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Objective: Folic acid supplementation has been shown to be an effective agent for improving
endothelial function, a prognostic factor for cardiovascular disease; but its effects on systolic
and diastolic blood pressure in hypertensive individuals has been met with mixed results.
Therefore, the purpose of this study was to provide a comprehensive meta-analysis of
randomized controlled trials to investigate the effect of high-dose folic acid supplementation
on blood pressure and endothelial function in hypertensive patients.
Methods: Twelve randomized controlled trials published between 1970 and December 2007
were identified using Medline and a manual search. All 12 studies used hypertensive subjects
who were supplemented with at least 5000 μg/d of folic acid for between 2 and 16 weeks. Three
separate meta-analyses were carried out using a random-effects model, and the overall effect
sizes were calculated for changes in systolic and diastolic blood pressures and for changes in
endothelial function as measured through the percentage of change in flow-mediated dilation.
Results: The pooled estimate of effect of folic acid supplementation on systolic and diastolic
blood pressure was −2.03 mm Hg (95% confidence interval [CI], −3.63 to −0.43; P = .04) and
0.01 mm Hg (95% CI, −1.12 to 1.13; not significant), respectively. The pooled estimate of
effect of folic acid supplementation on change in flow-mediated dilation was 1.61% (95% CI,
1.27 to 1.96; P = .000).
Conclusion: Based upon the studies used in this meta-analysis, supplementation with at least
5000 μg/d of folic acid, for a minimum of 6 weeks, can lower systolic blood pressure slightly;
but the real clinical benefit is achieved through improved endothelial function.
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Introduction

Hypertension affects at least one quarter of the adult
population in the United States and is an important
determinant of the incidence of coronary heart disease.1

It has been demonstrated that low serum folate levels are
related to increased cardiovascular risk.2-4 Epidemio-
logic evidence suggests that a deficiency of folic acid
may lead to hypertension, and a negative association
between plasma folic acid and blood pressure (BP) has
been reported.5 However, this association only suggests
that the intake of extra folic acid lowers BP; and clinical
trials performed to assess the effect of folic acid
supplementation on BP in hypertensive individuals
have been met with mixed results.6-12

Folic acid has also been shown to significantly
improve endothelial dysfunction.13-16 These findings
are clinically significant because endothelial dysfunc-
tion is observed to play an active role in the
pathophysiologic mechanisms leading to coronary
heart disease.17,18 An important noninvasive surrogate
of endothelial dysfunction is flow-mediated dilation
(FMD), which has been demonstrated to be a good
predictor of subsequent cardiovascular events.19,20 This
widely applied surrogate measure of coronary heart
disease risk involves occlusion of the brachial artery
with a pneumatic tourniquet for 5 minutes. Afterward,
the pressure is released; and the reactive hyperemia that
results, which is due to the increased brachial artery
blood flow and subsequent shear stress on the
endothelial walls, is imaged and measured using high-
resolution ultrasound. A number of recent studies have
shown that folic acid supplementation can result in a
significant improvement in FMD6,11,21,22; however, a
couple of studies have shown no such findings,23-25

especially those studies that used low-dose folic acid
supplementation (400-800 μg).26-28

To address the inconsistency in the literature, a meta-
analysis was conducted recently that showed that folic
acid improved endothelial function via improvements
in FMD; but this article failed to conduct an analysis on
the more traditional clinical measures of systolic and
diastolic BP.29 Furthermore, the authors of this meta-
analysis confounded their overall estimate of effect by
including in their pooled analysis the studies that used
low-dose folic acid supplementation. Based on these
shortcomings, it was deemed necessary to conduct a
comprehensive meta-analysis of randomized placebo-
controlled trials that used high-dose folic acid supple-
mentation (5000-10 000 μg/d) to determine if reduc-
tions in systolic and diastolic BP as well as an increase
in percentage of change in FMD (%FMD) in patients
with hypertension were at all possible.
Methods

Selection of studies

A comprehensive PubMed literature search was
performed to locate relevant randomized controlled
trials published between 1966 through December 2007.
The following headings were combined using the
following Boolean operation: (Folic Acid OR Folate)
AND (Blood Pressure OR Hypertension OR Hyper-
tensive OR Endothelial OR Flow Mediated). The
search was restricted to key terms located in the title/
abstract and was also restricted to studies published in
English-language journals. Only full-length original
journal articles were considered. No attempt was made
to include abstracts or unpublished studies. A manual
search was also conducted by using reference lists from
original research papers and review articles.

To be included in the meta-analysis, a study had to
meet the following criteria: (1) the study was conducted
using hypertensive human subjects (systolic BP N130
mm Hg); (2) there was at least single-blinded, random
allocation of study participants to either folic acid
treatment or placebo-controlled groups; (3) folic acid
was given orally with a minimum dose of 5000 μg/d;
(4) the intervention was equal to or greater than 2 weeks
and less than or equal to 16 weeks; and (5) the study
reported the mean BP changes for systolic and diastolic
BPs and/or the %FMD in both the treatment and
control groups. Studies that reported either BP or %
FMD changes alone, assuming all other criteria were
met, were included in the study.

Twelve studies met the eligibility criteria and were
included in the meta-analysis.6-12,21-25 Although 45
potentially relevant studies were identified and
screened, 33 trials did not meet the eligibility criteria
for the meta-analysis. Major reasons for exclusion of
studies were (1) cointervention with other therapies
(10 trials); (2) nonhypertensive subject populations
(6 trials); (3) not randomized (3 trials); (4) a treatment
duration of less than 2 weeks or greater than 12 weeks
(3 trials); (5) folic acid dose less than 5000 μg (2 trials);
(6) use of children as subjects (2 trials); (7) study
populations overlapped with other published studies
(1 trials); and (8) an absence of data to calculate the net
mean change in BP or FMD from baseline to end of
follow-up (6 trials). Fig 1 shows the number of studies



Fig 1. Study selection process for inclusion in the meta-
analysis investigating the effects of folic acid supplementa-
tion on BP and %FMD changes in hypertensive patients.
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that were identified and excluded at different stages of
the selection process.

Two studies7,8 included in the BP analysis that did
report measures on FMD were excluded from the FMD
analysis because they did not report %FMD, but had
reported their results as the baseline diameter in
millimeters and the diameter increase postarterial
occlusion in micrometers. The %FMD could have
been calculated from the available data; but the
variance would have to be estimated, and such an
estimate would have introduced an unknown amount of
uncertainty into the meta-analysis calculation. There-
fore, the decision was made to exclude these 2 articles
from the %FMD analysis.

Data abstraction and statistical analysis

Information on sample size, participant character-
istics, study design, folic acid dosage, duration, and
treatment results were abstracted from the 12 clinical
trials and entered into a Microsoft Excel (Microsoft Inc,
Redmond, WA) spreadsheet. To calculate the overall
effect size, each study was weighted by the reciprocal
of the variance for either BP or %FMD changes.
Variances for BP net changes between treatment and
control groups were provided for 2 studies, whereas the
variances for the remaining 10 studies were calculated
using the variances at baseline and at the end of follow-
up based on the methodology of Follmann et al.30 In
this method, a correlation coefficient of 0.5 between
initial and final measures was assumed. Within each
trial, equal variance was assumed between the control
and intervention groups, as well as between the
beginning and end of each trial. For parallel and
crossover trials, net changes in BP or FMD were
calculated as (BP or FMD at end of follow-up in the
treatment group − BP or FMD at baseline in the
treatment group) − (BP or FMD at end of follow-up in
the control group − BP or FMD at baseline in the
control group).

Estimates of the mean effect of folic acid
supplementation on BP and FMD as well as the
corresponding 95% confidence intervals (CIs) were
calculated using random-effects models. The assump-
tion of heterogeneity implied by the use of the
random-effects model was plausible because of
differences between trials in such aspects as duration
of the trial, dosages used, and sample populations that
differed by age and sex. To examine potential
publication bias, sample size was plotted against
effect size. Data analysis was performed using
Comprehensive Meta-Analysis software version 2.0
(Biostat, Englewood, NJ).
Results

Participant characteristics and study designs

Participant and study design characteristics for the
8 randomized controlled trials included in the BP
meta-analysis are presented in Table 1. Collectively,
the 8 trials that were conducted between 1991 and
2007 included a total of 293 subjects (222 in both the
folic acid supplementation and control groups). All of
the trials were conducted in adults, with an age range
of 32 to 58.9 years. Men were the majority in 7 of the
8 trials, with the pooled population being made up of
83.1% men. Four trials had a parallel double-blind
design, and 4 used a crossover double-blind design.
The study duration varied from 2 to 16 weeks, with a
median duration of 6 weeks. Folic acid supplementa-
tion for 6 of the 8 trials was 5000 μg/d, whereas 2
trials used 10 000 μg/d. The baseline systolic and
diastolic BPs ranged from 131 to 139 mm Hg and 73
to 83 mm Hg, respectively. The weighted average
baseline systolic and diastolic BPs were 133.2 and
76.8 mm Hg, respectively.

Participant and study design characteristics for the
8 randomized controlled trials included in the FMD
meta-analysis are presented in Table 1. Collectively,
the 8 trials that were conducted between 1991 and
2007 included a total of 372 subjects (237 in both the
folic acid supplementation and control groups). All of



Table 1 Population and baseline characteristics of the 12 trials included in the BP and FMD meta-analyses

Source and
Year (ref)

Sample
Size

Mean
Age, y

Male,
%

Study
Design

Folic Acid/
d, mg

Duration,
wk

Baseline Measures

Systolic BP,
mm Hg

Diastolic BP,
mm Hg

% FMD

Woo et al 199921 17 54 88 XD 10 8 5.7
Thambyrajah
et al 200023

100 61.5 73 PD 5 12 3.7

Title et al 20006 50 58.9 80 PD 5 16 132 80 3.0
Doshi et al 20017 50 57 88 XD 5 6 133 73
Thambyrajah et al 200124 86 63.2 87 PD 5 12 3.6
Doshi et al 20028 33 55.5 90 PD 5 6 132 73
Lekakis et al 200422 34 56.5 85 PD 5 4 139 78 5.2
Woodman et al 200425 26 49 69 XD 5 8 7.2
Mangoni et al 20059 26 56.5 54 PD 5 4 137 77
Williams et al 200510 41 32 100 XD 5 3 131 74
Title et al 200611 19 54.5 47 XD 10 2 133 83 3.1
Moens et al 200712 40 56.5 92.5 XD 10 6 131 76 4.0

XD, Crossover double blind; PD, parallel double blind.
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the trials were conducted in adults, with an age range
of 49 to 63.2 years. Men were the majority in 7 of the
8 trials, with the pooled population being made up of
79.4% men. Four trials had a parallel double-blind
design, and 4 used a crossover double-blind design.
The study duration varied from 2 to 16 weeks, with a
median duration of 6 weeks. Folic acid supplementa-
tion for 5 of the 8 trials was 5000 μg/d, whereas 3
trials used 10 000 μg/d. The baseline %FMD change
ranged between 3.0% and 5.7%, with a weighted
average of 4.1%.
Fig 2. Net change (and 95% CI) in systolic BP associated with f
by the inverse of the total variance of each trial.
Net change in BP and %FMD

The individual trial results along with the 95% CIs
and the overall pooled estimates of effect in both
systolic and diastolic BPs are shown in Figs 2 and 3,
respectively. Folic acid's effects on systolic BP
illustrate that 5 of the 8 trials presented with an
intervention-related trend toward a reduction in systolic
BP, but with only 1 of the 5 showing a statistically
significant reduction (P b .05) in BP when compared
olic acid supplementation. The overall effect size is weighted



Fig 3. Net change (and 95% CI) in diastolic BP associated with folic acid supplementation. The overall effect size is weighted
by the inverse of the total variance of each trial.
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with the control group (Fig 2). For diastolic BP, a trend
toward intervention-related reduction was observed in
only 3 of the 8 trials, but with none of these showing a
statistically significant reduction in BP when compared
with the control group (Fig 3). The overall pooled
estimate of effect of folic acid supplementation on
systolic BP resulted in a pressure reduction of 2.03 mm
Hg (95% CI, −3.63 to −0.43; P = .04). This reduction
in BP was just barely statistically significant. The
overall pooled estimate of effect of folic acid
supplementation on diastolic BP resulted in an increase
Fig 4. Net change (and 95% CI) in %FMD associated with folic
the inverse of the total variance of each trial.
in pressure of 0.01 mm Hg (95% CI, −1.12 to 1.13;
not significant).

The individual trial results for the change in %FMD
and the pooled estimate of effect are presented in Fig 4.
Folic acid's effects on %FMD showed that all 8 of the
trials presented with an intervention-related trend
toward an increase in %FMD, with 5 of the 8 showing
statistically significant increases (P b .05) when
compared with their control groups (Fig 4). The overall
pooled estimate of effect of folic acid supplementation
acid supplementation. The overall effect size is weighted by
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on %FMD change resulted in an increase of 1.61%
(95% CI, 1.27 to 1.96; P = .000).

Both the BP and %FMD plots of sample size vs
effect size showed a typical “funnel” shape with little
variation in effect size for large sample studies and
increasing spread of effect size with smaller sample
sizes. In both cases, the distribution of effects sizes seen
in the individual studies was symmetrically distributed
around the pooled mean effect size.
Discussion

This is the first meta-analysis to provide a
comprehensive examination of the effects of folic
acid supplementation on both BP and %FMD together.
The overall effect sizes observed in this meta-analysis
included a 2.03 mm Hg reduction in systolic BP, a
0.01 mm Hg increase in diastolic BP, and a 1.61 %
increase in %FMD change. Although the reduction in
systolic BP was just barely statistically significant, this
small change could potentially translate to a 4%
reduction in coronary heart disease risk.31-33 Further-
more, the significant increase in %FMD could similarly
translate to a 5% reduction in coronary heart disease
risk.34 In 1 epidemiologic study comparing endothelial
dysfunction with cardiovascular risk prediction, it was
shown that patients who had a past cardiovascular
event possessed %FMD measures that were 1.80% less
than patients who had no past cardiovascular events.35

The effects of folic acid supplementation on systolic BP
and %FMD are consistent with epidemiologic observa-
tions that there exists an inverse relationship between
BP and plasma folate status.36 It has not escaped our
notice that this meta-analysis supports that folic acid
supplementation has the potential to positively impact
cardiovascular disease rates.

One possible explanation for folic acid's nonsigni-
ficant observable effect on diastolic BP may be because
the baseline diastolic BP values were starting below 90
mm Hg, and so there was no considerable room for
improvement when subjects were supplemented with
folic acid. Another possible reason is that the folic acid
dose used was too small to achieve an observable
effect, as it was illustrated that 30 000 μg/d was able to
drop diastolic BP from 75 to 70 mm Hg in a patient
population with coronary artery disease.37

The %FMD change with high-dose folic acid
supplementation (5000-10 000 μg/d) determined in
this meta-analysis was comparable with the finding in a
previous meta-analysis (1.61% vs 1.42%, respec-
tively).29 The authors of this previous meta-analysis
also showed that low-dose folic acid supplementation
(400-800 μg/d) had no appreciable effect on changes in
%FMD, as the pooled effect size for 4 of these studies
was only −0.07%. This suggests that folic acid's effects
on %FMD change are achievable when supplemental
doses are in the range of 5000 μg/d and above.

In regard to mechanism of action, the primary
mechanism proposed for the effect of folic acid on
endothelial function is a reduction in plasma homo-
cysteine concentrations by remethylation of homo-
cysteine back to methionine.38 Homocysteine
increases oxidative stress by increasing superoxide
anion production that results in a down-regulation of
nitric oxide (NO) production.39,40 Several studies
have observed homocysteine to be positively asso-
ciated with BP,41,42 and a couple of studies have
shown that homocysteine-lowering vitamin treatments
have shown a decrease in BP.16,43 Hypertension has
been shown to be associated with impaired NO
production.44 It has been shown that endothelial
dysfunction can be induced in healthy subjects, as
measured by using FMD, with oral methionine load–
induced hyperhomocysteinemia.38,45 Hyperhomocys-
teinemia has emerged as an independent risk factor for
cardiovascular disease; and it was shown that, for
each 3 μmol/L increase in plasma homocysteine, the
risk of coronary heart disease increased approximately
11%.46 In this meta-analysis, the average weighted
decrease in homocysteine was calculated to be
approximately 2.5 μmol/L. This reduction in homo-
cysteine should therefore translate to a reduction in
coronary heart disease risk by approximately 9%,
which is somewhat higher than the surmised average
calculations made previously in the first paragraph
based on the observed decrease in systolic BP and
increase in %FMD change. It therefore remains
controversial as to whether the endothelial dysfunc-
tion is mediated directly by homocysteine, as
numerous studies have shown that the acute admin-
istration of folic acid improved endothelial function
without any effects on homocysteine concentra-
tions.12,16,47 If the effects of folic acid on %FMD
change are largely independent of a homocysteine-
lowering effect, then some other mechanisms must
contribute to the benefit of high-dose folic acid
supplementation on endothelial dysfunction; and 3
such possibilities will be further addressed.

First, folic acid was shown to have antioxidant
properties that can directly scavenge superoxide anions
that are capable of destroying the enzyme endothelial
nitric oxide synthase (eNOS), its cofactor tetrahydro-
biopterin (BH4), and its NO product.7,47 Hypertension
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is associated with an imbalance in antioxidant status,
suggesting that oxidative stress is an important driving
factor in the pathogenesis of hypertension. However,
folic acid's scavenging potency is 20-fold lower than
the scavenging ability of vitamin C,48 a well-known
antioxidant and known chemical stabilizer of BH4.49-51

Furthermore, folic acid's antioxidant ability has been
questioned because it was shown to be unable to reduce
the cellular concentrations of malondialdehyde, an end
product of lipid peroxidation.6,7

Second, the eNOS cofactor BH4 plays a crucial role
in regulating NO and superoxide production.52-55

Normally, BH4 concentrations are adequate and
eNOS will transform L-arginine into NO; but reactive
oxygen species such as superoxide can oxidize BH4 to
its inactive metabolite BH2. This of course leads to a
reduction in BH4 availability and promotes eNOS
uncoupling.56 The uncoupling of eNOS results in the
generation of superoxide rather than NO, which
contributes to vascular oxidative stress, and further
reduces NO availability.57 Hence, folic acid may rescue
or stabilize BH4 by stimulating the regeneration of BH2

to BH4, thereby leading to an increased BH4 concen-
tration that can recouple the eNOS enzyme and
therefore increase NO production.58 However, a recent
study found that folic acid was able to reverse the
endothelial dysfunction induced by BH4 depletion
independently of either the regeneration or stabilization
of BH4.59 This last finding therefore leads us to our
third possible mechanism of action.
Fig 5. Proposed mechanism showing the relationship betwee
increase in synthesis, action, or positive influence; dashed lines rep
influence. [high] indicates high concentrations of BH4; [low], low
Third, folic acid may directly improve NO produc-
tion by enhancing the enzymatic activity of eNOS.48,60

This is a result of folic acid containing a pteridine ring,
which is molecularly similar to the ring structure found
in BH4. This ring structure allows folic acid to bind to
the pteridine-binding site of eNOS, therefore mimick-
ing BH4 and resulting in an increased synthesis of NO.
Fig 5 illustrates all of the mechanisms described in the
preceding paragraphs.

Another possible effect of folic acid on endothelial
dysfunction is that the effects are mediated through
non-NO pathways. However, studies that have inves-
tigated folic acids action on other markers of
endothelial dysfunction have shown no possible
role.61 This study failed to show any significant
alteration in blood-borne markers of endothelial
dysfunction such as E-selectin, von Willebrand factor,
or thrombomodulin. Another more recent study also
found no changes in plasma markers such as C-reactive
protein, intercellular adhesion molecule, vascular cell
adhesion molecule, interleukin-18, or tumor necrosis
factor–α.11

Although a reduction in systolic BP and an increase
in %FMD by folic acid supplementation may possibly
translate to a drop in coronary heart disease risk by
approximately 5%, a recent meta-analysis of 12
randomized controlled trials using 16 958 participants
had found that folic acid supplementation had no effect
on reducing the risk of coronary heart disease.62 It
should be noted that half of the studies included in this
n folic acid and endothelial function. Solid lines represent
resent decrease or inhibition of synthesis, action, or negative
concentrations of BH4.
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meta-analysis used folic acid dosages that were much
less than 5000 μg/d. This begs the question then that the
changes in BP and %FMD, along with the concomitant
changes in coronary heart disease risk, may only be
observed when folic acid doses are in the order of 5000
μg/d or greater. Several ongoing trials with large sample
sizes might provide a definitive answer to this important
clinical and public health question.63,64

Because high-dose folic acid supplementation at
doses of 5000 to 10 000 μg/d may be necessary to
achieve the clinical benefits in reducing coronary heart
disease rates, there is concern that, in populations with
vitamin B-12 deficiencies (such as the elderly and
vegans), high-dose folic acid supplementation may
mask the hematologic manifestations of the B-12
deficiency and propagate the progression of central
and peripheral neurologic damage. Of course, this can
be ameliorated with the inclusion of vitamin B-12 with
folic acid supplements. There is also a concern that
high-dose folic acid therapy might lead to an increase in
the incidence of colon or prostate carcinogenesis.65

Two studies have reported an increased risk of prostate
cancer in association with high folate intake, but these
results were not statistically significant and were
limited to early-stage cancers.66,67 It has also been
suggested that high intakes of folic acid may not lead to
de novo carcinogenesis, but may only increase the rate
of proliferation of already established tumor cells.68,69

A major limitation of this study is the pooling of
clinical trials that include a considerable amount of
heterogeneity in design and population characteristics.
Furthermore, not having evenly matched baseline BPs
could confound the results, as populations with higher
baseline BPs could possibly exhibit more of a
hypotensive effect with folic acid supplementation.
Confounders also included differences between studies
with folic acid supplementation dose (ranged between
5000 and 10 000 μg/d) and study duration (ranged
between 2 and 16 weeks) and patient population
clinical morbidities, as 5 of the 12 clinical trials used
patients with coronary heart disease, 2 with type 2
diabetes, 2 with essential hypertension, and 1 each with
chronic kidney disease, hypercholesterolemia, and
hyperhomocysteinemia.
Conclusion

In summary, this meta-analysis has shown that
supplementation with 5000 to 10 000 μg/d of folic acid
for 6 weeks can lower systolic BP and increase %FMD
changes. These findings are important because such
changes may subsequently result in a reduction in the
incidence of coronary heart disease. Although the
changes in systolic BP were modest, any small
sustained change can have beneficial effects, especially
in light of the low cost and absence of toxicity even
when folic acid supplementation is in the range of
5000 μg/d.70 However, in light of the current
epidemiologic studies showing no clinical benefit of
folic acid supplementation on coronary heart disease
risk, further clinical trials investigating the effects of
high-dose folic acid on hard clinical cardiovascular end
points, beyond BP and %FMD changes, are required.
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