
P lasma levels of the amino acid ho-
mocysteine have been associated
with the risk of coronary athero-

sclerosis in the general population.1 In ad-
dition, increased homocysteine levels have
a prognostic value in patients with estab-
lished coronary artery disease, and plasma
total homocysteine has been identified as
a strong predictor of mortality in patients
with angiographically confirmed coronary
artery disease.2 The “normal” range of to-
tal homocysteine levels is between 5-15
Ìmol/L (mean level 10 Ìmol/L) in healthy
individuals, while homocysteinaemia has
been defined as plasma total homocys-
teine levels >15 Ìmol/L.3 Homocysteinae-
mia has been stratified as mild (15-29 Ìmol/L),
moderate (30-99 Ìmol/L) and severe (≥100
Ìmol/L), with moderate and severe forms
being strongly associated with a prothrom-
botic state.1 Homocysteine levels are de-
termined by complex interactions between
environmental factors, lifestyle parame-
ters and genetic background. The main
strategy to reduce homocysteine levels is
treatment with folic acid and B-vitamins.1

Since the first epidemiological obser-
vations, a large number of studies have in-
vestigated the mechanisms relating homo-
cysteine to cardiovascular risk. For exam-
ple, homocysteine has been demonstrated
to induce oxidative stress in experimental
models4 and in humans.5 This is achieved
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by several mechanisms, such as activation
of NADPH-oxidases,6 uncoupling of en-
dothelial nitric oxide synthase (eNOS),7

down-regulation of intracellular antioxi-
dant defense systems,8 and many others.
The generation of reactive oxygen species
(ROS) decreases endothelial nitric oxide
(NO) bioavailability and leads to oxidative
damage in the vascular wall, thus con-
tributing to atherogenesis.

Homocysteine lowering is a potential
therapeutic approach to prevent and treat
atherosclerosis. Indeed, several studies
have demonstrated that lowering homo-
cysteine with folates and B-vitamins exerts
a global beneficial effect on vascular func-
tion by improving endothelium-dependent
vasodilation,9 aortic distensibility,9 and in-
tima-media thickness10 in humans, all im-
portant measures with a predictive role in
atherosclerosis. However, it has also been
suggested that folic acid may have addi-
tional benefits for vascular function, via
mechanisms independent of homocysteine
lowering.11 We have recently shown that
5-methyl-tetrahydrofolate (5-MTHF), the
circulating form of folic acid, can act as a
scavenger of peroxynitrite radicals and in-
creases intracellular levels of eNOS co-
factor tetrahydrobiopterin (BH4) in hu-
man vascular endothelium.12 The eleva-
tion of intracellular BH4 leads to an im-
provement of eNOS coupling that increas-



es NO bioavailability and decreases eNOS-derived
superoxide generation in endothelial cells.12 There-
fore, treatment with folic acid or 5-MTHF improves
vascular redox state and may modify intracellular re-
dox signaling in human vascular endothelium.

Although epidemiological studies, basic research
and clinical science suggest that homocysteine is a
modifiable risk factor for atherosclerosis, the poten-
tial of homocysteine lowering treatment with folic
acid to reduce cardiovascular risk remains uncertain
and controversial. Following the introduction of fo-
late fortification of flour in North America a consid-
erable reduction of cardiovascular risk (and especially
stroke) was observed, compared to the European
population, where folate fortification was not intro-
duced.13 This observation supported the initial hy-
pothesis that lowering homocysteine may have a ben-
eficial effect on cardiovascular risk, but these findings
had to be confirmed by randomised, prospective clini-
cal trials. 

During the last 2 years, the results of two large
randomised clinical trials examining the long-term ef-
fect of folate/B-vitamins treatment on cardiovascular
risk were published. The NORVIT study14 examined
the effect of folic acid (800 Ìg/d) and vitamins B6 (40
mg/d) and B12 (400 Ìg/d) on the clinical outcome of
3749 patients with recent myocardial infarction, over
a period of 3.5 years. The NORVIT study demon-
strated that homocysteine-lowering treatment had no
effect on survival in these patients. However, this
study had a number of confounding factors, which
have to be taken into account when interpreting its
results. First, the population consisted of patients
with recent myocardial infarction, and these patients
also began treatment with statins, angiotensin con-
verting enzyme inhibitors, and beta-blockers at the
same time. In addition, the study was powered to de-
tect >18% reduction of cardiovascular risk over 3.5
years, whereas most of the events occurred during the
first year of follow-up, as a consequence of myocar-
dial infarction. 

The results of the HOPE-2 study15 were also not
as clear as was hoped. In the HOPE-2 study, the ef-
fect of homocysteine-lowering treatment with folic
acid (2.5 mg/d), vitamin B6 (50 mg/d) and B12 (1
mg/d), on cardiovascular risk was evaluated in 5522
patients with vascular disease or diabetes over a peri-
od of 5 years. Although the study demonstrated a sig-
nificant reduction of the risk for stroke, it failed to
demonstrate any effect on either overall cardiovascu-
lar mortality or combined cardiovascular risk. Impor-

tantly, 70% of the population in the HOPE-2 study
were recruited in areas with dietary folate fortifica-
tion, and self-treatment with dietary vitamin supple-
ments was not excluded, so that folate levels at base-
line were not low. In this folate pre-treated popula-
tion the statistical power to demonstrate an effect of
folate treatment would be greatly diminished. Indeed,
a non-significant trend towards the reduction of car-
diovascular risk was observed in the subgroup of pa-
tients from non-fortified areas and requires further
investigation. 

How can we interpret these conflicting data be-
tween basic research/clinical science and randomised
clinical trials? If homocysteine is a risk factor for ath-
erosclerosis and folate has direct beneficial effects on
vascular function, then why does folate treatment fail
to improve clinical outcome in patients with athero-
sclerosis? One possible mechanism is that, through its
role in the synthesis of thymidine, folic acid promotes
cell proliferation leading to a worsening of athero-
sclerosis.16 Another possible mechanism is based on
the relation of homocysteine to the methylation cycle:
folate induces the remethylation of homocysteine to
methionine, which in turn lowers S-adenosylhomocys-
teine and increases S-adenosylmethionine levels. This
latter molecule is a main source of methyl groups for
all methylation reactions in the cell, which include the
intracellular methylation of L-arginine to asymmetri-
cal dimethylarginine or the local hypermethylation
and hypomethylation of genes with a key role in
atherogenesis. A third explanation for the negative
results of the HOPE-2 study has emerged from a
study of the behaviour of 5-MTHF in human vascular
wall. Indeed, we observed that treatment of patients
with coronary atherosclerosis, using a folic acid dose
similar to what people receive as folate fortification
(recommended daily allowance 400 Ìg/d), improved
endothelial function and arterial distensibility, re-
duced vascular superoxide generation and improved
eNOS coupling by improving the bioavailability of
BH4 in human vascular endothelium.9 Importantly,
we observed that treatment with a higher dosage of
folic acid (5 mg/d) induced a similar improvement in
these parameters of vascular function, despite the sig-
nificantly higher levels of 5-MTHF. That observation
was explained by the fact that both high- and low-
dose treatment with folic acid induced a similar eleva-
tion of 5-MTHF in the vascular wall, despite the high-
er plasma levels of 5-MTHF in the high-dose treat-
ment group. This finding is compatible with the hy-
pothesis that 5-MTHF does not enter endothelial
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cells by diffusion, but is probably taken up by the
cells, depending on the cellular demands. Therefore,
the recommended daily allowance for folic acid (400
Ìg/d) has the ability to induce the maximum benefit
in terms of vascular function, and if this amount is re-
ceived by food folate fortification or by a folate-en-
riched diet, then any further treatment may induce no
further benefit. This hypothesis partly explains why
the HOPE-2 study was negative, and why future stud-
ies conducted in North America may also provide
negative results. This population receives the maxi-
mum benefit of folate through folate-food fortifica-
tion, and any further treatment with folate on top of
that is unlikely to improve vascular function, since
high-dose treatment increases circulating but not in-
tracellular 5-MTHF in these patients.

In conclusion, plasma total homocysteine is inde-
pendently associated with increased cardiovascular
risk. Moderate or severe homocysteinaemia is associ-
ated with thromboembolic events and increased risk
for atherothrombosis, and should be treated with
folic acid/B-vitamins. However, it is still unclear
whether homocysteine-lowering treatment with folic
acid/B-vitamins has the potential to improve the clini-
cal outcome in subjects with mild homocysteinaemia,
and the debate on whether homocysteine-lowering
treatment with folate has a role in primary or sec-
ondary prevention in subjects with “normal” plasma
homocysteine is still active.17 More large-scale clinical
trials evaluating the effect of low-dose folate treat-
ment on cardiovascular risk in unfortified populations
are necessary, in order to clarify whether folate food
fortification has the potential to decrease cardiovas-
cular risk in the general population. 
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