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Abstract
Objective

We evaluated the interaction of serum folate and vitamin B;, with methylenetetrahydrofolate
reductase (MTHFR) C677T genotypes on the risk of first ischemic stroke and on the efficacy of
folic acid treatment in prevention of first ischemic stroke.

Methods

A total of 20,702 hypertensive adults were randomized to a double-blind treatment of daily
enalapril 10 mg and folic acid 0.8 mg or enalapril 10 mg alone. Participants were followed up
every 3 months.

Results

Median values of folate and B}, concentrations at baseline were 8.1 ng/mL and 280.2 pmol/L,
respectively. Over a median of 4.5 years, among those not receiving folic acid, participants with
baseline serum Bj, or serum folate above the median had a significantly lower risk of first
ischemic stroke (hazard ratio [HR], 0.74; 95% confidence interval [CI], 0.57-0.96), especially
in those with MTHFR 677 CC genotype (wild-type) (HR, 0.49; 95% CI, 0.31-0.78). Folic acid
treatment significantly reduced the risk of first ischemic stroke in participants with both folate
and By, below the median (2.3% in enalapril-folic acid group vs 3.6% in enalapril-only group;
HR, 0.62; 95% CI, 0.46-0.86), particularly in MTHER 677 CC carriers (1.6% vs 4.9%; HR,
0.24; 95% CI, 0.11-0.55). However, TT homozygotes responded better with both folate and
B, levels above the median (HR, 0.28; 95% CI, 0.10-0.75).

Conclusions

The risk of first ischemic stroke was significantly higher in hypertensive patients with low levels
of both folate and By,. Effect of folic acid treatment was greatest in patients with low folate and
B,, with the CC genotype, and with high folate and B,, with the TT genotype.
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Glossary

CI = confidence interval; CSPPT = China Stroke Primary Prevention Trial; HR = hazard ratio; IQR = interquartile range; MI =
myocardial infarction; MTHFR = methylenetetrahydrofolate reductase; tHcy = total homocysteine.

Stroke is a major cause of death and disability worldwide."”
There is increasing interest in identifying novel modifiable
risk factors to improve primary prevention of stroke and re-
duce the related severe disease burden.

Numerous prospective studies have shown a graded, independent
association between total homocysteine (tHcy) and stroke.””
Folate, vitamin B ,, and vitamin By deficiencies and reduced major
enzyme (such as methylenetetrahydrofolate reductase [MTHFR])
activities in folate and homocysteine metabolism may inhibit the
metabolism of homocysteine, thus increasing tHcy levels.®
Moreover, vitamin B,, and folate have direct antioxidant, antith-
rombotic, and endothelium-protective effects, and have a major
role in DNA synthesis or repair.”® Therefore, as expected, previous
randomized trials have shown that folic acid therapy composed of
folic acid, vitamin B,,, and vitamin B4 reduced the risk of ischemic
stroke.” ™ Furthermore, the beneficial effect on stroke was more
pronounced in trials conducted in populations without folic acid
fortification and with lower vitamin B, levels.'® This has led some
physicians to think that in countries with folate fortification, only
vitamin B;, was necessary for homocysteine lowering to prevent
stroke. More importantly, it appears that in the early randomized
trials of B vitamins for stroke prevention, toxicity from cyanoco-
balamin among study participants with impaired renal function
may have obscured the benefit of B vitamins.” However, the joint
effect of naturally occurring serum By, and folate, with MTHFR
C677T genotypes, on the risk of first ischemic stroke, and on the
efficacy of folic acid treatment in prevention of first ischemic stroke
has not been fully investigated in previous studies.

Hypertension is one of the most important risk factors for
stroke.'”" As such, our current study aimed to address the
above knowledge gap in hypertensive adults, using data from
the China Stroke Primary Prevention Trial (CSPPT)."*

Methods

Standard protocol approvals, registrations,
and patient consents

The CSPPT was registered in clinicaltrials.gov (identifier:
NCT00794885). The current study is a post hoc analysis of
the CSPPT. The parent study (the CSPPT) and the current
study were approved by the Ethics Committee of the Institute
of Biomedicine, Anhui Medical University, Hefei, China
(FWA assurance number: FWA00001263). Informed con-
sent was waived for the post hoc analysis.

Participants
Details regarding the study design and major results of the
CSPPT have been reported elsewhere."* Briefly, the CSPPT was
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a multicommunity, randomized, double-blind, controlled trial
conducted from May 19, 2008, to August 24, 2013, in 32
communities in China. Eligible participants were men and
women aged 45-75 years who had hypertension, defined as
seated, resting systolic blood pressure >140 mm Hg or diastolic
blood pressure >90 mm Hg at both the screening and re-
cruitment visit, or who were on antihypertensive medication.
The major exclusion criteria included history of physician-
diagnosed stroke, myocardial infarction (MI), heart failure, post
coronary revascularization, congenital heart disease, or current
supplementation by folic acid, vitamin B;,, or vitamin B,

Procedures

Eligible participants, stratified by MTHFR C677T genotypes
(CC [wild-type], CT, or TT), were randomly assigned, in a 1:
1 ratio, to 1 of 2 treatment groups: a daily tablet containing
10 mg enalapril and 0.8 mg folic acid (the enalapril-folic acid
group) or a daily tablet containing 10 mg enalapril only (the
enalapril-only group).

During the trial period, concomitant use of other antihyper-
tensive drugs (mainly calcium channel blockers or diuretics)
was allowed, but not B vitamins. Participants were scheduled
for follow-up every 3 months.

Laboratory assays

Serum folate and vitamin Bj, at baseline were measured by
a commercial laboratory using a chemiluminescent immu-
noassay (New Industrial, Shenzhen, China). Serum tHcy (at
both the baseline and the exit visit) and fasting lipids and
glucose at baseline were measured using automatic clinical
analyzers (Beckman Coulter, Brea, CA) at the core lab of the
National Clinical Research Center for Kidney Disease
(Nanfang Hospital, Guangzhou, China). MTHFR C677T
(rs1801133) polymorphisms were detected on an ABI
PRISM 7900HT sequence detection system (Life Technol-
ogies, Carlsbad, CA) using the TagMan assay.

Study outcomes

In the CSPPT, the primary outcome was first stroke (ischemic
or hemorrhagic). However, folic acid reduced only ischemic
stroke and did not affect hemorrhagic stroke.'* For that reason,
the primary outcome for this study was a first ischemic stroke
(fatal or nonfatal). The secondary outcomes included a first
stroke (ischemic or hemorrhagic), excluding subarachnoid
hemorrhage and silent stroke, and a composite of cardiovas-
cular events consisting of cardiovascular death, MI, and stroke.

All the study outcomes were reviewed and adjudicated by an
independent Endpoint Adjudication Committee, whose
members were unaware of study group assignments.
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Statistical analysis

Means (SD) and proportions were calculated for population
characteristics in accordance with the combined baseline fo-
late and B, levels (group 1: B}, <280.2 pmol/L [median] and
folate <8.1 ng/mL [median]; group 2: B;, <280.2 pmol/L
and folate > 8.1 ng/mL; group 3: Bj, >280.2 pmol/L and
folate <8.1 ng/mL; group 4: By, >280.2 pmol/L and folate
>8.1 ng/mL). The hazard ratios (HRs) and 95% confidence
intervals (CIs) for the risk of first ischemic stroke associated
with the combined baseline folate and B, levels were esti-
mated using Cox proportional hazards models in the
enalapril-only group without and with adjustment for major
covariates. Interactions of B;, and folate subgroups with
MTHFR C677T genotypes (CC [wild-type] vs CT or TT)
were examined by including interaction terms into the Cox
models. We further assessed the effect of folic acid treatment
on the total population (participants from the enalapril-only
group and the enalapril-folic acid group) on the prevention of
first ischemic stroke according to different By, and folate
strata by means of Cox proportional hazards regression both
before and after adjustment for the major covariates.

As a post hoc analysis, correction for multiple hypothesis
testing was not applied, and a 2-tailed p < 0.05 was considered
statistically significant in all analyses. R software, version 3.4.3
(R-project.org/), was used to perform all statistical analyses.

Data availability

The data, analytic methods, and study materials that support
the findings of this study will be available from the corre-
sponding authors on request, after the request is submitted
and formally reviewed and approved by the Ethics Committee
of the Institute of Biomedicine, Anhui Medical University,
Hefei, China.

Results

Study participants and baseline characteristics
In this study, a total of 20,499 participants (10,256 in the
enalapril-only group and 10,243 in the enalapril-folic acid
group) with baseline folate and B, measurements were included
in the final analyses (figure e-1, doi.org/10.5061/dryad.s4Sjd1v).

Baseline characteristics of participants in the total population,
the enalapril-only group, and the enalapril-folic acid group by
baseline folate and B, level subgroupings (groups 1-4) are
summarized in table e-1 (doi.org/10.5061/dryad.s4Sjd1v) and
tables 1 and e-2 (doi.org/10.5061/dryad.s45jd1v), respectively.
Median values of folate and B;, concentrations were 8.1 ng/mL
(interquartile range [IQR] 5.6-10.5) and 280.2 pmol/L (IQR
232.4-351.7), respectively, in the enalapril group. Compared
with participants in groups 2—4 at baseline, participants in
group 1 were older and had significantly higher body mass
index, creatinine, and tHcy; lower total cholesterol, high-
density lipoprotein cholesterol, and fasting glucose levels;
a lower prevalence of self-reported diabetes; lower usage of
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glucose-lowering drugs; and higher usage of antihypertensive
drugs at baseline. However, all the differences had small mag-
nitudes. Moreover, participants in group 1 were more likely to
be smokers and TT genotype carriers than were the other 3
groups (table e-3, doi.org/10.5061/dryad.s45jd1v).

Relationship of baseline serum B,; and folate
with baseline tHcy levels in the enalapril-

only group

Compared with participants with both lower By, and lower
folate levels (group 1) at baseline, significantly lower tHcy
levels were found in those with higher folate alone (group 2; ,
-2.7;95% CI, -3.1 to 2.3 pmol/L), higher B, alone (group
3; B, -3.1; 95% CI, -3.5 to —2.7 umol/L), both higher B}, and
higher folate (group 4; B, —4.1; 95% CI, —4.6 to —3.7 umol/L),
and higher B, or higher folate levels (groups 2-4; B, -3.3;
95% CI, —3.6 to —2.9 umol/L).

Similar results were found in participants with the MTHFR
677 CC, CT, or TT genotype (table e-4, doi.org/10.5061/
dryad.s4Sjdlv).

Interaction of baseline serum B, and folate
levels with MTHFR C677T genotypes on the risk
of first ischemic stroke in the enalapril-

only group

The median treatment duration was 4.5 years. Overall, there
was no significant association of baseline B, or folate levels
alone with the risk of first ischemic stroke (figure e-2 and table
e-S, doi.org/10.5061/ dryad.s45jdlv) in the enalapril-only
group. To make our findings more applicable to clinical
practice, folate and B, levels were both divided at the median
to create a low and high category (figure e-S, doi.org/10.
5061/dryad.s45jd1v).

Compared with participants in group 1 (both lower B, and
lower folate levels at baseline), a lower risk of first ischemic
stroke was found in those with higher folate alone (group
2: HR, 0.65; 95% CI, 0.45-0.93), higher B,, alone (group
3: HR, 0.79; 95% CI, 0.57-1.07), both higher B}, and
higher folate (group 4: HR, 0.77; 95% CI, 0.55-1.09), or
higher B, or higher folate levels (groups 2-4: HR, 0.74;
95% CI, 0.57-0.96) (table 2). Due to the similar risk re-
duction, we combined groups 2—4 together in the following
analysis.

When participants were stratified by baseline tHcy levels,
among those with lower (<12.5 pmol/L [median]) tHcy
levels, a significantly lower risk of first ischemic stroke was
found in those with higher folate alone (group 2: HR, 0.38;
95% CI, 0.20-0.72), higher B, alone (group 3: HR, 0.53;
95% CI, 0.31-0.91), both higher B}, and higher folate (group
4: HR, 0.55; 95% CI, 0.33-0.91), and higher B, or higher
folate levels (groups 2-4: HR, 0.50; 95% CI, 0.32-0.77),
compared with those in group 1. However, no significant
association was found in participants with higher tHcy levels

(table e-6, doi.org/10.506l/dryad.s45jdlv).
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Table 1 Participant characteristics by baseline vitamin B4, (median <280.2 vs >280.2 pmol/L) and folate (median <8.1 vs
>8.1 ng/mL) subgroups in the enalapril-only group®

Vitamin B, and folate

Group 1: B4» <280.2 and Group 2: B, <280.2 and Group 3: B4 2280.2 and Group 4: B4, 2280.2 and

Variables folate <8.1 folate 28.1 folate <8.1 folate 28.1
No. 2,836 2,301 2,319 2,800
Male, n (%) 1,422 (50.1) 754 (32.8) 1,061 (45.8) 962 (34.4)
Age,y 60.4+7.8 60.0+7.5 60.0+7.7 59.5+7.2
Body mass index, kg/m? 253+35 246+38 254 +3.6 245+37

MTHFR C677T polymorphisms, n (%)

cc 593 (20.9) 708 (30.8) 527 (22.7) 982 (35.1)

CcT 1,289 (45.5) 1,178 (51.2) 1,158 (49.9) 1,402 (50.1)

T 954 (33.6) 415 (18.0) 634 (27.4) 416 (14.8)
Current smoking 834 (29.4) 405 (17.6) 650 (28.0) 487 (17.4)

Blood pressure, mm Hg

Baseline SBP 166.9 + 20.4 165.8+19.8 169.3+21.4 166.1 + 20.0

Baseline DBP 943+123 929+11.8 95.5+12.0 93.5+11.9

Mean SBP during treatment 140.3+11.6 139.7+11.6 140.1 £ 11.5 1393+11.4
period

Mean DBP during treatment 834178 826+78 83.7+7.7 82.6+7.6
period

Self-reported hyperlipidemia 74 (2.6) 62(2.7) 67 (2.9) 72 (2.6)

Self-reported diabetes 63 (2.2) 62 (2.7) 97 (4.2) 111 (4.0)

Laboratory results, mmol/L

Total cholesterol 54+1.1 54+1.1 57+1.2 56+1.2
Triglycerides 1.7+1.0 1.6+09 1.8+1.0 1.6+0.9
HDL cholesterol 1.3+04 1.4+03 1.3+04 1.4+04
Fasting glucose 57+13 58+1.6 59+1.8 59+2.1
Folate, ng/mL 56+1.4 11.2+31 58+1.4 11.7+3.7
Total homocysteine, pmol/L 18.0+12.3 13.4+6.1 145+ 8.0 11.9+3.7
Creatinine, pmol/L 67.5+23.2 63.9+15.8 68.0+18.3 64.4+16.8
Vitamin B4, pmol/L 226.8 +£36.2 2283 +37.2 378.8 +129.1 390.2 £ 119.1

Medication use, n (%)

Antihypertensive drugs 1,365 (48.1) 1,014 (44.1) 1,173 (50.6) 1,219 (43.5)
Glucose-lowering drugs 23(0.8) 30(1.3) 48 (2.1) 50 (1.8)
Lipid-lowering drugs 19(0.7) 21(0.9) 20(0.9) 24 (0.9)
Antiplatelet drugs 86 (3.0) 73 (3.2) 96 (4.1) 65 (2.3)

Abbreviations: DBP = diastolic blood pressure; HDL = high-density lipoprotein; MTHFR = methylenetetrahydrofolate reductase; SBP = systolic blood pressure.
@ For continuous variables, values are presented as mean + SD.

When participants were stratified by the MTHFR C677T geno-  0.31-0.78; vs CT/TT genotype: HR, 0.83; 95% CI, 0.61-1.11; p
types, a stronger association (groups 2-4 vs group 1) was found  interaction = 0.044) (tables 2 and e-7, doi.org/10.5061/dryad.
in those with CC genotype (wild-type) (HR, 0.49; 95% CI,  s45jd1v), especially in those with higher (>12.5 pmol/L) baseline
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Table 2 Interaction of vitamin B, (median <280.2 vs > 280.2 pmol/L) and folate (median <8.1 vs =8.1 ng/mL) with
methylenetetrahydrofolate reductase (MTHFR) C677T genotypes on risk of first ischemic stroke in the enalapril-

only group

Vitamin B4, and folate

No. of events/no. of patients (%)

Hazard ratio (95% CI)®

Adjusted hazard ratio (95% CI)®

All participants in the enalapril-only group

Group 1: B4, <280.2 and folate <8.1

102/2,836 (3.6)

1.00 (ref)

1.00 (Ref)

Groups 2-4: B,, 2280.2 or folate 28.1, or both

184/7,420 (2.5)

0.68 (0.53-0.86)

0.74 (0.57-0.96)

Group 2: B4, <280.2 and folate >8.1

47/2,301 (2.0)

0.56 (0.39-0.79)

0.65 (0.45-0.93)

Group 3: B4 2280.2 and folate <8.1

71/2,319 (3.1)

0.85(0.63-1.15)

0.79 (0.57-1.07)

Group 4: B, >280.2 and folate >8.1 66/2,800 (2.4) 0.64 (0.47-0.87) 0.77 (0.55-1.09)
MTHFR C677T genotypes®
cc
Group 1 29/593 (4.9) 1.00 (Ref) 1.00 (Ref)
Groups 2-4 51/2,217 (2.3) 0.46 (0.29-0.72) 0.49 (0.31-0.78)
1T
Group 1 73/2,243 (3.3) 1.00 (Ref) 1.00 (Ref)
Groups 2-4 133/5,203 (2.6) 0.77 (0.58-1.03) 0.83(0.61-1.11)

Abbreviation: Cl = confidence interval.

@ Adjusted for age, sex, MTHFR C677T genotypes, body mass index, systolic and diastolic blood pressure, study centers, creatinine, total cholesterol, trigly-
cerides, high-density lipoprotein cholesterol, fasting glucose, smoking, and alcohol drinking status at baseline, as well as time-averaged systolic and diastolic

blood pressure during the treatment period.

® p Interaction between MTHFR C677T genotypes (CC vs CT/TT) and group (1 vs 2-4) = 0.044.

tHcy levels (p interaction = 0.014) (tables 2 and e-6, doi.org/10.
5061/ d.ryad.s45jd1v).

Similar results were found when folate levels were divided at
quartile 1 (5.6 ng/mL) (table e-8, doi.org/10.5061/dryad.
s45jd1v), as well as for first stroke (table e-9, doi.org/10.
5061/dryad.s45jd1v), and the composite of cardiovascular
events (table e-10, doi.org/10.5061/dryad.s45jd1v).

Effect of baseline serum B, and folate levels
with MTHFR C677T genotypes on the efficacy of
folic acid treatment in preventing first
ischemic stroke among the total population
Folic acid treatment significantly reduced tHcy levels. As
expected, a greater reduction of tHcy was observed in par-
ticipants in group 1 (both lower B}, and lower folate levels)
compared with those in groups 2-4 (table 3). Consistently,
folic acid treatment significantly reduced the risk of first is-
chemic stroke by 38% in participants in group 1 (HR, 0.62;
95% CI, 0.46-0.86) (figure 1 and table 4).

When participants were stratified by the MTHFR C677T gen-
otypes, among participants with CC genotype, the beneficial
effect was greater in participants in group 1 (HR, 0.24; 95% CI,
0.11-0.55; vs groups 2-4: HR, 0.72; 95% CI, 0.46-1.10; p
interaction = 0.016) (figures 2 and e-3, doi.org/10.5061/dryad.
s45jd1v, table 4). Similar trends were found in those with higher

Neurology | Volume 94, Number 11 | March 17, 2020

(>12.5 pmol/L [median]) or lower (<12.5 pmol/L) tHcy levels
(table e-11, doi.org/10.5061/ dryad.s45jdlv).

Among participants with the CT or TT genotype, a beneficial
effect was observed in participants in group 1 with lower
(<125 pmol/L) tHcy levels (HR, 044; 95% CI, 0.21-0.92).
Nevertheless, that benefit is not established in groups 2-4 with
higher (>12.5 pmol/L) tHcy levels (HR, 0.77; 95% CI, 0.54-1.08)
or in group 1 with higher (>12.5 ymol/L) tHcy levels (HR, 0.94;
95% CI, 0.63-1.41) (table e-11, doi.org/10.5061/dryad.s4Sjd1v).

However, among those with the 677 TT genotype, the greatest
benefit of folic acid treatment was found in participants in group 4,
those participants with both higher B, and higher folate levels at
baseline (HR, 0.28; 95% CI, 0.10-0.75) (figures 2 and e-3 [doi.
org/10.5061/dryad.s45jd1v] and table 4). The trends were similar
in those with higher (>12.5 pmol/L) or lower (<12.5 pmol/L)
tHcy levels (table e-11, doi.org/10.5061/ dryad.s45jd1v).

Similar results were found for first stroke (table e-12, doi.org/
10.5061/ dryad.s45jdlv) or composite of cardiovascular events
(table e-13, doi.org/10.5061/dryad.s45jd1v).

Discussion

A recent meta-analysis'> reported that folic acid therapy would
be beneficial for prevention of stroke, particularly in countries
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Table 3 Total homocysteine (umol/L) at baseline and after treatment by vitamin B4, (B12, median <280.2 vs > 280.2 pmol/
L) and folate (median <8.1 vs 8.1 ng/mL) subgroups and methylenetetrahydrofolate reductase (UTHFR) C677T
genotypes in the total population

Enalapril Enalapril-folic acid p Value
Total population
Group 1: B4, <280.2 and folate <8.1
Baseline 18.0(12.3) [2,793] 17.9(12.0) [2,742] 0.820
End of intervention 16.5(9.3) [2,407] 13.9(7.0) [2,364] <0.001
Change?® -1.2(8.7) [2,370] -3.9(10.4) [2,329] <0.001
Groups 2-4: B;, 2280.2 or folate 28.1, or both
Baseline 13.2(6.2) [7,335] 13.1(5.6) [7,379] 0.521
End of intervention 13.8(7.3) [6,082] 12.5(6.0) [6,078] <0.001
Change?® 0.7 (6.2) [6,007] -0.5(6.1) [6,018] <0.001
MTHFR 677 CC genotype
Group 1: B4, <280.2 and folate <8.1
Baseline 13.9(5.6) [579] 13.8 (7.0) [549] 0.712
End of intervention 14.3 (5.3) [494] 12.9 (5.5) [468] <0.001
Change?® 0.8 (4.8) [481] -0.8 (4.4) [462] <0.001
Groups 2-4: B;, 2280.2 or folate 28.1, or both
Baseline 12.1(3.6) [2,197] 12.2(3.8)[2,217] 0.839
End of intervention 13.0 (4.4) [1,798] 12.2(5.8)[1,812] <0.001
Change?® 0.9 (3.7)[1,779] 0.1 (5.0) [1,799] <0.001
MTHFR 677 CT genotype
Group 1: B4 <280.2 and folate <8.1
Baseline 14.8 (6.9) [1,268] 14.7 (6.1) [1,254] 0.676
End of intervention 15.0(7.3) [1,083] 13.3(4.7) [1,082] <0.001
Change?® 0.4 (5.4)[1,066] -1.4(4.9) [1,062] <0.001
Groups 2-4: B4, 2280.2 or folate 28.1, or both
Baseline 12.5(4.6) [3,700] 12.6 (4.2) [3,725] 0.544
End of intervention 13.3(6.2) [3,074] 12.3(4.7) [3,067] <0.001
Change® 0.9 (4.8) [3,040] -0.2 (4.4) [3,034] <0.001
MTHFR 677 TT genotype
Group 1: B4 <280.2 and folate <8.1
Baseline 24.7 (17.1) [946] 24.6 (16.6) [939] 0.880
End of intervention 19.7 (12.2) [830] 15.4(9.5) [830] <0.001
Change?® -4.5(12.3) [823] -8.9(15.1) [823] <0.001
Groups 2-4: B4, 2280.2 or folate 28.1, or both
Baseline 16.5(10.3) [1,438] 16.0(9.1) [1,437] 0.179
End of intervention 16.3(11.6) [1,210] 13.4(8.5) [1,199] <0.001
Change?® -0.3(10.8) [1,188] -2.5(9.9) [1,185] <0.001
Values are means (SD) (no. of participants with available data).
@ Total homocysteine after treatment minus that at baseline.
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Figure 1 Kaplan-Meier curves for first ischemic stroke by
treatment group and B,/folate subgroups
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Kaplan-Meier curves of cumulative hazards for first ischemic stroke by
treatment group in participants with (A) both lower vitamin B;, (median
<280.2 pmol/L) and lower folate (median <8.1 ng/mL) levels or (B) higher
vitamin B, (280.2 pmol/L) or higher folate levels (8.1 ng/mL) or both. Cl =
confidence interval; HR = hazard ratio.

where folic acid fortification is not in place. However, in
countries where folic acid fortification exists, the main nutri-
tional determinant of tHcy is Bj,, and biochemical By, de-
ficiency and metabolic B, deficiency (inadequate active B;,)
are common,'® so it may be important to add vitamin By, to
folic acid therapy, even in countries with folic acid fortification.
We found that patients with low levels of both folate and B,
had significantly higher risk of first ischemic stroke, especially in
those with the MTHFR 677 CC genotype (wild-type), sug-
gesting that folic acid therapy alone would not be optimal for
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reduction of stroke. Furthermore, in patients with low levels of
both folate and B, folic acid treatment reduced first ischemic
stroke for all such patients by 38%, and by 76% in those with
the MTHEFR 677 CC genotype.

The prospective relationship of serum B, or folate with the risk
of stroke is controversial. Van Guelpen et al’” suggested
a protective role for folate in hemorrhagic stroke, and found no
obvious association between B;, and either hemorrhagic or
ischemic stroke in a prospective, nested case-referent study.
Giles et al.'"® reported an inverse association between serum
folate and ischemic stroke in black but not in white patients.
The Kuopio Ischaemic Heart Disease Risk Factor Study'
showed that men in the highest third of serum folate concen-
trations had an adjusted relative risk (RR) for any stroke of 0.35
(95% CI, 0.14-0.87), compared with men in the lowest third.
Only one previous case—cohort study20 comprising 779 con-
trols and 188 incident cases of cerebral ischemia (ischemic
stroke or TIA) by Weikert et al.*® evaluated the combined
effect of folate and B;, on stroke. Consistent with our study, the
authors found that the combination of low B;, with low folate
levels significantly increased the risk of cerebral ischemia.
However, this study had rather limited stroke cases, and did not
consider possible confounding factors such as MTHFR C677T
genotypes, blood pressure control, and renal function.

A previous meta-analysis that focused on genetic studies and
prospective studies concluded that a 3 ymol/L homocysteine
decrease could reduce the risk of stroke by 24%.* Consistent
with this prediction, in the current study, among participants
in the enalapril-only group, a tHcy reduction of 3.3 ymol/L
was seen between group 1 (both lower B, and lower folate
levels) and groups 2—4 (higher B, or higher folate levels or
both), and was associated with a 26% stroke risk reduction.
However, the stroke risk reduction between group 1 and
groups 2—4 was mainly found in participants with lower tHcy
levels. In fact, in addition to its effect on tHcy levels, folate has
direct antioxidant and antithrombotic effects, and can ame-
liorate endothelial dysfunction.7 B, insufficiency is also as-
sociated with a reduction in glutathione and serum total
antioxidant capaci‘fy.8 More importantly, B,, and folate play
a fundamental role in DNA synthesis or repair. These results
suggest that the increased stroke risk may be associated with
both lower vitamin (folate or Bj,) and higher tHcy levels.
Among those with higher tHcy levels in the enalapril-only
group without additional supplementation, the relatively
higher folate or B, levels were still insufficient to fully correct
for deficiencies and excesses in vitamin and tHcy levels.

MTHER is a key enzyme involved in folate metabolism. The
common MTHEFR gene 677C—T polymorphism is associated
with reduced enzyme activity (30% reduction in CT and 70%
reduction in TT), resulting in decreased folate and increased
tHcy levels.® Our previous study suggested that baseline tHcy
was associated with an increased risk of first stroke among
participants with the CC/CT genotype, but not among those
with the TT genotype.”' Moreover, folic acid intervention
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Table 4 Effect of folic acid therapy on first ischemic stroke by vitamin B4, (median <280.2 vs >280.2 pmol/L) and folate
(median <8.1 vs 28.1 ng/mL) subgroups, and methylenetetrahydrofolate reductase (MTHFR) C677T genotypes, in

the total population

Enalapril, n Enalapril-folic acid, Hazard ratio Adjusted hazard ratio p for
Vitamin B, and folate (%) n (%) (95% Cl) (95% Cl)® interaction?
Total population
Group 1: B4, <280.2 and folate <8.1 102 (3.6) 64 (2.3) 0.64 (0.46-0.87) 0.62 (0.46-0.86) Ref
Groups 2-4: B, >280.2 or folate >8.1, 184 (2.5) 156 (2.1) 0.84 (0.68-1.04) 0.84 (0.67-1.05) 0.130
or both
MTHFR C677T genotypes 0.055°
cc
Group 1 29 (4.9) 9(1.6) 0.32(0.15-0.68) 0.24 (0.11-0.55) Ref
Groups 2-4 51(2.3) 37(1.7) 0.72 (0.47-1.10) 0.72(0.46-1.10) 0.016
CT/TT
Group 1 73(3.3) 55 (2.5) 0.76 (0.53-1.07) 0.78 (0.55-1.10) Ref
Groups 2-4 133 (2.6) 119 (2.3) 0.89 (0.70-1.14) 0.88(0.68-1.13) 0.582
MTHFR 677 TT genotype
Groups 1-3 68 (3.4) 51 (2.6) 0.76 (0.53-1.09) 0.79 (0.55-1.15) Ref
Group 4 15(3.6) 6(1.4) 0.38(0.15-0.97) 0.28 (0.10-0.75) 0.044

Abbreviation: Cl = confidence interval.

@ Adjusted for age, sex, MTHFR C677T genotypes, body mass index, systolic and diastolic blood pressure, study centers, creatinine, total cholesterol, trigly-
cerides, high-density lipoprotein cholesterol, fasting glucose, smoking, and alcohol drinking status at baseline, as well as mean systolic and diastolic blood

pressure during the treatment period.

® Three-way interaction test: p interaction of MTHFR C677T genotypes (CC vs CT/TT), group (1 vs 2-4), and folic acid treatment.

mainly reduced the stroke risk in participants with the TT
genotype and lower tHcy levels.”' Accordingly, our current
study found that a greater tHcy reduction between group 1
(both lower B;, and lower folate levels) and groups 2-4
(higher B, or higher folate levels or both) in those with the
MTHEFR 677 TT genotype did not lead to a greater risk re-
duction of stroke risk. More importantly, among MTHFR 677
TT carriers, the greatest benefit of folic acid treatment was in
those with higher baseline levels of both B, and folate (group
4) regardless of baseline tHcy levels. We speculate that TT
carriers may require a higher dose of folic acid, in addition to
B, supplementation, to further lower the stroke risk.

Our previous study also found that folic acid treatment signifi-
cantly reduced stroke risk in participants with CC/CT geno-
types and higher tHcy levels*! Our current study further
suggested that among those with higher tHcy levels, the greatest
benefit of folic acid treatment still occurred in those with the CC
genotype and low levels of both folate and B, (group 1), while
a beneficial trend was also observed in participants in groups
2-4 (higher B,, or higher folate levels or both) regardless of
genotype. The lack of benefit from folic acid treatment in par-
ticipants in group 1 with the CT/TT genotype may be due to
the inability of folic acid treatment to fully correct the tHcy
levels in those groups. However, even among those with lower
tHcy levels, folic acid treatment significantly reduced the stroke

Neurology.org/N

risk in group 1 (both lower B,, and lower folate levels), espe-
cially in those with the CC genotype. S,10-Methylene-THF is
involved in the conversion of deoxyuridylate monophosphate to
deoxythymidylate monophosphate, and low levels of $,10-
methylene-THF can lead to an increased ratio of deoxyuridine
monophosphate to deoxythymidine monophosphate, inducing
uracil mjsincorporation.22 DNA damage has been associated
with increased cardiovascular disease.”*** The enzyme MTHFR
irreversibly reduces S,10-methylene-THF to S-methyl-THF.
We hypothesize that when B, and folate are both insufficient,
a less active form of MTHFR could possibly lead, all other
factors being equal, to an accumulation of 5,10-methylene-THF,
which leads to a presumably protective effect against DNA
damage.25 As such, MTHFR 677 CC carriers are possibly more
sensitive to the increase of tHcy and insufficiency of folate and
B,,, and thereby benefit more from folic acid treatment. Con-
sistently, among participants in group 1 (low levels of both
folate and B,,), the higher ischemic stroke risk was found in
participants who were MTHFR CC carriers (4.9% vs 3.3% in
CT or TT carriers) (table 2) in our current study. These results
indicate that the levels of both folate and B;, and tHcy should be
considered in the prediction and prevention of stroke.

Our previous meta-analysis of randomized trials lends further

support to our current findings. We found that among trials
conducted in populations without folic acid fortification, the
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Figure 2 Folic acid therapy effect on first ischemic stroke by B;,/folate subgroups and methylenetetrahydrofolate re-

ductase (MTHFR 677) genotypes (CC/TT)
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12 12
and folate

Enalapril
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Effect of folic acid therapy on first ischemic stroke by vitamin B, (median <280.2 vs >280.2 pmol/L) and folate (median <8.1 vs 8.1 ng/mL) subgroups and
MTHFR C677T genotypes (CC and TT genotype) in the total population. *Group 1: B;, <280.2 pmol/L and folate <8.1 ng/mL; group 2: B4, < 280.2 pmol/L and
folate 8.1 ng/mL; group 3: By 2280.2 pmol/L and folate <8.1 ng/mL; group 4: By, 2280.2 pmol/L and folate 8.1 ng/mL; adjusted for age, sex, body mass
index, systolic and diastolic blood pressure, study centers, creatinine, total cholesterol, triglycerides, HDL cholesterol, fasting glucose, smoking and alcohol
drinking status at baseline, and mean systolic and diastolic blood pressure during the treatment period. Cl = confidence interval.

benefit of folic acid therapy in stroke prevention was mainly
found in trials of populations with lower baseline B;, levels
(<2834 pmol/L: RR, 0.78; 95% CI, 0.68-0.89; vs >283.4
pmol/L: RR, 1.00; 95% CI, 0.86-1.16; p interaction = 0.049)."°
However, due to the apparent toxicity of cyanocobalamin
among patients with impaired renal function,”*® the potential
benefits of a combined treatment of methylcobalamin and folic
acid should be further investigated in future studies.”

Inadequate folate intake and B, insufficiency are prevalent in
most countries without folic acid fortification. Even in the era
of post folic acid fortification and widespread use of vitamin
supplementation, there is substantial variability in blood folate
levels within the US population and across racial/ethnic
groups.27 Although biochemical B, deficiency is usually de-
fined as a serum B, <150 pmol/L, metabolic B, deficiency is
common among patients with a serum B, <248 pmol/ L1626
Our study suggests that higher doses of folic acid should be
used to ensure adequate doses for persons with the MTHFR
677 TT genotype, and B, (probably as methylcobalamin)
should be combined with folic acid to maximize reduction of
stroke, even in countries with folic acid fortification.

The prevalence of the 677 CT and TT genotypes of MTHFR
was much higher in this Chinese population than previously
reported in other populations. We found that 27% had CC,
49% had CT, and 24% had the TT genotype. In contrast, in
a study population mainly of European origin, Spence et al.”*
reported that 40.4% had CC, 46.6% had CT, and only 13%
had TT genotypes. This may account for the much higher
prevalence of hyperhomocysteinemia in China than in other
populations. Yang et al*’ reported a Chinese population
prevalence of tHcy >15 pmol/L of 27.5%. In contrast, in
a French population-based study,30 the prevalence of tHcy
>1S pmol/L was only 9.6% in men and 3.2% in women. The
higher prevalence of the T allele in our population may have
made it possible to observe the differences in response to folic
acid that we observed among the MTHFR genotypes.
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Our study had some limitations. First, this is a post hoc sec-
ondary analysis that did not take multiple testing into con-
sideration; therefore, additional research is needed to further
investigate and confirm our findings and determine an opti-
mal dosage and strategy for folic acid and By, therapy that is
based on an individual's MTHFR 677 genotype. Second, the
CSPPT used a fixed dose of folic acid (0.8 mg daily). While
this is believed to be a reasonable dose according to previous
studies,">" the relatively low dose of folic acid made it pos-
sible to recognize that a higher dose folate is probably needed
for patients with the TT genotype. Third, our study was
conducted in Chinese hypertensive patients, and more studies
are needed to confirm our findings in other populations with
similar and different characteristics. Another limitation of the
CSPPT is the lack of classification of ischemic stroke sub-
types, such as large artery disease, small artery disease, or
cardioembolic stroke. In addition, we did not have folate or
B, measurements at the cellular level. Therefore, our results
are merely hypothesis-generating. Confirmation of our find-
ings in an independent population is essential.

The combination of lower folate and lower B, levels significantly
increased the risk of first ischemic stroke in hypertensive patients.
Folic acid treatment reduced the first ischemic stroke risk for such
patients by 38%. Effect of folic acid treatment was greatest in
patients with low folate and B, with the CC genotype, and with
high folate and B, with TT genotypes. This finding suggests that
folic acid fortification (which delivers ~400 pg/d of folic acid)
may not be adequate for TT homozygous patients, so treatment
with By, alone may not be sufficient for prevention of stroke in
countries with folate fortification.

These results are applicable to individuals receiving B vitamin
therapy to lower tHcy for preventive purposes, and may also aid
health care administrators in developing appropriate strategies
that are based on specific population characteristics when imple-
menting or creating guidelines for mandatory folic acid or By,
fortification.
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