 90.8 <0.01 18.2 17.3,19.2 58.3 <0.01
Anhui 3 528 1.5 0.5,2.5 0.0 0.55 17.9 15.5,20.2 3.3 0.36
Shanghai 9 3162 3.1 25,38 118 0.34 18.7 17.2,20.2 498 0.04
Hubei 2 2949 9.1 0.0,20.1 794 0.03 32.3 6.3,58.2 964 <0.01
Sichuan 4 3028 15.0 7.1,23.0 973 <0.01 35.6 20.7,50.5 99.0 <0.01
Chongging 2 936 4.9 3.5,6.3 0.0 0.99 22.0 20.1,239 0.0 0.53
Zhejiang 5 2449 4.7 19,75 922 <0.01 21.6 16.2,27.1 95.2 <0.01
Jiangxi 1 224 1.3 0.3,3.9 16.3 13.0, 20.0
Hunan 3 1955 2.7 0.0,5.8 925 <0.01 14.9 6.3,23.6 96.0 <0.01
Guizhou 4 374 11.5 4.7,18.3 80.1 <0.01 39.6 31.1,48.0 827 <0.01
Fujian 2 248 49.6 43.4,55.8 0.0 0.37 69.4 65.3,73.4 0.0 0.81
Guangxi 4 1675 7.4 57,91 463 0.13 26.3 24.8,27.7 0.0 0.40
Yunnan 5 575 10.2 4.0,16.3 84.7 <0.01 30.6 20.8,40.4 91.9 <0.01
Guangdong 10 2213 6.1 3.0,9.3 904 <0.01 24.3 18.9,29.7 93.5 <0.01
Taiwan 4 1554 3.6 25,47 177 0.30 21.9 19.2,24.7 654 0.03
Hainan 2 11,437 8.2 53,11.1 883 <0.01 26.9 22.6,31.2 93.6 <0.01
North-central-south geographical divide
Northern most 23 3114 4.5 32,58 728 <0.01 21.8 19.1,245 858 <0.01
North 38 23,065 3.0 24,37 893 <0.01 20.4 18.2,22.7 97.5 <0.01
Central 48 24,951 3.7 29,44 929 <0.01 20.4 19.0,21.9 93.3 <0.01
South 31 18,149 7.6 6.2,9.0 898 <0.01 28.3 25.9,30.8 94.6 <0.01
East-central-south geographical divide
East 67 38,923 4.2 34,49 941 <0.01 20.8 19.3,22.3 95.9 <0.01
Central 35 16,250 3.2 24,40 898 <0.01 19.9 17.8,22.1 959 <0.01
West 38 14,105 6.5 53,77 896 <0.01 28.1 25.2,31.1 97.0 <0.01
Coastal-inland geographical divide
Coastal 72 42,622 4.2 35,49 940 <0.01 21.1 19.7,22.6 96.0 <0.01
Inland 68 26,656 4.7 39,54 903 <0.01 24 1 22.1,26.0 96.8 <0.01

Cl, confidence interval; MTHFR, 5, 10-methylenetetrahydrofolate reductase.

OR: 1.76; 95% CI: 1.23-2.51; heterozygous). Five stud-
ies explored the risk for Down syndrome in infants and
no significant association was found. In contrast, the syn-
thesis of 6 studies evaluating maternal genotype showed
a significant increased risk of Down syndrome affected
infant (OR: 1.94; 95% CI: 1.12-3.37; homozygous; OR:
1.58; 95% CI: 1.17-2.13; heterozygous). Five studies
explored cerebral palsy, but no significant association
was observed. Based on the Venice criteria, the cumula-
tive evidence was moderate for congenital heart disease,
neural tube defects and Down syndrome, and was weak
for the remaining diseases.
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Cancers

Acute lymphoblastic leukemia, esophageal, gastric,
breast, lung, colorectal and liver cancers were explored
in >8 studies. An elevated risk was found for esophageal
(OR: 1.60; 95% CI: 1.15-2.22; homozygous; OR:
1.29; 95% CI: 1.03-1.61; heterozygous), gastric (OR:
1.27; 95% CI: 1.10—1.46; dominant), breast (OR: 1.68;
95% CI: 1.35-2.09; homozygous; OR: 1.12; 95%
CI: 1.02-1.24; heterozygous) and lung cancers (OR:
1.32; 95% CI: 1.02-1.71; dominant) cancers but no
association for colorectal and liver cancers and acute
lymphoblastic leukemia. Risks for ovarian and intestinal
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Fig. 2. The pooled frequencies of the methylenetetrahydrofolate reductase (MTHFR) 1298CC genotype (a) and 1298C allele (b) in China.

cancers risks were assessed in 3 studies each and a sig-
nificant association was found for ovarian cancer (OR:
2.69; 95% CI: 1.76—4.12; homozygous; OR: 1.34; 95%
CI: 1.04-1.72; heterozygous). Bladder, prostate, cervi-
cal, pancreatic, nasopharyngeal cancers and meningioma
were investigated in 2 studies each. An increased risk
was found for bladder (OR: 2.00; 95% CI: 1.39-2.89;
homozygous; OR: 1.34; 95% CI: 1.02—1.74; heterozy-
gous) and pancreatic cancers (OR: 3.88; 95% CI:
2.58-5.86; homozygous; OR: 2.47; 95% CI: 1.74-3.52;
heterozygous) but a reduced risk for prostate cancer
(OR: 0.48; 95% CI: 0.31-0.75; homozygous; OR: 0.68;
95% CI: 0.51-0.89; heterozygous). Among the sig-
nificant associations mentioned above, the cumulative
evidence was strong only for breast and ovarian cancers.
Another 2 associations (pancreatic and bladder cancers)
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were found to have modest epidemiological credibility,
whereas the remaining 3 showed weak credibility.

Endocrine, nutritional and metabolic diseases

Type Il diabetes mellitus, hyperuricemia, hyperlipidemia
and hyperhomocysteinemia were investigated in 30, 5,
3 and 2 studies, respectively. The dominant model was
appropriate for all these diseases, and the correspond-
ing pooled ORs were 1.25 (95% CI: 1.08-1.45), 3.45
(95% CI: 2.13-5.57), 1.79 (95% CI: 0.99-3.24) and
2.10 (95% CI: 1.21-3.65), respectively. The cumula-
tive evidence was modest for type II diabetes mellitus
and was weak for the other 3 associations. Two studies
investigated metabolic syndrome but no association was
found.



Pregnancy, stillbirth and the puerperium

Twenty-one studies investigated unexplained recurrent
pregnancy loss, yielding pooled ORs of 3.29 (95% CI;
2.43-4.44) and 1.80 (95% CI: 1.38-2.35) in homozy-
gous and heterozygous co-dominant models, respec-
tively. Hypertension in pregnancy was investigated in
16 studies, and the pooled OR was 1.91 (95% CI:
1.38-2.64; dominant). Two studies evaluated premature
birth and the pooled ORs were 2.76 (95% CI: 1.84—-4.15)
and 1.48 (95% CI: 1.04-2.10) in homozygous and het-
erozygous co-dominant models, respectively. The cumu-
lative evidence was modest for premature birth but was
weak for the remaining 2 associations.

Mental and behavioral diseases

Dementia was investigated in 23 studies, yielding a
pooled OR of 1.39 (95% CI: 1.22—-1.57; dominant).
Eight studies focused on depression and 2 on autism,
and the corresponding pooled ORs were 1.43 (95%
CI: 1.05-1.97) and 2.75 (95% CI: 1.58-4.77) in the
recessive model, respectively. Cumulative evidence was
moderate for autism and dementia but was weak for
depression. Schizophrenia was investigated in 7 studies
and no significant association was found.

Diseases of the musculoskeletal system and connective
tissue

Rheumatoid arthritis, osteoporosis, systemic lupus
erythematosus, and ankylosing spondylitis were investi-
gated in 4, 3, 3 and 3 studies, respectively. An increased
risk was found for rheumatoid arthritis (OR: 1.89; 95%
CIL: 1.17-3.05; dominant), osteoporosis (OR: 1.43;
95% CI: 1.13—-1.81; homozygous; OR: 1.23; 95% CI:
1.04—-1.46; heterozygous), systemic lupus erythemato-
sus (OR: 8.61; 95% CI: 4.56—16.27; homozygous; OR:
2.17;95% CI: 1.11-4.24; heterozygous) and ankylosing
spondylitis (OR: 1.59; 95% CI: 1.15-2.18; dominant).
All of the above significant associations were assessed
as having weak cumulative evidence.

Diseases of the genitourinary system

Nine studies investigated infertility, yielding pooled
ORs of 2.20 (95% CI: 1.79-2.69) and 1.38 (95%
CI: 1.17-1.62) in homozygous and heterozygous
co-dominant models, respectively. Nine studies evalu-
ated diabetic nephropathy, yielding pooled ORs of 3.82
(95% CI: 2.74-5.33) and 2.02 (95% CI: 1.58-2.58) in
homozygous and heterozygous co-dominant models,
respectively. Five studies investigated renal failure,
and an increased risk was observed (OR: 2.38; 95%
CI: 1.42-4.00; recessive). The cumulative evidence of
these associations was moderate for male infertility and
diabetic nephropathy but was weak for renal failure.

Diseases of the eye and adnexa

Six studies investigated diabetic retinopathy, and the
pooled ORs were 4.30 (95% CI: 2.67-6.94) and 2.53
(95% CI: 1.87-3.42) in homozygous and heterozy-
gous co-dominant models, respectively. The cumulative

MTHFR gene polymorphisms and diseases in China

evidence was moderate. Primary angle closure was
evaluated in two studies, and no significant association
was observed.

Others

Studies also evaluated the relationships of the C677T
polymorphism with diseases of the digestive system,
the nervous system, the skin and subcutaneous tissue,
the respiratory system, the ear and mastoid process, the
blood and blood-forming organs and certain disorders
involving the immune mechanism. An elevated risk
was found for non-alcohol fatty liver disease, migraine,
diabetic peripheral neuropathy and bronchial asthma but
a reduced risk for vitiligo. However, these associations
were identified based on limited numbers of studies (<2)
and participants.

Association of the MTHFR A1298C polymorphism
with disease

The potential relationships of the MTHFR A1298C poly-
morphism with 55 diseases were investigated (Tables 4,
S15 and S16, Figs S118-S138). An increased risk
was observed for breast cancer (OR: 1.20; 95% CI:
1.01-1.43; recessive) and adverse pregnancy outcome
(OR: 6.40;95% CI: 1.38-29.84; recessive) but a reduced
risk for coronary heart disease (OR: 0.23; 95% CI:
0.07-0.74; homozygous; OR: 0.59; 95% CI: 0.38-0.90;
heterozygous). Additionally, we found that mothers car-
rying the 1298 mutant genotype had a 2.93-fold (95%
CI: 1.52-5.62; dominant) increased risk of having a non-
syndromic cleft lip with or without cleft palate affected
child. Also, parents carrying the 1298 CC genotype had
a 3.50-fold (95% CI: 1.05—-11.66; recessive) increased
risk of having a neural tube defects affected child. How-
ever, results on most of these associations were based on
1 or 2 studies, and were considered to have weak epi-
demiological credibility (Tables S17). For the remaining
50 diseases, no significant association was observed.

Discussion

In the present meta-analysis, we have conducted the most
comprehensive evaluation of currently available data
on geographical and ethnic distribution of the MTHFR
C677T and A1298C polymorphisms and their associa-
tions with many diseases in the Chinese population.
Prior evidence suggested that the distribution of the
MTHFR C677T polymorphism differs worldwide, with
Europeans and North Americans usually having higher
677T frequency than Africans and East Asians (13).
We observed that the overall 677T allele frequency
was 36.9% in China, which exceeds that of many other
countries (13). Further stratified analyses showed that
the 677T allele frequency varied markedly among differ-
ent provinces and ethnicities. Meanwhile, interestingly,
along with the increase in the latitude or longitude, the
677T allele frequency across China initially increased
gradually and then decreased afterwards. These geo-
graphical gradients were also previously reported in
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other regions like Pakistani, India, Europe, North Amer-
ica and Eastern Asia (6—8, 10, 28). Several hypotheses
have been proposed to explain the distributional vari-
ations (7, 29), and the general agreement now is that
the distribution pattern of this polymorphism may be
caused by both genetic background and natural selection
of environmental factors (especially folate intake and
ultraviolet radiation) (10).

The MTHFR A1298C polymorphism is not as exten-
sively studied as the C677T polymorphism. Globally,
the 1298C allele frequency is highest among Asians,
followed by Europeans, Africans and Americans (14).
Our meta-analysis showed that the overall pooled 1298C
allele frequency was 22.4% in China. The prevalence of
the 1298C allele also varied among different areas and
ethnic groups. More interestingly, contrary to the C677T
polymorphism, the distribution of the A1298C polymor-
phism presented reverse geographical trends. This may
be caused by the fact that the occurrence of the 677T and
1298C alleles is usually in trans and rarely in cis con-
figurations (30). The physical distance that separates the
two alleles on the chromosome is short (2.1kb), which
reduces the probability of a recombinant event (30).
Additionally, the co-occurrence of the 2 alleles could
result in a selection disadvantage because of the expres-
sion of severe phenotypes including neural tube defects
and spontaneous abortions (5).

For gene-disease associations, our review showed that
relationships of 103 medical disorders with the MTHFR
C677T polymorphism had been explored during the past
15 years, with majority of the work relating to cardio-
vascular diseases, cancers and birth defects. Relation
between the C677T polymorphism and 22 diseases in
Chinese population had been previously meta-analyzed
(31-52). We pooled results for 63 diseases and 42
of them yield significant associations. All results from
our current meta-analytical results were consistent with
those in the previous meta-analyses (31-41, 43, 45-50)
except in terms of acute lymphoblastic leukemia (42),
colorectal cancer (51), liver cancer (44) and schizophre-
nia (52). In the previous meta-analyses, the 677T allele
was significantly associated an increased risk of liver
cancer (44) and a decreased risk of acute lymphoblastic
leukemia (42), colorectal cancer (51) and schizophrenia
(52). However, our meta-analyses did not observe any
association between the polymorphism and the four dis-
eases. For the MTHFR A1298C polymorphism, its asso-
ciations with 6 diseases in Chinese had been previously
meta-analyzed (40, 42, 53—-56). In our study, associa-
tions of 55 diseases with the polymorphism have been
investigated. Twenty-nine of them were meta-analyzed
and 3 yield significant results. Among them, only the
results for breast cancer were different from the previ-
ous meta-analysis (53). Compared with those published
meta-analyses (41-56), ours was based on more compre-
hensive literature searches and included more individual
studies and participants, and was thus believed to have
more precise estimations. The remaining meta-analyses
on 41 diseases with the C677T polymorphism and on 23
diseases with the A198C polymorphism were, to the best
of our knowledge, never been published.
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Numerous published meta-analyses also have looked
at the MTHFR polymorphisms and the risk of vari-
ous disorders among different populations worldwide,
which usually reported that the genetic-disease associa-
tion depended on the ethnicity and geographical location
of the studied population. For example, a meta-analysis
by Holmes et al. (17) reported that the 677TT genotype
was associated with an increased risk of stroke in Asia,
but not in America, Australia and New Zealand. Simi-
larly, a meta-analysis on the A1298C polymorphism and
cancer risk showed that increased risks of cervical can-
cer and lymphoma and decreased risk of colorectal can-
cer were only found in Asians, but not in Caucasians,
Africans and Indians (57). The inconsistency of these
results may be caused by many factors, with differences
in genetic background and lifestyle emerging as the most
likely contributors. Therefore, it is of great significance
to provide empirical evidence on the gene-disease asso-
ciations in each area or ethnic group, which is just the
primary endeavor of the present study.

While interpreting the findings of our study, the fol-
lowing limitations should be noted. First, although we
made every effort to identify all relevant publications,
it may be possible that some studies were missed or
selected erroneously. Second, in estimating the geo-
graphical and ethnic distributions, the sample size of
some provinces and all minorities were not large enough,
especially for the A1298C polymorphism. This limits
our ability to provide more precise estimates. Third,
effect of the MTHFR gene polymorphisms on diseases
may be modified by demographic and environmental
factors. For example, our group previously found that
the MTHFR C677T polymorphism was associated with
hypertension only in older subjects (>45 years) (58).
Chen et al. observed that significant relationship between
the 677TT genotype and ischemic stroke was limited
to males (59). Furthermore, multiple gene polymor-
phisms can interact to contribute to the development
of diseases (Table S18). However, in our study all the
pooled ORs were based on study-level genotype data,
which precludes us from performing more sophisticated
analyses incorporating potential confounders (such as
age, sex, gene—environment or gene—gene interactions).
Fourth, evidence of publication bias in some of our
meta-analyses was detected (Tables S12 and S15, Figs
S110-S117 and S128-S138). We appraised potential
sources of bias using extensive sensitivity analyses, but
our study is still limited because latent undetectable
bias is always possible. Fifth, the number of ‘true’
gene-disease associations is probably smaller than the
number of statistically significant findings identified in
our systematic review (60). The primary reason was that
many significant ORs were based on only 1 or 2 studies.
Additionally, multiple testing, linkage disequilibrium,
reporting bias and other flaws in study design can also
contribute to the inconsistency (24). When we applied the
Venice criteria, only 2 of the 45 significant associations
can be considered to have strong epidemiological cred-
ibility. Although the Venice Criteria is a recently devel-
oped interim epidemiological grading system and its per-
formances remains to be further validated, the graded



results provide some evidences that some significant
findings may be false-positive. Therefore, our results
must be interpreted conservatively before further strong
evidence is provided by well-designed large studies.

Despite these caveats, our study offers the first
comprehensive and systematic assessment of the epi-
demiological evidence on the distribution of the MTHFR
polymorphisms and their associations with various
diseases among the Chinese population. More impor-
tantly, we included many studies published in Chinese
language, which might never be read and referenced
by foreign researchers. Inclusion of these studies not
only enhances the stability of our estimates but also
builds a bridge between these important information and
non-Chinese readers. Findings from our study can help
researchers in this field explore the prevalence of the
two polymorphisms in different populations; interpret
the prevalence gradient of related disorders and improve
the design of future gene-diseases association studies.
From a public health perspective, these data can provide
implications for Chinese government and policy makers
to design regional or ethnic preventive measures and to
evaluate the health care costs-benefits ratio. Apart from
these, our systematic review points out the limitations
and gaps in the existing literature, which provides an
important guide for future efforts.

Conclusions

Our study presents the most systematic assessment of
the current evidence on geographical and ethnic distri-
bution of the MTHFR C677T and A1298C polymor-
phisms and their associations with diseases among the
Chinese population, which otherwise would be impos-
sible to be obtained from fragmented investigations of
individual studies or isolated meta-analyses. Findings
from this study documented distinctive geographical and
ethnic variation in the prevalence of the two polymor-
phisms in China, although the estimates from several
regions and ethnicities were less precise due to small
sample size. Moreover, the two polymorphisms were
found to be significantly associated with a variety of
diseases; however, most of the significant associations
were assessed as having moderate or weak epidemio-
logical credibility, thus requiring careful caution in the
interpretation of results. These evidence-based genomic
data can serve several purposes (e.g. further prevalence
study into different populations, improved understand-
ing on gene-disease association especially the C677T
and A1298C polymorphism, etc.) and may be integrated
into future medical and public health practices. Given the
potential for interactions of MTHFR genes with environ-
ment factors and other genes on diseases, future large
studies with accurate measurement of the environmental
exposure and other related genes are warranted to explore
the gene-environment and gene-gene interactions, and
to confirm or refute the associations observed in our
meta-analysis. Also, future studies need to improve their
methodological quality and the reporting of their find-
ings, in order to increase the credibility of the evidence
accumulating over time.
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