
Introduction

Vascular diseases are commonly associated with
traditional risk factors, but in the last decade other
risk markers have been identified, one of them be-
ing homocysteine. The increasing interest in mild
hyperhomocysteinaemia as an important risk fac-
tor for cardiovascular diseases is based on the ob-
servation that a rare inborn metabolic error,
homocystinuria, leads to severe hyperhomo-
cysteinaemia (>150 µmol L–1), atherosclerosis,
and arterial or venous thromboembolic events in
early adulthood or even in childhood (Ueland et al.
1992; Boushey et al. 1995; Mudd et al. 1995).

Nearly 40 years ago, McCully (1969) postu-
lated that mildly elevated homocysteine concen-

trations could increase the risk of cardiovascular
disease, after observing artery wall lesions in two
different metabolic disorders of methionine me-
tabolism, which resulted in elevated plasma total
homocysteine (tHcy) concentrations. A few years
later, Wilcken and Wilcken (1976) reported that
patients with angiographically documented coro-
nary artery disease (CAD) showed a higher con-
centration of homocysteine than age- and
sex-matched control subjects. This pioneering
work has led to many studies on mild
hyperhomocysteinaemia as a possible coronary
and cerebrovascular risk factor. The results ob-
tained in these studies suggested that a very mod-
est elevation of tHcy concentration (>15 µmol L–1)
is associated with a higher risk of myocardial in-
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farction, peripheral arterial disease, and venous
thrombosis (Brattström et al. 1984; Boers et al.
1985; Stampfer et al. 1992; Selhub et al. 1995;
Arnesen et al. 1995; Perry et al. 1995; den Heijer
et al. 1996). Moreover, results from case-control,
cross-sectional, retrospective and prospective
studies have shown a graded correlation between
homocysteine levels and the risk or severity of car-
diovascular disease, suggesting that elevated
homocysteinaemia is a causal risk factor (Boushey
et al. 1995; Mudd et al. 1995; Wilcken and
Wilcken 1976; Brattström et al. 1984; Boers et al.
1985; Stampfer et al. 1992; Selhub et al. 1995;
Perry et al. 1995; den Heijer et al. 1996; Graham et
al. 1997).

A further input of our understanding of
hyperhomocysteinaemia has been given by bio-
chemical investigations, which showed an associ-
ation with a thermolabile variant in
methylenetetrahydrofolate reductase (MTHFR).
This variant exhibits a reduced catalytic activity,
and is associated with an elevation of tHcy, and
with atherosclerotic disease (Kang et al. 1988,
1991). Next, the identification of the 677C>T mu-
tation in the MTHFR gene, and the observation
that homozygotes for the variant showed
hyperhomocysteinaemia, suggested that the
677C>T mutation could be a genetic risk factor for
cardiovascular disease (Frosst et al. 1995).
The objective of this paper is to review the avail-
able literature data on relationships between
plasma homocysteine levels, MTHFR gene
polymorphisms, and cardio-cerebrovascular risk.

Homocysteine biochemistry

Homocysteine is a sulphur amino acid that is
formed by demethylation of methionine.
Methionine, an essential amino acid (present in
meat, milk, eggs, legumes, etc.), is activated to
form S-adenosylmethionine (SAM), the universal
methyl group donor. S-adenosylhomocysteine is
formed when SAM donates the methyl group;
S-adenosylhomocysteine is hydrolysed to gener-
ate homocysteine and adenosine. As shown in Fig-
ure 1, homocysteine can be remethylated to
methionine by methionine synthase (MTR), which
requires 5-methyl-tetrahydrofolate (CH3-THF) as
a methyl donor, and methylcobalamin (a biologi-
cally active form of vitamin B12) as a cofactor for
its enzymatic activity. CH3-THF is formed upon
the reduction of 5,10-methylenetetrahydrofolate,
a reaction that is catalysed by the enzyme
MTHFR. The cycle preserves methionine, which
in its activated form (SAM) is the principal methyl

donor in numerous reactions, e.g. in methylation of
DNA, RNA, hormones, lipids and neuro-
transmitters (Rezvani et al. 2002; Mudd et al.
2001). In the liver, where methionine metabolism is
very active, another enzyme, the betaine-homo-
cysteine-methyltransferase (BHMT), participates
in the synthesis of methionine with betaine or
trimethylglycine as a methyl donor.

If an excess of dietary methionine occurs, MTR
is inhibited and the transsulphuration pathway be-
comes active, homocysteine interacting with
serine to give cystathionine. Cystathionine
�-synthase (CBS) catalyses this initial step, re-
quiring pyridoxal 5’ phosphate (the active form of
vitamin B6) for its activity. Cystathionine is sub-
sequently hydrolysed by another vita-
min-B6-requiring enzyme, �-cystathionase, to
form cysteine and �-ketobutyrate. Excess cysteine
is oxidized to taurine or organic sulphates or is ex-
creted in the urine (De Vecchi et al. 1999).
In physiological conditions, a balance between
homocysteine formation and degradation is pres-
ent, and about 50% is remethylated to methionine.
Excess homocysteine is exported into circulation,
causing elevated plasma or urine levels. In the cir-
culation, <1% homocysteine is present in the free
reduced form, while 10–20% of tHcy is present as
homocysteine-cysteine mixed disulphide and
homocystine (the dimer of homocysteine), while
the remaining 80–90% of homocysteine is pro-
tein-bound. Homocysteinaemia is the plasma total
amount of all the homocysteine forms (tHcy)
(Hankey and Eikelboom 1999). Plasma tHcy lev-
els can vary within a wide range, while
intracellular levels are confined to a narrow range
(Moat et al. 2004). Plasma concentrations depend
on different dietary habits within populations and
among groups belonging to the same population.
The normal plasma concentration ranges from 5 to
15 µmol L–1. Moderate hyperhomocysteinaemia
occurs from 15 to 30 µmol L–1 tHcy levels, inter-
mediate hyperhomocysteinaemia from 30 to
100 µmol L–1, and severe hyperhomocysteinaemia
at levels higher than 100 µmol L–1 (Kang et al.
1992).

Hyperhomocysteinaemia

Hyperhomocysteinaemia is a multifactorial dis-
ease; smoking, coffee consumption, and lack of
exercise can raise tHcy (Refsum et al. 1998;
Nygard et al. 1997a; Nygard et al. 1998). In-
creasing age and male gender have been found to
be associated with increased homocysteine con-
centrations (Ueland et al. 2001). In women, in-
creasing homocysteinaemia is observed after
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menopause. Moderate hyperhomocysteinaemia is
common in chronic alcoholics (Ueland et al. 2001;
Cravo et al. 1996; Blasco et al. 2005). A tHcy re-
duction has been associated with moderate alcohol
consumption, probably mediated by folate
(Ubbink et al. 1998). A recent intervention trial
has reported that tHcy concentration increases af-
ter consumption of red wine and spirits, but not af-
ter consumption of beer. The beverage specificity
may be due to the high amount of folate and vita-
min B6 in beer and negligible amounts of these vi-
tamins in red wine and spirits (van der Gaag et al.
2000).

Some physiopathological conditions, for ex-
ample end-stage renal failure (Bostom and
Lathrop 1997; Bostom et al. 1997), proliferative
disorders (Singal et al. 2004), inflammatory bowel
disease (Papa et al. 2001; Cattaneo et al. 1998),
and hypothyroidism (Sengul et al. 2004), have
been associated with hyperhomocysteinaemia.
Several drugs have been shown to increase plasma
homocysteine to mildly elevated concentrations,
influencing folate and vitamin B6 and B12 absorp-
tion. Quantitative and qualitative differences in
enzymes and molecules involved in homocysteine

metabolism, as well as their encoding genes, have
been studied and are still under scrutiny. Among
the genetic variants identified so far (at least 70)
(Sharma et al. 2006; Kullo et al. 2006), the
677C>T polymorphism of MTHFR gene is the
best-studied, as discussed below. The principal
factors that can influence tHcy levels are summa-
rized in Table 1.

Pathogenetic mechanisms of

hyperhomocysteinaemia

Hyperhomocysteinaemia is implicated in a wide
spectrum of disorders: vascular damage, cognitive
impairment, pregnancy complications, neurologic
and psychiatric complications, and neoplastic dis-
eases (Bostom et al. 1999; Vollset et al. 2001;
Robinson et al. 1995; Stubbs et al. 2000; Evans
et al. 1997; Nurk et al. 2002; Abbate et al. 2003;
Fallon et al. 2003; Kelly et al. 2003; Sacher et al.
2003; Seshadri et al. 2002; McCaddon et al. 1998,
2001; Clarke et al. 1998; Lopez et al. 2003;
Lehmann et al. 1999; Hoogeveen et al. 2000; Wu
and Wu 2002; Zhu 2003; Oikawa et al. 2003).
There are common underlying pathogenetic mech-
anisms associated with vascular injury leading to
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Figure 1. Schematic representation of homocysteine metabolism. MAT = methionine adenosyltransferase; SAM
= S-adenosylmethionine; MT = methyltransferase; SAH = S-adenosylhomocysteine; BHMT = betaine-homocysteine
methyltransferase; DMG = dimethylglycine; MTRR = methionine synthase reductase; MTR = methionine synthase;
Cob-I = reduced vitamin B12 Cobalto (Cob-II); TC = transcobalamin; THF = tetrahydrofolate; CH2-THF
= methylenetetrahydrofolate; MTHFR = methylenetetrahydrofolate reductase; CH3-THF = 5-methyl-tetrahydrofolate;

CBS = cystathionine �-synthase; C = �-cystathionase.



these clinical manifestations. Proposed patho-
genetic mechanisms include oxidative damage of
the endothelium through suppression of the
vasodilator nitric oxide (Durand et al. 2001;
Kanani et al. 1999; Chambers et al. 1999; Frei
1999; Visioli et al. 2002; McCully and Ragsdale
1970; McCully and Wilson 1975; Welch et al.
1997; Upchurch et al. 1997; Starkekbaum and
Harlan 1986; Harker et al. 1983; Stamler and
Loscallzo 1992), promotion of platelet activation
and aggregation (Upchurch et al. 1997; Harker
et al. 1976; Di Minno et al. 1993; Stamler et al.
1993; Harpel et al. 1996; Durand et al. 1996;
Durand et al. 1997), alteration of the normal
procoagulant-anticoagulant balance promoting
thrombosis (Harpel et al. 1996; Ratnoff 1968;
Rodgers and Conn 1990; Fryer et al. 1993;
Nishinaga et al. 1993; Hajjar et al. 1998; Lentz and
Sadler 1991; Coppola et al. 1997; Lentz et al.
1996), impaired methylation (Leoncini et al. 2003;
Bilsborough et al. 2003; St�hlinger et al. 2003;
Wanby et al. 2003; Jonasson et al. 2003; Upchurch

et al. 1996), and vascular smooth muscle cell
proliferation (Welch et al. 1997; Tsai et al. 1994;
Majors et al. 1997; Wang et al. 1997).

Hyperhomocysteinaemia promotes endothelial
oxidative damage and dysfunction by inhibiting
nitric oxide synthase and subsequently decreasing
the bioavailability of nitric oxide. In normal condi-
tions nitric oxide detoxifies homocysteine by
forming S-nitroso-homocysteine, a vasodilator.
Excess homocysteine is not totally neutralised by
nitric oxide and is auto-oxidized to homocystine,
producing free radicals toxic to endothelial cells.
Normally, glutathione neutralizes free radicals,
but excess homocysteine decreases glutathione
peroxidase activity.

An additional postulated mechanism of endo-
thelial injury is through the reduced catabolism of
asymmetric dimethylarginine, which is a strong
inhibitor of nitric oxide synthase (Stamler and
Loscallzo 1992; St�hlinger et al. 2003; Wanby
et al. 2003). Excess homocysteine may be con-
verted to the thioester homocysteine-thiolactone,
and its association with LDL produces atherogenic
oxidative damage to the endothelium. A recent re-
port has shown that Hcy-thiolactone levels are ele-
vated in human CBS- and MTHFR-deficient
patients (Chwatko et al. 2007).

Platelets have normal life span and morphol-
ogy in patients with hyperhomocysteinaemia.
However, homocysteine might activate platelets,
increasing platelet aggregation and adhesion.
Platelet thromboxane A2 biosynthesis is signifi-
cantly increased in homocystinuria, and the en-
hanced production of thromboxane A2 may be a
major contributor to the risk of thrombosis.

Homocysteine is rapidly auto-oxidized in
plasma, so that free oxygen radicals are produced,
initiating lipid peroxidation in endothelial plasma
membrane or in lipoproteins. Oxidized LDL acti-
vates platelets and is atherogenic. Several studies
show that homocysteine promotes thrombosis by
altering the procoagulant-anticoagulant balance,
as it increases or decreases the levels of several co-
agulation factors.

Hyperhomocysteinaemia can directly impair
DNA methylation, resulting in altered gene ex-
pression, which may affect both the endothelial
and smooth muscle cells of the vascular wall. Sev-
eral reports suggest that homocysteine induces
proliferation of the vascular smooth muscle cells,
leading to luminal narrowing.

Moreover, excess homocysteine may promote
inflammation and subsequently atherosclerosis
(Ross 1999). In fact, homocysteine activates
NF-kB, inducing expression of monocyte
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Table 1. Factors that influence plasma homocysteine
levels

Age/sex/lifestyle

Increasing age
Male gender
Post menopause
Lack of exercise
Smoking

Dietary

Folate deficiency
Vitamin B12 deficiency
Vitamin B6 deficiency
Alcohol consumption
Coffee intake

Disease

Kidney dysfunction
Inflammatory bowel disease
Hypothyroidism
Essential hypertension
Diabetes
Psoriasis
Cancer
Kidney transplantation

Drugs

Folate antagonistic drugs (methotrexate,
anticonvulsant, carbamazepine, fentoine)
Vitamin B12 and B6 antagonistic drugs (nitrates,
theophylline, oestrogenic hormones)

Genetics

Cystathionine �-synthase deficiency
Inborn errors of folate metabolism
Inborn errors of cobalamin absorption, transport and
metabolism
Polymorphisms of folate and cobalamin metabolism
genes



chemoattractant protein 1 (MCP-1) and interleukin
8 (Poddar et al. 2001; Wang and O 2001; Wang
et al. 2001). Furthermore, homocysteine could ac-
tivate monocytes and their proliferation, inducing
cytokine expression and inhibiting the expression
of macrophage migration inhibitory factor (Su
et al. 2005).

Hyperhomocysteinaemia and vascular disease

The most consistent evidence that homocysteine
plays a causal role in atherothrombosis comes
from hyperhomocysteinaemia studies on animal
models (Lentz 2005). Several retrospective and
prospective studies have also evaluated
homocysteine effects in cardiovascular diseases,
showing a correlation between increased
homocysteine and disease.

Boushey et al. (1995) conducted a meta-analy-
sis of several retrospective case-control studies
addressing the association of hyperhomo-
cysteinaemia and increased risk of CAD,
cerebrovascular, and peripheral vascular disease.
Data from the European Concerted Action Project,
a multicenter study of 750 patients with vascular
disease and 800 control subjects, confirmed that
hyperhomocysteinaemia is associated with an in-
creased risk of vascular disease. This risk was in-
dependent of, but multiplicative to, other risk
factors, such as smoking and hypertension, and
additive to hypercholesterolaemia (Graham et al.
1997). Hyperhomocysteinaemia has been ob-
served in patients with atheromatous renal artery
stenosis (Olivieri et al. 2001) and was significantly
associated with an emerging non-traditional risk
factor, i.e. lower glomerular filtration rate in CAD
patients (Pizzolo et al. 2006). Other studies re-
ported an association between elevated plasma
homocysteine levels and carotid intimal-medial
wall thickness (Malinow et al. 1993; Voutilainen
et al. 1998). Moreover, Nygard et al. (1997b)
found a strong relationship between tHcy and
mortality in patients with CAD.

A prospective study of plasma homocysteine
and the risk of myocardial infarction in 14916 US
physicians revealed a relative risk for myocardial
infarction (MI) of 3.4 when homocysteine levels
were in the 95th percentile of control values, com-
pared with those below the 90th percentile. This
risk was independent of other CAD risk factors
(Stampfer et al. 1992). Folsom et al. (1998) found
that tHcy levels are correlated with the risk of
CAD in women but not in men.

A meta-analysis reported by the Homocysteine
Studies Collaboration (2002), on the basis of 12
prospective and 18 retrospective studies on the

risk of MI and stroke, revealed an association
between a 25% lowering of homocysteine and a
significant lowering of MI risk. Another
meta-analysis of 16 prospective studies, with a to-
tal of 3820 subjects, showed that 5 µmol L–1 incre-
ment in homocysteine concentration was
associated with a 32% increase in MI risk and in a
59% increase in stroke risk (Wald et al. 2002).

Other prospective studies shed doubt on the re-
lationship between hyperhomocysteinaemia and
CAD. Alfthan et al. (1994) found no statistical dif-
ference in Hcy levels between 191 subjects who
developed MI during the 9-year follow-up and the
control subjects. Evans et al. (1997) found no as-
sociation of Hcy levels with MI. If elevated
homocysteine is a proximate risk factor provoking
the acute event, this risk might be attenuated over a
longer follow-up (9–10 years or more) (Ueland
et al. 2000).

The relationship between hyperhomo-
cysteinaemia and clinical course after
percutaneous coronary angioplasty (PTCA) has
been investigated with contrasting results. Data
from 205 patients with PTCA of at least one coro-
nary vessel indicated homocysteine as a predictive
risk factor for restenosis (Schnyder et al. 2002),
while a recent meta-analysis found no relation be-
tween homocysteine and in-stent restenosis
(De Luca et al. 2005). Table 2 summarizes the re-
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Table 2. Results of studies searching for a correlation
between hyperhomocysteinemia and vascular disease

Study Disease phenotype Correlation
(Yes/No)

Stampfer et al. 1992 MI Y

Boushey et al. 1995 CAD, CVD, PVD Y

Graham et al. 1997 AVD Y

Olivieri et al. 2001 ARAS Y

Pizzolo et al. 2006 CAD Y

Malinow et al. 1993 CAWT Y

Voutilainen et al. 1998 CAWT Y

Nygard et al. 1997 mortality in CAD Y

Folsom et al. 1998 CAD N*

Homocysteine Studies
Collaboration 2002^

MI, stroke Y

Wald et al. 2002^ MI, stroke Y

Alfthan et al. 1994 MI N

Evans et al. 1997 MI N

Schnyder et al. 2002 stent restenosis
after PTCA

Y

De Luca et al. 2005^ stent restenosis
after PTCA

N

* = association detected only in women; ^ = meta-analysis; ARAS =
atheromatous renal artery stenosis; AVD = atherosclerotic vascular
disease; CAD = coronary artery disease; CAWT = carotid artery wall
thickness; CVD = cerebrovascular disease; MI = myocardial infarc-
tion; PTCA = percutaneous coronary angioplasty; PVD = peripheral
vascular disease;



sults of studies reporting positive and negative as-
sociations between hyperhomocysteinaemia and
vascular disease.

MTHFR gene, hyperhomocysteinaemia,

and cardio-cerebrovascular risk

Starting from the early 1990s, a large number of
studies have indicated a genetic basis for
hyperhomocysteinaemia (Franken et al. 1996;
Reed et al. 1991; Berg et al. 1992; Genest et al.
1991; Wu et al. 1994). Variations in genes encod-
ing the enzymes involved in homocysteine regula-
tion could influence Hcy concentrations.
The principal candidate genes are those coding for
methylenetetrahydrofolate reductase (MTHFR),
cystathionine �-synthase (CBS), and methionine
synthase (MTR), directly involved in homocysteine
metabolism. Other candidate genes encode mole-
cules involved in vitamin B6 or B12 or
homocysteine and folate metabolism, e.g.
betaine-homocysteine methyltransferase (BHMT),
serine hydroxymethyltransferase (SHMT), and
methylenetetrahydrofolate dehydrogenase (MTHFD).
In the last decade several genes have been analysed.
The best-studied is the MTHFR gene.

MTHFR gene

The enzyme MTHFR catalyses the irreversible
conversion of 5,10-methylenetetrahydrofolate to
5-methyltetrahydrofolate, which serves as a
methyl donor in the reaction converting
homocysteine to methionine. In 1988, Kang et al.
(1988) detected a variant of MTHFR, which was
associated with decreased enzyme activity and in-
creased homocysteine concentrations. A few years
later the same authors demonstrated that this
thermolabile form of MTHFR was more common
among cardiovascular disease patients than
among control subjects (Kang et al. 1991). More-
over, this thermolabile variant was identified in
patients with different forms of premature vascu-
lar disease and was associated with fasting as well
as post-methionine-load homocysteine concentra-
tions (Engbersen et al. 1995). Frosst et al. (1995)
identified in the MTHFR gene the mutation that
confers thermolability, reduced catalytic activity
of the enzyme in vitro (Bailey and Gregory 1999),
and altered binding of the cofactor flavin adenine
dinucleotide, i.e. FAD or vitamin B2 (Guenther
et al. 1999). The mutation was a C to T transition
at base pair 677 (exon 4) leading to an amino acid
substitution (alanine to valine) at codon 222,
as schematically illustrated in Figure 2. The poly-

morphism showed an allele frequency of about
35% in a small French Canadian population sam-
ple, and TT homozygotes (12% of the studied pop-
ulation) presented a significantly elevated tHcy
concentration, as compared to CC homozygotes.
Since then, the 677C>T polymorphism of the
MTHFR gene has been considered a possible ge-
netic risk factor for cardiovascular disease, and
numerous studies supported this correlation.
The 677C>T variant is common in the general
population, with a population specificity preva-
lence ranging from 1% in African and North
American Blacks to 20% in Italians and North
American Hispanics (Franco et al. 1998; Schnei-
der et al. 1998; Botto and Yang 2000; Kalita et al.
2006).

In several reports on American and European
populations, the TT genotype has been associated
with elevated tHcy levels, in particular under con-
dition of impaired folate status (Jacques et al.
1996; Harmon et al. 1996; Guttormsen et al. 1996;
Girelli et al. 1998). However, other studies have
shown conflicting results (Rozen 1997). These
discrepancies might be due to population specific-
ity (i.e. large geographical variations in the fre-
quency of the T allele and/or in the nutritional
status), and study heterogeneity (i.e. different se-
lection of patients and control subjects, and some-
times incomplete information on homocysteine
levels and folate status).

Since the thermolabile MTHFR variant ac-
counts for 25% of the mild hyperhomo-
cysteinaemia observed in patients with vascular
disease (Engbersen et al. 1995), additional
polymorphisms in the MTHFR gene or other genes
may also affect homocysteine concentrations.
Moreover, possible gene-gene and/or
gene-environment interactions play an important
role in modulating plasma homocysteine concen-
trations. A gene-nutrition interaction has been re-
ported in an Italian study on CAD: a higher risk for
CAD is determined by folate levels below specific
thresholds, which differ depending on the MTHFR

677C>T genotype (Girelli et al. 2003).
Combined results from several studies on car-

diovascular disease risk assessment related to
tHcy concentrations and MTHFR 677C>T geno-
types are available. Data from these meta-analyses
are sometimes discordant. For example, in the
meta-analysis by Brattström et al. (1998), the TT
genotype was associated with a homocysteine
concentration 25% higher than the CC genotype,
but not with an increased risk of cardiovascular
events. Klerk et al. (2002) reported in their
meta-analysis an association between the 677C>T
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polymorphism and ischaemic heart disease in Eu-
ropean but not in North American populations.
Another meta-analysis has revealed an association
of 5 µmol L–1 increase in serum homocysteine
with ischaemic heart disease and stroke (Wald
et al. 2002).

The association between hyperhomo-
cysteinaemia and venous thrombosis is controver-
sial, as well as the results from various studies on
the 677C>T polymorphism as a risk factor for ve-
nous thrombosis, reported in a recent paper
(Eldibany and Caprini 2007). Results of studies on
the association between MTHFR 677C>T poly-
morphism and cardiovascular disease are summa-
rized in Table 3.

Other gene mutations

The interaction of 677C>T with variants in other
genes possibly involved in vascular diseases has
also been investigated. A synergistic effect of the
MTHFR variant and other prothrombotic
polymorphisms on the risk of myocardial infarc-
tion in young males has been described (Inbal et al.
1999). In a study of MTHFR and idiopathic venous
thrombosis in an Israeli population, homozygosity
for the T allele was a risk factor showing a strong
positive interactive effect with the prothrombotic
polymorphisms: factor V 1691G>A (Leiden muta-
tion) and prothrombin 20210G>A (Salomon et al.
1999). Similar interactions were only occasionally
shown in Italians but not in an English population,
stressing the importance of ethnicity and genetic
background (Tosetto et al. 1998; Cattaneo et al.
1999; Brown et al. 1998). A recent case-control
study (Multiple Environmental and Genetic As-
sessment of risk factors for venous thrombosis,
MEGA Study) on a large population of 4375 pa-
tients with deep venous thrombosis of lower limbs
or pulmonary embolism and 4856 control sub-
jects, reported no association between the com-
mon MTHFR 677C>T polymorphism and the
disease risk (Bezemer et al. 2007).

A second common mutation in the MTHFR

gene, described in 1998, has been investigated as
an additional risk factor of vascular disease (Van
der Put et al. 1998). This variant, with the
1298A>C transition in exon 7, causes an amino
acid substitution of glutamate by alanine at codon
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Figure 2. Schematic representation of the MTHFR gene, located on chromosome 1p36.3. Exons are shown in black
boxes. The two most investigated polymorphisms, 677C>T and 1298A>C, corresponding to the amino acid substitution

A222V and E429A, respectively, are indicated above their corresponding exons.

Table 3. Results of studies searching for a
correlation between the MTHFR 677C>T
polymorphism and cardio-cerebrovascular
disease.

Study Disease
phenotype

Correlation
(Yes/No)

Jacques et al. 1996 CAD Y

Girelli et al. 1998 CAD Y

Girelli et al. 2003 CAD Y

Brattstrom et al. 1998^ CVD N

Klerk et al. 2002^ CAD Y/N#

Inbal et al. 1999 MI Y

Salomon et al. 1999 IVTD Y

Cattaneo et al. 1999 DVTD Y

Bezemer et al. 2007 VTD N

Wald et al. 2002 IHD Y

Pezzini et al. 2005 sCAD Y

Sazci et al. 2006 stroke Y

Alluri et al. 2005 stroke Y

Morita et al. 1998 stroke Y

Li et al. 2003 stroke Y

Soriente et al. 1998 stroke N

Harmon et al. 1999 stroke N

Pezzini et al. 2002 stroke N

Cronin et al. 2005 stroke Y

Casas et al. 2005 stroke Y

Szolnoki et al. 2006 stroke N§

Dikmen et al. 2006 stroke N

Bosco et al. 2006 stroke N

Scher et al. 2006 MWA Y
CAD = coronary artery disease; CVD = cardiovascular
disease; DVTD = deep-vein thrombotic disease; IHD =
ischemic heart disease; IVTD = idiopathic venous
thrombotic disease; MI = myocardial infarction;
MWA = migraine with aura; sCAD = spontaneous cervi-
cal artery dissection; VTD = venous thrombotic disease;
^ = meta-analysis; # = association found in European but
not in North American populations; § = association
found only with the compound alleles of 677T and
1298C



429 of the gene. Although the 1298A>C polymor-
phism has been confirmed to be associated with
decreased MTHFR enzyme activity, a clear asso-
ciation with homocysteine concentration has not
been detected. Some studies showed no effect of
this variant on tHcy levels (Friso et al. 2002), or an
association between low homocysteine concentra-
tions and the CC genotype (Franco et al. 1999).
Other reports suggested that heterozygosity for
both 677C>T and 1298A>C polymorphisms may
cause a decrease in MTHFR enzyme activity, in-
creased tHcy levels, and decreased plasma folate.
In other studies, the 1298A>C polymorphism was
not related to hyperhomocysteinaemia, neither by
itself nor in association with the 677C>T variant
(Friedman et al. 1999; Zetterberg et al. 2003;
Gueant-Rodriguez et al. 2005). On the contrary,
in some studies, the 1298C allele has been associ-
ated with a mild decrease in tHcy levels. This may
be due to the strong linkage disequilibrium be-
tween the two polymorphisms, as the 677T allele
(predisposing to hyperhomocysteinaemia) occurs
preferentially with the 1298A allele (Zetterberg
et al. 2002). Other studies have reported an associ-
ation of CAD with 1298A>C polymorphism, inde-
pendently of the 677C>T variant, but not with
hyperhomocysteinaemia (Szczeklik et al. 2001).
In a recent study on a Morocco population with
few subjects, CAD has been associated with
1298A>C polymorphism (Laraqui et al. 2007).
The ethnic heterogeneity of investigated subjects
may explain the contrasting results of association
studies. Results of studies on the association of
MTHFR 1298A>C polymorphism and
hyperhomocysteinaemia or vascular disease are
shown in Table 4.

Three more variants in the MTHFR gene have
been reported: 1068T>C (serine/serine in exon 6),
1178+31T>C (5’ splice site in intron 6), and
1317T>C (phenylalanine/phenylalanine, in
exon 7). All these variants are not likely to be clini-
cally significant (Eldibany and Caprini 2007). Ad-
ditional 14 rare mutations in the MTHFR gene
have been described to be associated with severe
MTHFR enzyme deficiency (Goyette et al. 1996).

The 677TT genotype has been found to be as-
sociated with inflammation markers, such as
C-reactive protein, fibrinogen, leukocytes and se-
rum amyloid. This evidence, although without a
causal relation, might suggest a common
pathobiological mechanism involving inflamma-
tion and MTHFR, a key enzyme in homocysteine
metabolism (Dedoussis et al. 2005).

Cerebrovascular disease

As previously described, moderately elevated
tHcy status is considered an independent risk fac-
tor for occlusive arterial disease, not only in the
coronary and peripheral arteries, but also in the ce-
rebral vessels (Rozen 2000; Pezzini et al. 2005;
Sazci et al. 2006). Retrospective case-control and
prospective studies have shown an association be-
tween common moderate hyperhomocysteinaemia
and the risk of ischaemic and haemorrhagic stroke
(Abbate et al. 2003; Austin et al. 2004; Alluri et al.
2005). Anyway, causality relation is not supported
by all the studies. The association of the MTHFR

677C>T polymorphism with ischaemic stroke, as
well as multiple small-artery occlusions, and
atherosclerotic intermediate phenotypes (such as
carotid plaque area) has been widely investigated
in the last decade, but still remains controversial.
The polymorphism has been associated with
ischaemic stroke in some studies (Morita et al.
1998; Li et al. 2003), but not in others (Soriente
et al. 1998; Harmon et al. 1999; Pezzini et al.
2002). A dose-related association of the MTHFR

677T allele with ischaemic stroke risk has been
shown in a cumulative meta-analysis, suggesting
the polymorphism as a genetic risk factor for
stroke (Cronin et al. 2005). Anyway, after sample
stratification in an attempt to limit ethnic hetero-
geneity, they reported a lack of association in
North and Central Europe, while the association
was surprisingly high in Italy. This discrepancy
could be due to the presence of an allele frequency
gradient, as well as folate intake and folate status
gradient, and to the differences among populations
(age, cause of stroke). In a meta-analysis by Casas
et al. (2005), including 111 studies on the associa-
tion of homocysteine concentrations with MTHFR
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Table 4. Results of studies searching for a correlation
between the MTHFR 1298A>C polymorphism and
hyperhomocysteinemia or vascular disease.

Study Variable Correlation
(Yes/No)

Friso et al. 2002 tHcy in CAD N

Franco et al. 1999 tHcy in VTD N

Friedman et al. 1999 tHcy, AT N

Zetterberg et al. 2003 tHcy in TD N

Gueant-Rodriguez et al.2005 tHcy, CAD N

Szczeklik et al. 2001 CAD Y

Laraqui et al. 2007 CAD Y

Sazci et al. 2006 stroke Y

AT = atherosclerotic traits such as hypertension, total cholesterol and
Body Mass Index; CAD = coronary artery disease; TD = thrombotic
disease; VTD = venous thrombotic disease



677C>T polymorphism and of this variant with
stroke risk, they found that the observed increased
risk of stroke among TT homozygotes is appar-
ently close to that predicted from the differences in
homocysteine concentration conferred by the
677C>T genotype. In the study of Szolnoki et al.
(2006) on a Hungarian population sample, al-
though neither MTHFR 677C>T nor 1298A>C
variant was found to be associated with ischaemic
stroke, the compound heterozygotes of 677T and
1298C had a significantly increased risk factor for
ischaemic stroke. On the contrary, a study on a
Turkish population has shown the MTHFR

677C>T and 1298A>C genotypes as modest risk
factors for stroke (Dikmen et al. 2006). Recently,
in an Italian population sample, Bosco et al.
(2006) have evaluated the association of
ischaemic cerebrovascular disease with folate, vi-
tamin B12 and the polymorphisms related to the
remethylation pathway of homocysteine,
MTHFR, methionine synthase (MTR),
methionine synthase reductase (MTRR), and
transcobalamin (TCN2). They found a weak influ-
ence of tHcy and a neutral effect of all the gene
variants on the risk of ischaemic stroke. These re-
sults may be explained by an adequate status in fo-
late and vitamin B12, which neutralises the
influence of the polymorphisms on tHcy levels.

Migraine sufferers, particularly those with
aura, have an increased risk for clinical and
subclinical vascular brain lesions, apparently not
related to classic risk factors for cardiovascular
disease (Kruit et al. 2004; Scher et al. 2005).
Case-control studies on the association of
homocysteine levels with migraine, as well as of
677C>T polymorphism with migraine, have
shown conflicting results. In a recent study on a
Dutch population, individuals with the MTHFR

677TT genotype were at an approximately
two-fold risk for migraine with aura, compared to
individuals with the 677CC genotype (Scher et al.
2006). The association was not mediated by other
cardiovascular risk factors.

The above-mentioned studies on the associa-
tion between MTHFR 677C>T and 1298A>C
variants and cerebrovascular disease are summa-
rized in Tables 3 and 4, respectively.

Conclusions

Results of this study confirm that cardio-
cerebrovascular diseases are multifactorial, as
their aetiopathogenesis is determined by genetic
and environmental factors and by gene-environ-

ment interactions. Hyperhomocysteinaemia may
confer a mild risk alone, but it increases the risk of
disease in association with other factors promoting
vascular lesions.

More prospective, double-blind, randomized
studies, including folate and vitamin B interven-
tions, and genotyping for polymorphisms in genes
involved in homocysteine metabolism might
better define the relationship between mild
hyperhomocysteinaemia and vascular damage.
Physiopathological and follow-up studies on the
evaluation of therapeutic interventions in improv-
ing atherogenic profile, lowering plasma
homocysteine levels and preventing vascular
events, have not yet shown uniform results
(Caramia and Belardinelli 2006; Bendini et al.
2007).

The Framingham Offspring Study has demon-
strated the benefits of folate fortification also in
adults and the older population (Jacques et al.
1999). An efficacy analysis from the Vitamin In-
tervention for Stroke Prevention Trial, limited to
patients most likely to benefit from the treatment,
has shown that higher doses of B12, in addition to
other therapies, such as betaine and thiols, will
lead to optimal reduction of tHcy (Spence et al.
2005).

Larger population studies might probably help
in demonstrating that lower plasma homocysteine
levels, due to folate, vitamin B6, and B12 oral
supplementation, may lead to a lower rate of coro-
nary and cerebral ischaemic events.
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