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Background—Hyperhomocysteinemia is an independent risk factor for coronary heart disease (CHD). Dietary supple-
mentation with B vitamins lowers plasma homocysteine by up to 30%. However, little is known about the potential
beneficial effects of homocysteine lowering on vascular function in patients with CHD.

Methods and Results—We investigated 89 men with CHD (aged 56 [range 39 to 67] years). Brachial artery flow–mediated
dilatation (endothelium dependent) and nitroglycerin-induced dilatation (endothelium independent) were measured
before and 8 weeks after treatment with either (1) folic acid (5 mg) and vitamin B12 (1 mg) daily (n559) or (2) placebo
(n530). Total, protein-bound, and free plasma homocysteine, serum folate, and vitamin B12 were measured at baseline
and at 8 weeks. Flow-mediated dilatation improved after treatment with B vitamins (2.563.2% to 4.063.7%,P50.002)
but not placebo (2.362.6% to 1.962.6%,P50.5). Vitamin therapy lowered plasma concentrations of total homocys-
teine (from 13.063.4 to 9.361.9 mmol/L, P,0.001), protein-bound homocysteine (from 8.762.8 to 6.261.4 mmol/L,
P,0.001), and free homocysteine (from 4.361.2 to 3.060.6 mmol/L, P,0.001) and raised concentrations of serum
folate (from 10.364.3 to 31.2610.8 ng/mL,P,0.001) and vitamin B12 (from 3146102 to 6616297 pg/mL,P,0.001).
In regression analysis, improved flow-mediated dilatation correlated closely with the reduction in free plasma
homocysteine (r520.26,P50.001), independent of changes in protein-bound homocysteine, folate, and vitamin B12.
Nitroglycerin-induced dilatation was unchanged after both B vitamins and placebo.

Conclusions—Folic acid and vitamin B12 supplementation improves vascular endothelial function in patients with CHD,
and this effect is likely to be mediated through reduced concentrations of free plasma homocysteine concentrations. Our
data support the view that lowering homocysteine, through B vitamin supplementation, may reduce cardiovascular risk.
(Circulation. 2000;102:2479-2483.)
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Hyperhomocysteinemia is an independent risk factor for
coronary heart disease (CHD).1–6 Elevated homocys-

teine concentrations are found in almost one third of all
patients with atherosclerosis, and levels only 12% above the
upper limit of normal (15mmol/L) are associated with a
3-fold increase in the risk of acute myocardial infarction.2,6

Homocysteine concentrations are determined by genetic and
nutritional factors.7 Vitamin B12 and folic acid are essential
cofactors for the remethylation of homocysteine to methio-
nine, and dietary supplementation with these vitamin lowers
plasma homocysteine by up to 30%.8 These observations
have formed the basis of large-scale intervention trials that
are seeking to determine whether lowering homocysteine

concentrations through B vitamin supplementation can im-
prove survival in patients with CHD.9 However, at present,
little is known about the beneficial effects of homocysteine
lowering in patients with CHD.

Increasing evidence suggests that the adverse vascular
effects of elevated homocysteine are mediated through endo-
thelial dysfunction,7,10–20 an early manifestation of athero-
sclerosis. Studies investigating the effects of lowering homo-
cysteine concentrations on vascular endothelial function have
yielded conflicting results.21–27In primates, folate supplemen-
tation is reported to reduce plasma homocysteine concentra-
tions but not to affect vascular function.21 In healthy human
subjects, folate supplementation is associated with reduced
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homocysteine concentrations and improved vascular endothe-
lial function,22,23,26 although in these studies, there was no
relationship between homocysteine concentrations and endo-
thelial function, implying that the effects of B vitamins on
endothelial function may not be mediated through homocys-
teine lowering.26,27 However, a major limitation of previous
studies is that they have used total plasma homocysteine
concentrations as the sole index of homocysteine status.

We have studied the effects of dietary folate and vitamin
B12 supplementation on vascular endothelial function in
patients with CHD and examined the relationship between
vascular endothelial function and concentrations of total,
protein-bound, and free plasma homocysteine.

Methods
Subjects
We investigated 89 men with CHD (aged 56 [range 39 to 67] years)
identified from the cardiology outpatient unit, coronary care unit, and
coronary angiography records of 2 West London hospitals. Criteria
for CHD were as follows: (1) myocardial infarction (chest pain
associated with ECG evidence of myocardial infarction and/or
elevated cardiac enzymes) or (2) angiographically proven coronary
artery disease (.50% stenosis in$1 major epicardial vessel).
Patients were not studied within 3 months of myocardial infarction or
coronary intervention. All subjects were receiving regular medica-
tion for CHD; this remained unchanged during the course of the
study, and cardiovascular drugs were omitted on the day of investi-
gation. The present study was approved by the local ethics commit-
tee, and all subjects gave written informed consent to participate.

Procedures
Brachial artery flow–mediated dilatation (endothelium dependent)
and nitroglycerin (NTG)-induced dilatation (endothelium indepen-
dent) were measured before and 8 weeks after either (1) folic acid (5
mg) and vitamin B12 (1 mg) daily (n559) or (2) matched placebo
(n530). Treatment allocation was randomized and double blind.

Brachial Artery Diameter
Brachial artery flow–mediated dilatation was measured by using a
7.0-MHz linear array transducer, an Acuson 128XP/10 system, and
a high-resolution ultrasonic vessel wall tracking system (Vadirec,
Ingenious Systems) as previously described.17,18In brief, the brachial
artery was scanned longitudinally, and brachial artery diameter was
measured at end diastole. After the baseline resting scan, a pneumatic
cuff placed at the level of the mid forearm was inflated to
300 mm Hg for 4.5 minutes. The second scan was performed 55 to
65 seconds after cuff deflation. Fifteen minutes was allowed for
vessel recovery, after which the second baseline scan was performed.
NTG (400 mg) was then administered, and the fourth scan of the
brachial artery was undertaken. The vessel diameter was measured
by 2 independent observers unaware of the clinical details of the
subjects and the type and stage of the study. The technique for
measurement of brachial artery flow–mediated dilatation is repro-
ducible in our laboratory. The intraindividual between-day coeffi-
cient of variation for flow-mediated dilatation is 3%, which com-
pares favorably with that in other centers.28 Flow-mediated dilatation
of conduit arteries is endothelium dependent and largely mediated by
NO.29

Biochemical Measurements
For each subject, concentrations of total plasma homocysteine, free
(unbound) plasma homocysteine, serum folate, vitamin B12, glucose,
total cholesterol, HDL cholesterol, and triglycerides were measured
at baseline and at 8 weeks. All samples were collected in the fasting
state (overnight). For measurement of homocysteine species, blood
was drawn into lithium heparin tubes and immediately centrifuged at
10 000g for 1 minute. The plasma was then divided into 2 aliquots.

The first aliquot was deproteinized with sulfosalicylic acid, and the
supernatant was used for measurement of free homocysteine. The
second aliquot was used for measurement of total plasma homocys-
teine. Concentrations of total and free plasma homocysteine were
determined by high-pressure liquid chromatography with fluores-
cence detection,30 and the concentration of protein-bound homocys-
teine was calculated as the difference between the 2 concentrations.
Serum folate and B12 were measured by MEIA (Abbott IMX system),
and lipid profiles were determined by use of an Olympus AU800
multichannel analyzer. For each subject, homocysteine and vitamin
samples were analyzed in one batch.

Data Processing and Statistical Analysis
Data were analyzed with the use of SPSS version 8.0 statistical
package and are expressed as mean6SD. Continuous data were
analyzed by the independent-samplest test or the paired-samplest
test for comparisons between groups and within subjects, respec-
tively. The x2 test was used for categorical data. Linear regression
analysis was conducted to examine the relationships between flow-
mediated dilatation and concentrations of plasma homocysteine,
serum folate, and vitamin B12. Statistical significance was inferred at
a value ofP,0.05.

Results
Clinical and Biochemical Characteristics
The baseline clinical and biochemical measurements of sub-
jects are summarized in Table 1. Age, body mass index, blood
pressure, glucose, and lipid profile were similar in the vitamin
and placebo groups.

Brachial Artery Measurements
There were no significant differences between the vitamin
and placebo groups in flow-mediated dilatation at baseline
(Table 2, Figure). At the 8-week follow-up visit, flow-
mediated dilatation was improved in the vitamin group
(1.563.5% change compared with baseline,P50.002). The
increase in flow-mediated dilatation after B vitamins was
evident in the 13 subjects with initially elevated homocys-
teine (.15mmol/L; 2.262.3% change,P50.01) as well as in
the 46 subjects with baseline homocysteine within the refer-
ence range (1.263.7% change,P50.03). In contrast, flow-

TABLE 1. Baseline Clinical and Biochemical Characteristics
of Subjects

Placebo
Group

Vitamin
Group P

n 30 59

Age, y 5667 5666 0.69

Current smokers, n (%) 0 (0) 7 (12) 0.05

Hypertension, n (%) 19 (63) 31 (53) 0.33

Diabetes, n (%) 5 (17) 6 (10) 0.40

Body mass index, kg/m2 26.962.9 27.063.6 0.88

Systolic BP, mm Hg 138617 138621 0.85

Diastolic BP, mm Hg 86610 87611 0.75

Total cholesterol, mmol/L 5.060.9 4.960.9 0.57

HDL cholesterol, mmol/L 1.160.3 1.160.2 0.12

Fasting triglycerides, mmol/L 2.161.1 1.960.9 0.44

Fasting glucose, mmol/L 6.162.4 5.661.5 0.27

Creatinine, mmol/L 107620 108619 0.79

Values are mean6SD. BP indicates blood pressure.
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mediated dilatation was not altered by placebo (20.362.5%
change compared with baseline,P50.50). At 8 weeks,
flow-mediated dilatation was now significantly higher in the
vitamin compared with the placebo group (P50.008; Table 2,
Figure).

NTG-induced dilatation, brachial artery diameter, and bra-
chial artery blood flow were similar in the vitamin and
placebo groups at baseline. These measures were unchanged
after 8 weeks treatment with either vitamins or placebo
(Table 2).

Biochemical Measurements
At baseline, concentrations of total and free plasma homo-
cysteine and of serum folate and vitamin B12 were similar in
the vitamin and placebo groups (Table 2). After the treatment
period, concentrations of total, protein-bound, and free
plasma homocysteine fell, and serum folate and vitamin B12

rose compared with baseline concentrations, in the vitamin
but not the placebo group (Table 2). There were no significant
changes in blood pressure, fasting glucose, or lipid profile
between baseline and 8 weeks in either treatment group (data
not shown).

Determinants of Flow-Mediated Dilatation
In univariate analysis, flow-mediated dilatation was in-
versely correlated with concentrations of free homocys-
teine (r520.26, P50.001), protein-bound homocysteine
(r520.20, P50.008), and total homocysteine (r520.24,
P50.002) and positively correlated with levels of folate
(r50.17, P50.03) and vitamin B12 (r50.12, P50.05).
Free, protein-bound, and total plasma homocysteine, fo-
late, and vitamin B12 concentrations were also closely
intercorrelated (Table 3).

In multivariate analysis, the inverse relationship between
flow-mediated dilatation and free homocysteine remained
significant after adjustment for concentrations of protein-
bound homocysteine, folate, and vitamin B12 (Table 4) and
after further adjustment for age, blood pressure, total and
HDL cholesterol, fasting glucose, and cigarette smoking
(P50.02). In contrast, the relationships between flow-
mediated dilatation and protein-bound homocysteine, folate,
and vitamin B12 that were evident in univariate analysis
became nonsignificant after adjustment for free plasma ho-
mocysteine concentrations (Table 4).

Discussion
We have found that dietary supplementation with folic acid
and vitamin B12 improves vascular endothelial function in
patients with CHD, an effect likely to be mediated through
reduced concentrations of free plasma homocysteine. Our

TABLE 3. Correlation Coefficients (Pearson) Between
Concentrations of fHcy, pHcy, tHcy, Folate, and Vitamin B12

fHcy pHcy tHcy B12 Folate

fHcy z z z 0.81 0.91 20.55 20.63

pHcy 0.81 z z z 0.98 20.42 20.53

tHcy 0.91 0.98 z z z 20.48 20.58

B12 20.55 20.42 20.48 z z z 0.63

Folate 20.63 20.53 20.58 0.63 z z z

fHcy indicates free homocysteine; pHcy, protein-bound homocysteine; and
tHcy, total homocysteine. Placebo and vitamin subjects were combined. All
P,0.001.

TABLE 2. Brachial Artery and Biochemical Measurements at Baseline and at 8-wk Follow-Up

Placebo Group Vitamin Group

Baseline 8 wk P Baseline 8 wk P

Flow-mediated dilatation, % 2.362.6 1.962.6 0.50 2.563.2 4.063.7 0.002

NTG-induced dilatation, % 20.368.2 17.765.5 0.20 20.066.9 19.067.2 0.20

Brachial artery diameter, mm 4.4860.62 4.5360.59 0.28 4.5060.64 4.4860.59 0.74

Basal blood flow, mL/min 82647 88643 0.53 85644 87650 0.90

Hyperemic flow, mL/min 3756120 4016128 0.22 3926113 4166159 0.21

Free plasma homocysteine, mmol/L 4.961.8 5.062.0 0.76 4.361.2 3.060.6 0.001

Protein-bound homocysteine, mmol/L 9.663.7 10.064.6 0.29 8.762.8 6.261.4 0.001

Total plasma homocysteine, mmol/L 14.565.4 14.966.5 0.38 13.063.4 9.361.9 0.001

Serum folate, ng/mL 10.465.1 10.264.5 0.86 10.364.3 31.2610.8 0.001

Serum vitamin B12, pg/mL 290679 291673 0.96 3146102 6616297 0.001

Values are mean6SD.

Flow-mediated dilatation (mean6SEM) at baseline and at 8
weeks after B vitamin/placebo in patients with established CHD.
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results provide direct evidence that dietary supplementation
with B vitamins may reduce cardiovascular risk in patients
with established atherosclerosis.

In the present study, folic acid and vitamin B12 supplemen-
tation was associated with a significant improvement in
brachial artery flow–mediated dilatation. This effect was seen
in patients with moderately raised homocysteine
(.15 mmol/L) as well as in patients whose homocysteine
concentrations were within the reference range. Regression
analysis demonstrated an inverse relationship between flow-
mediated dilatation and concentrations of plasma homocys-
teine, suggesting that the effect of B vitamins on endothelial
function may be mediated through reduced homocysteine
concentrations. The precise mechanisms underlying the rela-
tionship between plasma homocysteine and vascular endothe-
lial dysfunction are not well understood. Because flow-
mediated dilatation is endothelium dependent and largely
mediated by the release of NO,29 our observations suggest an
increase in the availability of NO after homocysteine lower-
ing by B vitamins. The present study does not exclude a direct
effect of folate or its related metabolites or an effect of
vitamin B12 on endothelial function. However, the absence of
a significant relationship between the levels of these vitamins
and flow-mediated dilatation, after adjustment for plasma
homocysteine concentrations, argues against this hypothesis.

Previous studies involving healthy volunteers22–24 and
patients with familial hypercholesterolemia26,27 have not
shown a significant relationship between the improvement in
endothelial function and the change in plasma homocysteine
after B vitamin supplementation. The precise reasons for this
are not known; however, in all studies, total plasma homo-
cysteine concentrations were used as the sole index of
homocysteine status. In plasma, homocysteine exists in
protein-bound ('70%) and free ('30%) forms; the latter
includes reduced homocysteine and homocysteine disul-
fides.31 We found an independent relationship between flow-
mediated dilatation and concentrations of free, but not
protein-bound, homocysteine. Our results suggest that free
plasma homocysteine concentrations may be a more accurate
index of the biological activity of homocysteine in vivo. This
is an important, yet unrecognized, confounding factor that
may limit interpretation of previous experimental and clinical
studies investigating the relationship between homocysteine
and endothelial function. Evidence to support this assertion
also comes from in vitro data, which show that free homo-
cysteine species inactivate NO, promote the generation of

oxygen-derived free radicals, induce tissue factor release, and
cause endothelial cell injury.10,12,13,32

Our observations of improved vascular function after B
vitamin supplementation in patients with established athero-
sclerosis are in contrast with previous findings in patients
with end-stage renal disease25 and in animal models of
atherosclerosis.21,33 The lack of improvement in endothelial
function despite reduced homocysteine concentrations in
these studies may be explained by the failure of folate
supplementation to lower plasma homocysteine concentra-
tions ,20 mmol/L in patients with end-stage renal disease25

and the concurrent administration of an atherogenic diet in
primates,21 factors that may have a continuing effect on
endothelial function. In the present study, the doses of folate
and vitamin B12 were identical to those currently being used
in the largest prospective intervention trial, the Study of
Additional Reductions in Cholesterol and Homocysteine
(SEARCH), and were selected to provide maximal homocys-
teine reduction.9 However, folate doses as low as 400mg/d
have been shown to have a similar homocysteine-lowering
effect. The results of the present study lend support to the
hypotheses that elevated homocysteine concentrations may
have a key role in the development of atherosclerosis and that
B vitamin supplementation may reduce cardiovascular risk in
patients with CHD.

In summary, we have found that supplementation with
folic acid and vitamin B12 improves brachial artery endo-
thelium-dependent dilatation in patients with CHD and that
this action may be mediated through reduced concentra-
tions of free plasma homocysteine. These data provide
evidence that dietary supplementation with B vitamins
may reduce cardiovascular risk in patients with established
atherosclerosis.
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