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Abstract

Homocysteine is an emerging new risk factor for cardiovascular disease. It is a thiol
compound derived from methionine and involved in two main metabolic pathways:
the cycle of activated methyl groups, requiring folate and vitamin B12 as cofactors,
and the transsulfuration pathway to cystathionine and cysteine requiring vitamin B6
as cofactor. The homocysteine metabolism represents an interesting model of gene-
environment interaction. Elevations in homocysteine may be caused by genetic
defects in enzymes involved in its metabolism or by deficiencies in cofactor levels. A
common polymorphism in the gene coding for the 5,10-methylene tetrahydrofolate
reductase (MTHFR) (C677T, Ala — Val) is associated with a decreased activity of the
enzyme due to thermolability. In case of homozygosity for the Val allele, a relative
deficiency in the remethylation process of homocysteine into methionine leads to a
mild-to-moderate hyperhomocysteinemia, a condition recognized as an independent
risk factor for atherosclerosis. The genetic influence of the MTHFR polymorphism on
homocysteine levels is attenuated in females in premenopausal age and is not
significant in subjects who exhibit serum levels of folate and/or vitamin B12 above
the 50" percentile of distribution in the general population. The prevalence of the
Val/Val genotype varies among different ethnic groups. It is very low in African
populations, whereas in Europe and North America it ranges between 5% and 15%.
In Italy an even higher prevalence has been reported in some regions. The question
whether the MTHFR polymorphism might be per se an independent contributor to
cardiovascular risk is debated. The interaction between this or other genetic factors
and environmental/nutritional conditions (i.e. intake of vitamins such as folate) is a
key determinant for homocysteine concentrations in healthy conditions as well as in
some disease (i.e. in renal disorders). Another example of gene/environment
interaction in the field of atherosclerosis is given by the apolipoprotein E
polymorphism and its influence in response to diet. The presence of a high
prevalence of risk-related allelic variants of such candidate genes within a certain
population could serve to locally reinforce the recommendations concerning
nutrient intake.
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There is accumulating evidence that adequate intake of
folate may protect from the risk of developing athero-
thrombotic disease and its complications. The most likely
mechanism involves the pivotal role that folate exerts on
homocysteine (Hcy) metabolism, being a co-substrate in
Hey remethylation to methionine'. Hey is a putatively
atherothrombotic sulfur aminoacid produced during
methionine metabolism. Most probably Hcy exerts its
atherogenic influence by interfering with several physio-
logical conditions (activation of coagulation cascade and
inhibition of fibrinolysis, impairment of endothelial
function, lipoprotein modification and oxidation, etc). In
conditions of excess of methionine Hcy enters the so-
called transsulfuration pathway which eventually leads to
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the formation of cysteine. The initial reaction of this
pathway is catalized by cystathionine B-synthase, an
enzyme whose total deficiency is the cause of homo-
cystinuria, a pathological condition which is characterized
by elevated circulating levels of Hcy as high as 100—
500 wmol/L and clinically by thromboembolic episodes
often at a young age. Alternatively Hcy enters a
remethylation  cycle.  5,10-methylenetetrahydrofolate
reductase (MTHFR) is a folic acid-related enzyme crucial
for the remethylation of Hcy to methionine. It catalyzes
the formation of 5-methyl tetrahydrofolate, which is the
methyl donor in the reaction catalyzed by methionine
synthase in presence of cobalamin (vitamin B12) as
essential cofactor. A homozygous deficiency of MTHFR is
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a rare condition associated with severe hyperhomocys-
teinemia, developmental delay, neurological abnormal-
ities and vascular complications. Kang et al. in 1988
identified a thermolabile wvariant of MTHFR which
correlated with mildly elevated plasma Hcy concentra-
tions®. Recently this variant has been demonstrated to be
caused by a point mutation (C677T) in the coding region
of the MTHFR gene, leading to the substitution of valine
(val) for alanine (Ala)’. Because of the increasing interest
in cardiovascular risk and mild elevation of circulating
Hcy, many studies in recent years have attempted to
establish the relevance of the MTHFR mutation to
coronary risk. The MTHFR polymorphism could represent
another example of a diet-responsive genetic factor
contributing to atherosclerosis, as in the case of the
genetic polymorphism of apoliprotein E which influences
the lipoprotein metabolism.

Influence of MTHFR gene polymorphism on Hcy
levels

The Val/Val genotype is associated with increased levels
of Hcy, compared to Ala/Val and Val/Val. The MTHFR
genotype-related increase in Hcy levels, however, is not
evident when restricting the analysis to subsets of subjects
exhibiting plasma folate or vitamin B12 at or above the
median value in a given population. This suggests that
higher levels of these cofactors counteract the negative
effect of MTHFR thermolability on the efficiency of the
remethylation process. As a corollary, individuals who are
homozygous for the Val allele have an exaggerated
elevation in fasting Hcy levels in response to the
depletion of folic acid or even to suboptimal circulating
levels of folate®. The same phenomenon is not evident
when Hcy is measured after methionine load. As well, the
influence of the MTHFR polymorphism on fasting Hcy
levels is evident at all ages in the male sex but is
attenuated in women in premenopausal age, probably
because of their hormonal status. Thus, the MTHFR C677T
(Ala/Val) polymorphism represents the best example of
how a genetic polymorphism might affect nutrient
requirements in a population.

Differences in the prevalence of thermolabile
MTHFR

The prevalence of thermolabile MTHFR shows macro-
heterogeneity in different human groups. Homozygote
frequencies of 5% to 16% have been quoted for healthy
control populations. It may be reasonable to conclude
that for white populations in the US and Australia the
thermolabile MTHFR homozygote frequency is about
11.5%. However, in a critical evaluation of the many
results reported in literature, the size and appropriateness of
control populations investigated is of crucial importance.
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In a recent meta-analysis of studies on the association
between the MTHFR polymorphism and arteriosclerotic
vascular disease, much attention has been focused on the
population specificity of MTHFR genotype frequencies’.
Most of these studies have been performed in countries in
which subjects are predominantly of white European
descent. Among different populations of white Cauca-
sians, a Val/val homozygote frequency of about 16.3% in
an Italian study should be compared with the frequency
of 5.4% in a Dutch study. The limited data available on
other populations suggest that here too the Val/Val
homozygote frequency varies dramatically; 11.0% for a
Japanese population should be compared with 0% for
Black Americans.

The heterogeneity in world distribution of the thermo-
labile MTHFR has been investigated very recently®. The
frequency of the Val allele resulted very high (between
0.40 and 0.50) in the Mediterranean regions of Europe
(South Italy and Spain) with an increasing north-to-south
cline in the continent. A similar situation is evident in
Asians with higher Val allele frequency in Japanese and
Chinese (0.32) and a very low value for Indonesians (less
than 0.05). Very low Val frequencies were found in
Subsaharian and Ethiopian populations (between 0.05
and 0.07), as well as in African Americans. In hybrid
populations of South America (Colombians and Brazi-
lians), the reported Val frequency is very close to that of
European populations (about 0.40).

A study on the impact of the MTHFR polymorphism on
plasma Hcy levels in 12 different population based
samples across Europe has been conducted by Gudnas-
son and colleagues on behalf of the European Athero-
sclerosis Research Study (EARSII)’. The study participants
were male students aged between 18 and 28 years with
either a paternal history of myocardial infarction (n =
386) or with no such history (7 = 402). In the analysis of
results, subjects were grouped into four European regions
(Baltic, United Kingdom, Middle and South). No sig-
nificant difference between the cases and controls in Hcy
levels and MTHEFR allele distribution was evidenced in
any of the subgroups, or in the sample overall. Subjects
from the South region (Portugal, Spain, Italy and Greece)
had on average higher Hcy values than those from other
regions of Europe (12.2 versus 10.3 pwmol/l, P < 0.001).
The prevalence of the Val allele was highest in South
region (0.39). It was significantly lower in the Baltic
region (Finland and Estonia) than in the rest of Europe
(0.23) and this is in accordance with the narrower range
of plasma Hcy concentration observed in prospective
studies in Finland. A highly significant recessive effect of
the MTHFR polymorphism on plasma Hcy levels was
evident throughout all Europe regions; however, among
the Val/Val carriers, those from the South region showed
the highest Hey concentrations. This regional difference
can be attributable to other genetic or environmental
factors. It has been suggested that the dietary intake of
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folate may be lower in South Europe, probably because of
peculiar dietary habits such as consumption of coffee.
Evidence of an effect of the consumption of caffeinated
filtered coffee on the increase in Hcy levels has been
reported in a large study conducted in Norway®.
Furthermore, an independent inverse dose-response
relation between dietary protein intake and serum Hcy
has been described in a recent study carried out in the
Baltimore metropolitan area®, suggesting that an
increased protein intake may reduce total Hcy and the
related risk for atherosclerosis. On the other hand, the
recent policy enacted by the U.S. Food and Drug
Administration in 1996, aimed at increasing folate intake
in women of childbearing age to reduce the risk of neural
tube defect by enriching with folic acid flour breads, rice,
pasta,cornmeal and other cereal grain products, was
associated with a substantial improvement in folate status
and homocysteine levels in a population of middle-aged
and older adults'®'!; one cannot exclude that this might
have influenced the nutrient intake particularly in North-
ern Europe in the last years. The high frequency of Val
allele observed in Europe and particularly in the
Mediterranean area argues per se against a possible role
of this mutation as a single factor involved in the
pathogenesis of coronary artery disease.

A microheterogeneity within the same population is
also evident. An example is reported here regarding the
published data on MTHFR Val/Val genotype prevalences
in different regions of Italy (Table 1).

Reasons for the increased frequency of Val/val in Italy
and in general in South Europe remain obscure. An
intriguing hypothesis could lie in a putative favorable
effect of the MTHFR thermolabile variant in the presence
of other genetic disorders that are prevalent in the
Mediterranean area, such as the deficiencies in erythro-
cyte metabolism.

In our study on a population of healthy young subjects
from Rome, we found that uric acid levels in plasma were
strongly and independently correlated with Hey levels'?.
The association between these two biochemical variables
was indeed strong in the presence of homozygosity for
the Val allele. This could suggest that, in presence of a
defective MTHFR, a greater proportion of its natural
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substrate (5,10-methylene tetrahydrofolate) is shunted
toward alternative metabolic pathways, such as the
de novo synthesis of purines with consequent over-
production of uric acid. Otherwise, adenosine deriving
from S-adenosyl-homocysteine (a precursor of Hcy) may
represent the link between the metabolic pathways of
Hcy and uric acid.

Hcy, folate,and MTHFR polymorphism in renal
patients

The influence of folate, vitamin B6 and vitamin B12 intake
on plasma Hcy concentration and the implications in
terms of nutritional recommendations for the prevention
of atherosclerotic disease are discussed in other parts of
this supplement'®. Apart from genetic differences under-
lying geographical variation in folate requirements, it is
generally recognized that a total folate intake from food
and supplements of >400 pg/day usually ensures normal
Hcy levels in the majority of the population. Higher doses
may be necessary for individuals with decreased renal
function or low folate status. A reason for concern is the
evidence that folate supplementation may mask the
symptoms of vitamin B12 deficiency or even precipitate
the related neuropathy.

Patients with renal disease (end stage renal disease or
ESRD, haemodialysis, peritoneal dialysis and transplant
recipients) might be at particular risk. As a matter of fact
cardiovascular disease is the major cause of death in these
individuals. Even after stratification by age, gender, race,
and presence of diabetes CVD mortality in dialysis
patients is some 20 times higher than in the general
population, while in transplant patients a fourfold
increase can be observed. Apart from classical risk factors
like diabetes, hypertension and hyperlipidemia frequently
associated with renal disease, hyperhomocysteinemia,
often of considerable degree, is a particular feature of
these patients. Several explanations for this Hcy elevation
have been proposed, probably the most likely being the
reduction in glomerular filtration rate. Folate status
represents the major determinant of fasting total plasma
homocysteine levels in maintenance dialysis patients'®.
Subjects with chronic renal disease are somewhat

Table 1 MTHFR Val/Val genotype prevalences in different regions of ltaly

1st Author Journal Year Italian region Frequency of Val/Val
Missiaglia Thromb Haemost 1997 North East 13.7%
De Franchis Am J Hum Genet 1996 South 15.1%
Motti Atherosclerosis 1998 Central (Lazio) 16.1%
Legnani Arterioscler Thromb 1997 North (Emilia) 17.5%
De Stefano Thromb Haemost 1997 Central 18.0%
Girelli Blood 1998 North East 18.2%
Grandone Thromb Haemost 1997 South 18.2%
Sacchi Thromb Haemost 1997 North 21.0%
Cattaneo Thromb Res 1999 North 21.0%
Cortese unpublished South (Calabria) 20.5%
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refractory to low-dose folic acid supplementation. From
the published Hcy-lowering intervention studies con-
ducted on these patients one can conclude that doses as
high as 15 mg/d are necessary to lower Hcy in dialysis
patients, while a high-dose combination B therapy (folic
acid 5.0 mg/d, vitamin B6 50 mg/d and vitamin B12
0.4 mg/d) is able to normalize Hcy level in renal
transplant patients'.

The MTHFR Val/Val genotype has been reported to
aggravate the increase of plasma Hcy in hemodialysis
patientsm.There was no detectable effect of MTHFR
polymorphism on plasma Hcy levels in ESRD patients
undergoing haemodialysis receiving high-dose folate
supplementation (2 g/die)'’”. On the other hand, MTHFR
polymorphism is a significant predictor of plasma total
Hey and folate levels in kidney graft recipients'®. In these
individuals, homozygosity for Val allele significantly
increases plasma total Hcy concentrations and lowers
folate levels even in presence of good renal function.
However, there are no data supporting a role of the
MTHFR polymorphism as a determinant of renal trans-
plant survival.

Apo E polymorphism as an example of diet-
sensitive genetic factor for atherosclerosis

Based on the current evidence, the MTHFR polymorph-
ism could add to the list of the gene variants potentially
candidate for clinical use in the prevention of athero-
sclerosis. In this regard, the most intensively studied
genetic polymorphism contributing to the development
of atherosclerosis is represented by the apolipoprotein E
polymorphism, which can be adopted as a standard
model of gene/environment interaction in the context of a
multifactorial disorder!®.

The apolipoprotein E polymorphism is another exam-
ple of North-to-South gradient in the distribution of a
genetic polymorphism relevant to the risk of athero-
sclerosis. It has been known for several years by now that
three different alleles, namely €2, €3, and €4, determined
by the combination of two distinct polymorphic sites at
the apolipoprotein E gene locus, are responsible for the
different affinity of the apoE-carrying lipoproteins with
peripheral receptors. In the presence of the €4 allele, this
modulation in affinity results in an increase in circulating
cholesterol-rich lipoproteins. The effect of the &4 allele
towards increasing cholesterol levels has been observed
in random samples of normal people, normolipidemic
individuals, those selected for health, and in diabetic and
CHD patients. The atherogenic potential of the &4 allele is
further supported by studies of its prevalence in various
population samples and subsets with or without CHD. It
has been consistently demonstrated that the frequency of
the &4 allele tends to be higher in populations with
increased CHD mortality rates, such as the Finnish
population, and lower in those with reduced rates, such
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as the Chinese and Japanese populations. Furthermore, as
shown recently, the &4 allele frequency varies widely
across populations even within Caucasian and Asian
samples. The frequency of the &4 allele appears to be
higher in Northern Europe (eg: up to 0.30 in a Helsinki
population), where CHD prevalence is high, than in
southern regions (e.g.: as low as 0.04 in a population from
Calabria, Southern Italy), where CHD prevalence is low. It
is noteworthy that the relation of the &4 allele with an
increase in CHD prevalence may be strengthened by the
well-known interaction of this polymorphism with
environmental factors, particularly with nutritional habits
such as the amount of dietary saturated fatty acids®.

As in the case of the thermolabile variant of MTHFR, a
North-to-South gradient has been demonstrated for the g4
allele frequency, although in the opposite direction.
Again, the reasons for this nearly eightfold difference is
not easily explained. One can only speculate that different
environmental factors and competing mortalities have
exerted alternative selection pressures.

Conclusions

As pointed out elsewhere in this document, if a mutation
in a candidate gene within a population is frequent
enough to be defined a polymorphism, its penetrance is
likely to be relatively low, even if the relation between the
mutation and the altered phenotype is clear. Evidently,
the interplay with other genetic and/or environmental
factors significantly modulates the final effect, making
genetic screening inconvenient and expensive. Undoubt-
edly, when dealing with the implementations of guide-
lines in the context of a population strategy aimed at
achieving better nutritional habits and a healthier life-
style, the easiest approach is to give recommendations
concerning nutrients themselves. For instance, in relation
to the two polymorphisms described above, an increased
intake of folate and a decreased intake of saturated fatty
acids would be advisable in general. Nevertheless, in the
presence of a consistently demonstrated high prevalence
of the risk-related allelic variants of candidate genes
within a certain population, the same recommendations
could be locally reinforced.
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