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ABSTRACT

An elevated level of total homocysteine (tHcy) in blood, denoted hyperhomo-
cysteinemia, is emerging as a prevalent and strong risk factor for atheroscle-
rotic vascular disease in the coronary, cerebral, and peripheral vessels, and for
arterial and venous thromboembolism. The basis for these conclusions is data
from about 80 clinical and epidemiological studies including more than 10,000
patients. Elevated tHcy confers a graded risk with no threshold, is independent
of but may enhance the effect of the conventional risk factors, and seems to be
a particularly strong predictor of cardiovascular mortality. Hyperhomocys-
teinemia is attributed to commonly occurring genetic and acquired factors in-
cluding deficiencies of folate and vitamin B12. Supplementation with B-
vitamins, in particular with folic acid, is an efficient, safe, and inexpensive
means to reduce an elevated tHcy level. Studies are now in progress to estab-
lish whether such therapy will reduce cardiovascular risk.

INTRODUCTION

The total homocysteine (tHcy) level in plasma or serum is a sensitive indicator
of vitamin B12 and folate deficiencies (1). It is related to pregnancy complica-
tions (2), neural tube defects (3), mental disorders (4, 5), and cognitive impair-
ment in the elderly (6, 7). Furthermore, data from about 80 clinical and epide-
miological studies provide ample evidence that an elevated tHcy level is a
common cardiovascular risk factor in the general population (8–10).
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In this article, we review the biochemical, experimental and clinical litera-
ture on tHcy in relation to cardiovascular disease, with emphasis on the genet-
ics of hyperhomocysteinemia, the interactions between tHcy and conventional
risk factors, and the possible role of tHcy as a thrombogenic factor. Finally, we
summarize the evidence that vitamins, in particular folic acid, are effective
means to normalize an elevated tHcy level, which may aid in the prevention of
cardiovascular disease.

BIOCHEMISTRY AND MOLECULAR GENETICS

Homocysteine (Hcy) is formed from methionine as a product of numerous S-
adenosylmethionine-dependent transmethylation reactions (11). Three en-
zymes utilize Hcy (Figure 1), and its distribution among them depends on
metabolic status (11, 12). When methionine is in excess, Hcy is directed to the
transsulfuration pathway that irreversibly converts Hcy to cysteine. The first
reaction in this pathway is catalysed by the vitamin B6-dependent enzyme cys-
tathionine β-synthase (CBS) (EC 4.2.1.22) (11). Under conditions of negative
methionine balance, Hcy is primarily disposed via two methionine conserving
pathways (11, 12). In the liver, a substantial proportion of Hcy is remethylated
by betaine-homocysteine methyltransferase (BHMT) (EC 2.1.1.5) (11), which
uses betaine as a methyl donor. In most tissues, however, the remethylation of
Hcy is catalyzed by the ubiquitous methionine synthase (MS) (EC 2.1.1.13),
which uses vitamin B12 as a cofactor and methyltetrahydrofolate as a sub-
strate. The formation of methyltetrahydrofolate is catalyzed by methylene-
tetrahydrofolate reductase (MTHFR) (EC 1.7.99.5), a vitamin B2 (FAD)-
dependent enzyme (13) that has an indirect but strong influence on Hcy re-
methylation (14).

If one or more of the Hcy metabolizing pathways are inhibited due to enzy-
matic defects or vitamin deficiencies, Hcy accumulates, thereby causing an in-
creased tHcy level in plasma (9). This is the metabolic basis for using elevated
tHcy as a functional marker of vitamin B12 and folate status (1), and explains
the high tHcy levels in the various inborn errors of Hcy metabolism collec-
tively termed homocystinuria (15).

During the last few years, CBS (16), MTHFR (17), MS (18–20), and
BHMT (21) have been cloned. Mutations causing homocystinuria have been
identified in both CBS (22–24) and MS (19). Recently, a prevalent 68-bp in-
sertion was described in the CBS gene (23, 25), but its functional and clinical
importance is uncertain (26). In 1988, Kang et al described a thermolabile vari-
ant of the MTHFR that caused elevated tHcy levels (27, 28), and this variant
was later ascribed to a C677T mutation in MTHFR gene (29). Subjects with
homozygosity for this mutation (TT genotype) usually have a higher tHcy
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level than those who are heterozygous (CT genotype), or have a normal (CC
genotype) variant of the enzyme (14, 30).

ASSESSMENT OF HOMOCYSTEINE STATUS

Methodology

Homocysteine is a sulfur amino acid with a sulfhydryl group that makes it sus-

ceptible to oxidation at physiologic pH, thereby forming disulfides with other

thiols. In this article, the abbreviation Hcy refers to both homocysteine itself

(reduced Hcy) and its oxidized species. In plasma, trace amounts (∼ 1%) exist

in reduced form, about 70% is bound to albumin, and the remaining 30% forms

low molecular weight disulfides, predominantly with cysteine. The sum of all

these Hcy species is termed total Hcy, abbreviated tHcy (31).
Methods for tHcy determination were introduced during the 1980s (32),

and the problems related to the determination of multiple and unstable Hcy
species were thereby avoided. In these assays, plasma or serum is treated with
a reductant. This procedure converts all Hcy species into reduced Hcy, which
is either directly quantitated or derivatized (32). The principles for derivatiza-
tion, separation, and detection have been described in a previous review (32).
Most assays are based on chromatographic techniques (high performance liq-
uid chromatography or gas chromatography with mass spectrometry). An im-
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Figure 1 Homocysteine metabolism. AdoHcy, S-adenosylhomocysteine; AdoMet, S-adeno-

sylmethionine; B6, vitamin B6 (pyridoxal phosphate); B12, vitamin B12 (methylcobalamin);

CBS, cystathionine β-synthase; MS, methionine synthase; MTHFR, methylenetetrahydrofolate

reductase; THF, tetrahydrofolate.
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munoassay (33) may soon be commercially available, and this may allow for

widespread use of tHcy determination in laboratory diagnostics.
Optimal procedures for blood sample collection and handling are critical

when tHcy is used for cardiovascular risk assessment; inadequate procedures

may result in artificial elevation of tHcy, which may be interpreted as in-

creased risk. Sampling in the fasting state is recommended. A small breakfast

will probably not affect the plasma tHcy level, whereas a protein-rich meal

may cause an increase of 15–20% (34, 35). The posture of the subject during

blood collection should be standardized since this affects albumin concentra-

tion, which is a determinant of protein-bound Hcy (36, 37).
In the presence of blood cells, there is a time and temperature-dependent in-

crease in the plasma level; at room temperature, tHcy increases 5–15% per

hour (32). Immediate centrifugation of the blood is preferable, but the increase

can be prevented by keeping the sample on ice (38) or by adding a stabilizer

like fluoride (34, 39). After removal of the blood cells, tHcy in serum or

plasma is stable for days at room temperature, for weeks at 0–2°C, and for

years when kept frozen at −20°C (32).
For investigation of the relation between oxidized and reduced Hcy species,

techniques involving trapping of thiols have been developed (31). These meth-

ods are not practical for clinical laboratories.

Methionine and Homocysteine Loading

Methionine loading involves intake of a high dose of methionine (0.1 g/kg or
3.8 g/m2), and tHcy is measured immediately before and usually 2, 4, or 6 h af-
ter ingestion (9, 40). The tHcy response induced by protein-rich food (35) may
represent the physiologic corollary of the methionine load. The test was origi-
nally introduced to detect heterozygosity for CBS deficiency (41, 42), and sub-
jects with a mild disturbance of the transsulfuration pathway often have a nor-
mal fasting tHcy level but an elevated postmethionine load (PML) tHcy level
(43–45). Recent data suggest that variable tHcy responses in heterozygous
subjects may be due to different phenotypic expression of various CBS muta-
tions (46).

The fasting and PML tHcy levels are strongly correlated. They discriminate

between vascular patients and controls equally well, but the results do not

completely overlap. Thus, determination of only fasting tHcy will fail to iden-

tify the substantial proportion of subjects who have normal fasting but ele-

vated PML tHcy levels (47–49).
By performing peroral Hcy loading (65 µmol/kg), elimination of Hcy from

plasma can be investigated (50). Subjects with severe cobalamin/folate defi-

ciency have normal tHcy clearance (51), whereas a markedly reduced clear-

ance is observed in renal failure (52).
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Determinants of the tHcy Level

Determinants of tHcy include genetic and acquired factors as summarized in

Table 1.

AGE, SEX, AND RENAL FUNCTION Women have lower tHcy than men, and

tHcy increases with age (37, 53, 54). This may partly be due to differences in

vitamin status (55), but also to the influence of sex hormones. Plasma tHcy

levels increase after menopause (53, 56), which may explain the steeper age-

related increase in women compared with men (54). The sex difference may

also be related to stoichiometric formation of Hcy in connection with the cre-

atine/creatinine synthesis that is proportional to muscle mass, and therefore

higher in men than in women (57).
Renal function is a strong determinant of the tHcy level (58, 59). This is

probably related to Hcy clearance via renal metabolism (60) rather than uri-
nary excretion, which is minor (52, 61). The physiologic decline in renal func-
tion may partly explain the age effect (62, 63).

LIFESTYLE Dietary intake of vitamin B6, B12, and folate is inversely corre-

lated to plasma tHcy (55). Smoking and caffeinated coffee consumption cause a

shift of the distribution towards higher tHcy values, whereas physical activity is

associated with low tHcy levels (54, 64). Notably, the effect of these lifestyle

factors on the tHcy level seems to be more pronounced in women than in men

(37, 54, 64). Chronic, high ethanol consumption is associated with elevated

tHcy levels (65), possibly through its effect on vitamin status. In contrast, a

moderate consumption seems to be associated with a lower tHcy level (66).

GENETIC DETERMINANTS Homocystinuria usually refers to the inborn errors

of Hcy metabolism associated with severe hyperhomocysteinemia. Homozy-

gosity for CBS deficiency is the most common cause, with a birth prevalence

of 1/300,000, but with marked geographic differences (15). Rare forms of ho-

mocystinuria include severe defects of MTHFR (67) and impaired Hcy re-

methylation due to inborn errors of cobalamin metabolism (68).
Heterozygosity for CBS deficiency is present in <1% of the general popula-

tion (15). These subjects usually have a normal fasting tHcy level, but the PML
tHcy level may be elevated (43, 44). Recent genetic studies have shown that
heterozygosity for CBS deficiency occurs only sporadically in vascular pa-
tients (14, 69, 70) and suggest that this mild genetic defect is not a frequent
cause of hyperhomocysteinemia in these patients.

The common C677T mutation in the MTHFR gene shows ethnic differ-
ences with a high allele frequency of about 40% (10% TT genotype) in Cauca-
sians (71), whereas it is almost absent in African-Americans (72). This poly-
morphism causes reduced enzyme activity and thermolability and predisposes
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36 REFSUM ET AL

Table 1 Determinants of the plasma total homocysteine level

Effect Reference(s)

Genetic factors

Homozygosity for CBS defects ↑↑↑ 15, 80

Homozygosity for MTHFR defects ↑↑↑ 81, 82

Cobalamin mutations (C, D, E, F, G) ↑↑↑ 68, 83

Down’s syndrome ↓ 84

Thermolabile MTHFR ↑ 14, 73, 74

Heterozygosity for CBS defects1 ↑ 85

Heterozygosity for MTHFR defects ↑ 81, 82

Physiologic determinants

Increasing age (↑ ) 53, 54

Male sex (↑ ) 53, 54

Renal function, reduced GFR (↑ ) 86

Increasing muscle mass (↑ ) 57

Lifestyle determinants

Vitamin intake ↓ 55

Smoking (↑ ) 54

Coffee consumption (↑ ) 64

Ethanol consumption ↑↓ 65, 66

Physical activity ↓ 54

Clinical conditions

Folate deficiency ↑↑ 1, 75

Vitamin B12 deficiency ↑↑↑ 1

Vitamin B6 deficiency1 ↑ 87

Renal failure ↑↑ 59, 76

Hyperproliferative disorders ↑ 88, 89

Hypothyroidism ↑ 90

Drugs

Folate antagonists (methotrexate) ↑ 77

Vitamin B12 antagonists (nitrous oxide) ↑↑ 91, 92

Vitamin B6 antagonists1 ↑ 45, 93

AdoHcy hydrolase inhibition ↓ 94

Antiepileptic drugs ↑ 8

Contraceptives, hormone therapy ↓ 95–97

Aminothiols (acetylcysteine, penicillamine) ↓ 78, 79

Others (L-dopa, cholestyramine, niacine) ↑ 98–100

↓ = Reduction of the total homocysteine level; (↑ ) = increase within normal reference range; ↑,
↑↑ , ↑↑↑ = moderate hyperhomocysteinemia (15–30 µM), intermediate hyperhomocysteinemia
(30–100 µM), and severe hyperhomocysteinemia (>100 µM), respectively. AdoHcy = S-adeno-
sylhomocysteine; CBS = cystathionine β-synthase; MTHFR = methylenetetrahydrofolate reduc-
tase.

1In subjects with vitamin B6 deficiency or mild defects in CBS, the fasting total homocysteine
level is usually normal but the postmethionine load level is increased.
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to moderate (15–30 µM) and intermediate (30–100 µM) hyperhomocysteine-

mia under conditions of impaired folate status (29, 73, 74). A low daily dose

(0.2 mg) of folic acid will probably enable maintenance of a normal tHcy level

in most of these subjects (73).

CLINICAL CONDITIONS AND DRUGS Folate or cobalamin deficiency are com-

mon causes of hyperhomocysteinemia in the general population (1, 75). Ele-

vated tHcy levels are also observed in renal failure (59, 76), and in various

other clinical conditions (Table 1) (9). Hyperhomocysteinemia is induced by

certain drugs, especially those affecting the vitamins related to Hcy metabo-

lism (77). Aminothiols, like penicillamine (78) and acetylcysteine (79), reduce

the plasma tHcy level.

Reference Ranges

FASTING tHcy The normal range in adults is usually 5–15 µM, with a mean
level of about 10 µM (Table 2) (32). Hyperhomocysteinemia is defined as a
plasma tHcy >15 µM and is denoted as moderate (15–30 µM), intermediate
(30–100 µM) and severe (>100 µM) hyperhomocysteinemia (101).

Reported reference ranges differ markedly (32). These variations are proba-

bly related to a skewed tHcy distribution toward higher values, varying defini-

tions of the upper threshold, differences in sample handling and methodology,

and variations in determinants of the tHcy levels among different populations.
It has been suggested that reference ranges should be determined in a popula-

tion with adequate vitamin status (102–104). Such individuals have markedly

lower tHcy levels (with an upper limit of about 12 µM) than the general popula-

tion. The 2.5–97.5 percentiles for 40–42-year-old subjects in the Hordaland popu-

lation (n = 18,043) were 5.6–17.4 µM for women and 6.9–20.9 µM for men.

The corresponding values for non-smokers with high folate intake and low

coffee consumption were 4.7–11.4 µM and 6.3–13.1 µM, respectively (105).
Only sparse data exist on tHcy levels in children (88, 106–108). Recently,

Tonstad et al found that tHcy levels in 8–12-year-old boys and girls are about

half of that observed in adults. There was no sex difference, and the tHcy fre-

quency distribution was nearly gaussian, with a mean tHcy level of 5.25 µM

and a reference range (mean ±2SD) of 2.9–7.6 µM (107). At puberty, tHcy in-

creases markedly, and the distribution becomes skewed as in adult populations

(108).

PML tHcy Relatively few investigations have addressed the reference range
for PML tHcy levels (48, 53, 109, 110), and various definitions for an abnor-
mal response have been used (9). Relative to the fasting level, the PML tHcy
and the increase in tHcy measured after 4 to 6 h are usually about 3 and 2 times
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higher, respectively (Table 2). PML tHcy is higher in men than in women and

increases with age, especially in women (109, 110).

HOMOCYSTEINE AND CARDIOVASCULAR DISEASE

History and Summary of Highlights up to 1995

Homocystinuria was described in 1962 in mentally retarded children (111,
112). About two years later, the defect in CBS was identified (113), and it was
reported that such patients frequently had thromboembolic events (114, 115).
Severe MTHFR deficiency (67, 116) and certain defects in intracellular co-
balamin metabolism (68, 117) were later reported to cause a similar clinical

38 REFSUM ET AL

Table 2 Fasting, postmethionine load (PML) and increase after loading in plasma total homo-
cysteine level in the control group of the European Concerted Action Project on homocysteine
and vascular disease (49)

Percentile

2.5 5 10 20 50 80 90 95 97.5

(µmol/L)

All (n=800)

Fasting 5.9 6.4 7.0 7.7 9.5 12.1 13.4 15.7 18.5

PML 17.4 19.2 21.5 24.2 29.9 38.0 43.7 51.3 58.1

Increase 10.4 11.6 13.1 15.4 19.8 27.3 31.6 37.2 42.8

Men <45 year (n=232)

Fasting 6.3 6.8 7.2 7.8 9.6 11.9 12.9 15.8 18.8

PML 17.3 19.0 20.9 23.8 29.6 39.8 47.5 56.4 60.9

Increase 10.4 11.4 12.3 15.2 19.3 28.2 34.1 39.1 44.7

Women <45 year (n=135)

Fasting 4.8 5.3 6.0 6.6 8.1 10.4 12.6 13.6 16.9

PML 16.0 16.6 17.9 20.0 26.0 34.1 40.2 44.7 48.2

Increase 8.9 9.9 11.3 13.1 17.8 23.9 30.1 32.1 34.9

Men ≥45 year (n=338)

Fasting 6.8 7.2 7.8 8.5 10.3 12.6 13.7 15.9 18.6

PML 21.0 22.0 23.6 25.7 31.0 38.0 42.9 50.3 57.9

Increase 12.8 13.8 14.9 16.2 20.6 26.6 30.1 35.5 41.7

Women ≥45 year (n=95)

Fasting 5.8 6.3 6.7 7.1 9.1 11.4 12.9 13.7 15.1

PML 16.8 19.6 21.5 24.0 31.2 36.9 42.4 50.1 54.2

Increase 10.1 12.0 13.7 15.3 21.4 28.2 33.3 40.3 43.2
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picture. In 1969, McCully described the vascular pathology of homocystinuria

(117). He noted that thromboembolic disease was a characteristic feature of

homocystinuria independent of the site of the metabolic defect, pointing to

Hcy as the causal agent. This is the basis for his Hcy theory of atherosclerosis,

which implies that moderately elevated tHcy may be a cardiovascular risk fac-

tor in the general population (118).
In 1976, Wilcken & Wilcken published the first report that coronary artery

patients frequently have abnormal Hcy metabolism (119). For the following
15 years, there were only scattered reports (8, 9) on the relation between Hcy
levels and coronary artery disease (120–122), cerebrovascular disease
(123–125), peripheral artery disease (124, 126, 127), and venous thrombosis
(128, 129). In the same period, the most important determinants of tHcy were
identified, including age and sex (121, 130), renal function (76, 131), and fo-
late and vitamin B12 status (75, 132). In 1988, Kang et al reported on thermo-
labile MTHFR and its relation to cardiovascular risk and hyperhomocysteine-
mia (27, 28).

Since 1990, there has been an exponential increase in the publication rate
on tHcy and cardiovascular disease (Figure 2). This is related to the recogni-
tion of elevated tHcy as an independent cardiovascular risk factor (169). But
equally important was the introduction of various assays for tHcy determina-
tion (32), which are more practical in the clinical setting and allow the use of
stored blood samples. The first positive prospective studies on tHcy and coro-
nary heart disease were reported in 1992 (170) and 1993 (171). One negative
prospective study on myocardial infarction and stroke from Finland (172)
caused some concern about the validity of the Hcy theory, but the hypothesis
was later substantiated by several reports which indicated that tHcy is a risk
factor for cardiovascular disease. In 1995, Selhub et al reported on a strong re-
lation between tHcy and extracranial carotid-artery stenosis in the elderly
(173), and a prospective study demonstrated that tHcy conveyed a graded risk
for stroke in middle-aged British men (162). The same year, the C677T muta-
tion in the MTHFR gene was identified and proposed as a candidate risk factor
for vascular disease (29).

In 1995, Boushey et al reviewed most studies on Hcy and cardiovascular
disease. Their meta-analysis, based on 27 studies including about 4000 pa-
tients, showed that Hcy was an independent, graded risk factor for atheroscle-
rotic disease in the coronary, cerebral and peripheral vessels (10). Since then,
there have been about 40 additional studies on tHcy as a risk factor for cardio-
vascular disease and its complications (Table 3); the majority of them support
the conclusions formulated by Boushey et al. The strongest evidence derives
from ten prospective studies: Eight demonstrate an increase in risk of stroke
(162, 174), coronary heart disease (163, 170), venous thrombosis (164), car-
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diovascular complications (166, 167) or mortality (168), whereas only two are

negative (165, 172). Recent data have been reviewed and subjected to frequent

editorial comments (175–179).

Hcy and Conventional Risk Factors

Hcy is one of more than 200 identified risk factors for cardiovascular disease
(180). Thus, a frequently asked question is whether the reported tHcy associa-
tion is due to confounding with established factors.

A correlation between tHcy level and total, HDL or LDL cholesterol has

been shown in some studies (9, 54, 62, 135, 163, 181). Two recent studies have

40 REFSUM ET AL

Figure 2 Number of clinical and epidemiological studies on homocysteine and cardiovascular

disease in the years 1976 to 1996. Nine publications on methylenetetrahydrofolate and cardiovas-

cular disease are included.
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demonstrated that tHcy is an independent predictor of atherosclerotic events

(135) and of carotid intimal-medial thickness (138) in hyperlipidemic sub-

jects.
Plasma tHcy level is positively associated with blood pressure in a healthy

population (54, 125, 182), in diabetic patients (183), and possibly in vascular

patients (181). The relation between the tHcy level and carotid wall thickness

is stronger in hypertensive than normotensive individuals (184).
The use of tobacco is associated with reduced intake of nutrients (185) and

lower blood levels of folate (186), vitamin B12 (187) and pyridoxal 5'-

phosphate (188). Despite these findings, a relationship between smoking and

tHcy levels has infrequently been reported. In the Hordaland population, tHcy

levels increased almost proportionally to the number of cigarettes smoked per

day, and smoking was one of the strongest determinants of tHcy levels (54).

Plasma tHcy is elevated in vascular patients who smoke (47, 156, 189), but it is

a consistent finding that the relationship between tHcy and vascular disease re-

mains strong after adjustment for smoking.
In patients with chronic renal failure, where atherosclerotic complications

are a leading cause of death, an elevated tHcy level occurs more frequently

than any of the conventional risk factors (59). A recent prospective study

showed that elevated tHcy levels may contribute to the high incidence of non-

fatal and fatal cardiovascular events in end-stage renal disease (167). In dia-

betic patients with intact renal function, the plasma tHcy level is normal (183,

190) or even low (191), possibly due to the glomerular hyperfiltration fre-

quently observed in these subjects (192). In contrast, in diabetic patients with

proteinuria and macrovascular disease, tHcy levels are increased (141, 183,

190), which may contribute to accelerated atherogenesis in these patients.
The European Concerted Action Project on homocysteine and vascular dis-

ease (49) is a 19-center case-control study of 750 vascular disease patients

(coronary artery, cerebrovascular, and peripheral vascular) and 800 controls.

In this study, the interaction between tHcy and the three most important car-

diovascular risk factors (180) (cholesterol, smoking, and high blood pressure)

were systematically investigated. The risk conferred by tHcy was similar to

and independent of the conventional risk factors. An elevated tHcy level inter-

acted strongly with hypertension and smoking; the combined effect was more

than multiplicative in both sexes, but was most pronounced in women (49).
In conclusion, there is a positive relationship between tHcy and several of

the conventional risk factors. However, the association between tHcy and car-

diovascular endpoints remains strong after adjustment, and in various sub-

groups. Moreover, there are pronounced interactive effects with conventional

risk factors, especially with smoking and hypertension, suggesting that tHcy

may further enhance the cardiovascular risk in these patients.
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Clinical Genetics and Familial Vascular Disease

FAMILY STUDIES The role of familial factors in the determination of plasma
tHcy levels has been demonstrated by studies of twins (193), by investigation
of family members (135, 194), and by the frequent finding of hyperhomocys-
teinemia in patients with familial vascular disease (62, 135, 148).

Recently, Tonstad et al performed a series of studies on tHcy levels in
healthy children and in children with familial hypercholesterolemia. In one
study, lipid-related factors and tHcy levels were determined in 756 school chil-
dren aged 8–12 years. In this study, the lipid levels in the children were associ-
ated with a family history of hyperlipidemia, but not with vascular disease. In
contrast, a modest tHcy elevation in the children was significantly related to
premature cardiovascular death in their male relatives. In this group, there was
a complete shift of the tHcy distribution curve towards higher values, with the
serum folate level as the strongest determinant (107). In a similar study of 155
children with hypercholesterolemia, we found a higher tHcy level in children
whose parents had vascular disease, compared with those who did not. Moreo-
ver, homozygosity for the C677T mutation in the MTHFR gene was associated
with a higher tHcy level and tended to be more frequent in children with paren-
tal history of cardiovascular disease (108).

The available data, therefore, suggest that an elevated tHcy level is a famil-
ial trait that may contribute to increased risk in persons with a positive family
history of cardiovascular disease.

CBS AND MTHFR The early studies in vascular patients often concluded that
an abnormal response to a methionine load was due to heterozygosity for CBS
deficiency (9, 124, 169). However, obligate heterozygotes for CBS deficiency
apparently have no excess risk of vascular disease (195, 196), and genetic
analyses indicate that the hitherto identified CBS mutations occur only spo-
radically in patients with vascular disease (69, 70, 197). The prevalence of the
68 bp insertion in the CBS gene is somewhat higher in coronary artery disease
patients, but this genetic variant is not associated with hyperhomocysteinemia,
and its clinical significance is unknown (26).

In 1995, Frosst et al suggested that the C677T polymorphism in the
MTHFR gene is a candidate risk factor for vascular disease (29). This has been
supported by some (70, 157, 198) but not most studies (189, 199–203). A re-
cent meta-analysis on eight different case-control studies suggests that the TT
genotype is a modest but significant risk factor for coronary artery disease
(204).

It is an apparent paradox that the TT genotype in the MTHFR gene, a strong
predictor of hyperhomocysteinemia in the general population (29, 73, 74), is
not unequivocally associated with increased cardiovascular risk. There are
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some possible explanations. Presumably, the TT genotype affects folate distri-

bution and thereby causes elevated tHcy, which in turn may be responsible for

the vascular lesion. If so, the predictive value of the tHcy level is expected to

be stronger than that of a more remote genetic defect. In addition, the plasma

tHcy level only becomes elevated in folate-deficient subjects with the TT

genotype (74, 189, 205, 206). Finally, the slope of regression lines relating

tHcy to folate increases in the order of CC, CT, and TT genotypes (73, 202),

which suggests that subjects with the TT genotype and high serum folate have

a low tHcy level. This points to a protective effect for the combination of TT

genotype and positive folate homeostasis, as shown for colorectal cancer

(207). Thus, the low frequency of the TT genotype combined with its possible

dual effect requires large studies to investigate the interaction between the

C677T polymorphism and folate status in cardiovascular patients.

Atherosclerosis versus Thrombosis

HOMOCYSTINURIA In subjects with homocystinuria, independent of the site
of the metabolic defect, the main cause of death is arterial and venous throm-
boembolic events (15). In untreated CBS-deficient subjects, the annual risk of
such an event is 4% (15). On autopsy, the macroscopic findings include arte-
rial and venous thromboses, arteriosclerotic lesions in large and medium-sized
arteries, and multiple infarctions in different organs. Microscopic examina-
tions show intimal thickening and fibrosis, proliferation of the connective tis-
sue, lesions of the internal elastic membrane, and narrowing of the arterial lu-
men. Fatty atheromatous plaques in the arteries are, however, not a common
finding (9, 15). Ultrasound imaging has revealed that intimal-medial thickness
and blood flow velocity is normal in patients with homocystinuria, which con-
trasts to the diffuse and focal thickening of carotid arteries in patients with fa-
milial hypercholesterolemia (208). Thus, in inborn errors of metabolism with
severe hyperhomocysteinemia, the thromboembolic events dominate the clini-
cal picture, and the histological findings differ from the typical atheromatous
changes related to hyperlipidemia.

ARTERIAL DISEASE Most clinical and epidemiologic studies on tHcy and vas-
cular disease have suggested a role of Hcy in atherogenesis (10). Cross-
sectional studies have shown that the tHcy level is related to the extent of athe-
rosclerotic disease in the carotid (173, 184), coronary (161, 209, 210), and pe-
ripheral (134) arteries. In teenagers, tHcy is associated with intimal-medial
thicknesses in the carotid artery, suggesting that the tHcy level may be a
marker of early carotid atherosclerosis (138).

There is now increasing evidence suggesting that elevated tHcy may pro-

voke arterial thromboembolic events. In patients with systemic lupus erythe-
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matosus, tHcy is positively related to increased risk of arterial thrombosis

(166). Moreover, tHcy is associated with an increased risk of placental infarc-

tion (211), which usually is explained by multiple thrombi (212). One recent

study in coronary patients points to a strong relation between tHcy and acute

cardiovascular events (168).

VENOUS THROMBOSIS The strongest evidence in favor of a thrombotic effect
of Hcy is provided by the clinical studies on patients with venous thrombosis
(128, 129, 142, 144, 150, 153, 164, 213–217); most of these studies conclude
that elevated tHcy is a risk factor. In a meta-analysis including 8 studies (830
patients and 819 controls), the pooled odds ratio for venous thrombosis was
2.8 in subjects with hyperhomocysteinemia (109). In some of these studies, the
PML tHcy level was more strongly related to disease than the fasting tHcy
level (144, 214, 215), but the meta-analysis indicates that they distinguish
equally well between cases and controls (109).

The most frequent cause of familial venous thrombosis is resistance to acti-

vated protein C due to the factor V Leiden mutation (218). In a study of Israeli-

Arab families with homocystinuria caused by CBS deficiency, thrombosis oc-

curred only in patients who also had the factor V Leiden mutation (219). Nota-

bly, a prospective study of apparently healthy men demonstrated that tHcy

above the 95th percentile was associated with increased risk of idiopathic ve-

nous thromboembolism (RR = 3.4) (164). In subjects who also had the Leiden

mutation, the risk was markedly increased (RR = 21.8). Thus, it is plausible

that hyperhomocysteinemia causes venous thrombosis only in the presence of

additional thrombotic risk factors. However, controversy exists since others

have demonstrated that CBS deficiency (220) as well as hyperhomocysteine-

mia (153, 221) are risk factors for thromboembolism in the absence of the fac-

tor V Leiden mutation.

MORTALITY There is a strong relation between the tHcy level in various
countries and cardiovascular mortality rates (133). We recently investigated
the relation between the tHcy level and mortality in 587 patients with con-
firmed coronary artery disease (168). Plasma tHcy measured at the time of an-
giography was strongly associated with previous myocardial infarction, but
only weakly related to the extent of coronary artery disease. Notably, after a
follow up time of 4.6 years, only 3.6% of those with a tHcy level <9 µM had
died, whereas the mortality was 24.7% in patients with a tHcy level >15µM.
After adjustment for possible confounders, there was still a graded increase in
mortality with increasing tHcy levels. Using tHcy below 9 µM as reference,
the mortality rate increased 1.9-, 2.8-, and 4.5-fold among those with tHcy lev-
els of 9–15, 15–20, and ≥20 µM, respectively (168). Subgroup analyses
showed that the tHcy level predicts mortality independent of age, gender,
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smoking habits, blood pressure (Figure 3), and serum creatinine. Our data sug-

gest that an increased tHcy level may contribute to acute thromboembolic

events leading to death.

Mechanisms

Observations in homocystinuria patients, animal experiments, and in vitro
studies have identified several potential sites where hyperhomocysteinemia
may induce vascular lesions. These targets include connective tissue and
smooth-muscle cells, platelets, endothelial cells, the vessel wall, blood lipids,
coagulation factors, and nitric oxide.

In vitro (222) and in vivo (223) experiments suggest that Hcy promotes ag-
gregation of platelets, but this has been contested (224, 225). Endothelial dam-
age mediated through H2O2 production has been proposed (226–229), but cys-
teine induces similar effects, and the validity of these observations for in vivo
atherogenesis has been questioned (230). Hcy increases DNA synthesis,

HOMOCYSTEINE & CARDIOVASCULAR DISEASE 47

Figure 3 The relation between plasma total homocysteine (tHcy) and mortality. Kaplan-Meier

survival plots comparing patients with tHcy below (thin line) and above (thick line) 15 µM in

various subgroups. The tHcy level was measured at the time of the angiography (168). BP, blood

pressure; Chol., serum total cholesterol; EF, left ventricular ejection fraction.
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growth, and cyclin A gene expression (231) in cultured vascular smooth mus-

cle cells, and cyclin-dependent kinase expression in the aorta of rats (232). Oxi-

dative modification of LDL by Hcy has been demonstrated in vitro (233, 234)

but has not been observed in hyperhomocysteinemic patients (235, 236). Physi-

ologic levels of Hcy may enhance the binding of lipoprotein(a) to fibrin (237),

but cysteine and other thiols have a similar effect. High concentrations of Hcy

in vitro activate factor V (238), reduce protein C activation (239, 240), inacti-

vate the cofactor activity of thrombomodulin (241), suppress thrombomodulin

(240) and anticoagulant heparan sulfate expression (242), and block tissue

plasminogen activator binding to human endothelial cells (243). Hcy rapidly

reacts with endothelium-derived relaxing factor/nitric oxide (NO) to form S-

nitroso-Hcy, which acts as a potent antiplatelet agent and vasodilator. The for-

mation of this adduct may attenuate H2O2 production from Hcy and, thereby,

protect against the atherogenic properties of Hcy. According to this model,

vascular injury is caused by an imbalance between NO production from dys-

functional endothelial cells and the levels of Hcy (225). Notably, impaired

endothelium-dependent vasodilatation associated with elevated tHcy has been

demonstrated in vivo (244, 245). The possible etiologic mechanisms of Hcy in

vascular disease have been summarized in recent review articles (225, 246).
The data cited above show that there is no unifying hypothesis explaining

the atherogenic and thrombogenic effects of circulating Hcy. This may reflect

its diversity of effects, but may also be due to flaws in study design or interpre-

tation of data. In general, it is difficult to mimic the slow atherosclerotic effect

by short-term in vitro studies. Another problem is related to the high millimo-

lar concentrations of Hcy frequently used (229, 239, 243, 247, 248) that are

100- to 1000-fold higher than observed in moderate hyperhomocysteinemia

(249). Moreover, the complex redox reactions involving the various Hcy

forms and their relation to other aminothiols in vivo (31) contrast to the in vitro

testing of a single Hcy species (249). Finally, the specificity of some Hcy ef-

fects should be questioned because they can be obtained by other thiols (230,

233, 250), in particular cysteine, which is the most abundant aminothiol in

plasma, with a total concentration about 25-fold higher than tHcy (31).

HOMOCYSTEINE-LOWERING THERAPY

Increased intake of folic acid, vitamin B12, and B6 will probably reduce the
tHcy level in nearly all individuals independent of their pretreatment tHcy
level (251). Vitamin therapy partly prevents the vascular complications of ho-
mocystinuria (15), and use of vitamins is associated with lower risk of vascular
disease in the general population (49). A high intake of fruits and vegetables,
which are good sources of dietary folate, protects against cardiovascular dis-
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ease (252), and an observational study suggests that vitamin B6 may delay the

progress of coronary heart disease (253). However, it remains to be shown in

randomized placebo-controlled clinical trials that a reduction of the tHcy level

has an overall beneficial effect.

Vitamin and Drug Therapy

FOLIC ACID AND FOLATE INTAKE In 1988, Brattström et al showed that
healthy subjects responded to a high dose of folic acid (5 mg/d) with a marked
reduction in their tHcy levels (254). Since then, several studies have demon-
strated that 0.65–10 mg/d of folic acid alone or together with vitamin B12
and/or B6 reduce the fasting and PML tHcy level by 25–50%, both in healthy
and in hyperhomocysteinemic subjects and in vascular patients (251,
255–257). Data on dose response are sparse, but no difference was found for
2.5 versus 10 mg/d in patients with myocardial infarction (145) or for 0.5
versus 5 mg/d in healthy subjects (109).

Generally, a total folate intake from food and supplements below 200–250
µg/d is occasionally associated with hyperhomocysteinemia, whereas an in-
take of 300–400 µg/d usually ensures a normal to low tHcy level in the major-
ity of the population (55, 258–260). A higher dose may be required to obtain a
maximal tHcy reduction in subgroups such as patients with reduced renal func-
tion (261) or subjects with low folate status (73).

Folic acid is considered nontoxic and well tolerated for chronic use in high
doses (262), but may mask the symptoms of vitamin B12 deficiency (see be-
low).

VITAMIN B12 The effect of vitamin B12 on the tHcy level is modest with
maximum 10–15% reduction (109, 254, 256), except in vitamin B12-deficient
subjects (1). However, a low serum B12 level may prevent an optimal response
to folic acid (73, 251). Moreover, there is high prevalence of vitamin B12 defi-
ciency in elderly subjects (263). The concern that folic acid supplementation
may alleviate hematological signs of B12 deficiency or even precipitate neuro-
pathy has been thoroughly debated (10, 264–266). A daily vitamin B12
supplement of 200 µg/d can probably prevent the clinical symptoms of perni-
cious anemia (267).

VITAMIN B6 Oral treatment with pyridoxine up to 300 mg/d does not lower
the fasting tHcy level in healthy subjects or vascular patients (251, 254, 257,
268). However, pyridoxine (10–250 mg/d) lowers an abnormal PML tHcy
level in most patients, and, when combined with folic acid, nearly all obtain a
normal PML tHcy level (45, 127, 255, 257, 269). Chronic use of vitamin B6
may precipitate peripheral neuropathy, but a daily dose of 100 mg or less is
probably safe (270).
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BETAINE AND DRUGS Except in homocystinuria, the effect of betaine has
only sporadically been investigated. It may be equally (255), or in some in-
stances, more efficient (269) than folic acid and pyridoxine in reducing an ab-
normal PML Hcy level. In renal failure patients, betaine had no effect on the
fasting tHcy level (271).

Tamoxifen (96), estrogen replacement therapy (97), and aminothiol drugs
(78, 79) may also reduce the plasma tHcy level. Compared with efficient, safe
and inexpensive vitamins, these are not the first choice for patients with car-
diovascular disease.

Intervention Strategies

A consensus on intervention strategies to reduce tHcy does not exist. Folic acid
will presumably be used in all trials on vascular patients, and vitamin B12 will
frequently be added as a safety measure against pernicious anemia. The inclu-
sion of vitamin B6 is controversial. This vitamin participates in more than 100
reactions (272), and its relation to vascular disease is independent of the tHcy
level (151), suggesting that the cardioprotective effect may be mediated via
other mechanisms than improved Hcy metabolism. The design of randomized
placebo-controlled trials, which now are under way, differ markedly in target
population, endpoint(s), and the doses and combinations of vitamins. Thus,
within a few years, we hope we will have gained experience with several thera-
peutic regimes, regarding both efficiency and side effect profile.

Since 10% of all coronary artery disease events may be explained by tHcy
(10), a primary prevention strategy needs to be considered. In the United
States, the folic acid fortification of flour and cereal products starting in 1998
will probably reduce the proportion of the population with hyperhomocys-
teinemia (266). This large-scale population intervention may provide data on
whether food fortification has an overall beneficial effect and, therefore, can
be recommended in other countries as well. An alternative strategy is life-style
intervention. High dietary folate intake, low coffee consumption, smoking
cessation, and increased physical activity may all contribute to lower tHcy lev-
els in the general population (54, 64). Thus, while waiting for the outcome of
the clinical trials, we can safely recommend previously accepted guidelines for
a cardioprotective lifestyle.

CONCLUSION

Epidemiologic studies have unequivocally established that an elevated plasma
tHcy level both predicts and precedes the occurrence of cardiovascular dis-
ease. This hypothesis also meets the criteria of causality (273), such as consis-
tency, strength, temporality, and biologic plausibility. The relation between
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the tHcy level and cardiovascular disease is graded without an apparent thresh-
old and remains strong after adjustment for potential confounders. The joint
effect of an elevated tHcy level with conventional factors such as hypertension
or smoking may confer a particularly high risk.

The high prevalence of moderate hyperhomocysteinemia, combined with
identified acquired and genetic determinants, makes it an ideal target for inter-
vention in vascular patients, as well as in the general population. Vitamins are
an efficient and safe means to reduce an elevated tHcy level, but randomized
placebo-controlled clinical trials are yet to be undertaken, despite repeated ap-
peals (175, 176). The commercial incentives to test inexpensive and non-
patentable vitamins are low, and health authorities carry a special responsibil-
ity to promote such trials.

Visit the Annual Reviews home page at http://www.AnnualReviews.org.

HOMOCYSTEINE & CARDIOVASCULAR DISEASE 51

Literature Cited

1. Allen RH, Stabler SP, Savage DG, et al.
1994. Metabolic abnormalities in cobala-
min (vitamin-B12) and folate deficiency.
FASEB J. 7:1344–53

2. Steegers-Theunissen RPM, Boers GHJ,
Blom HJ, et al. 1992. Hyperhomocystein-
aemia and recurrent spontaneous abortion
or abruptio placentae. Lancet 339:1122–23

3. Steegers-Theunissen RPM, Boers GHJ,
Trijbels FJM, et al. 1994. Maternal hyper-
homocysteinemia: a risk factor for neural-
tube defects? Metabolism 43:1475–80

4. Spillmann M, Fava M. 1996. S-adeno-
sylmethionine (ademetionine) in psychi-
atric disorders: historical perspective and
current status. Cns. Drugs 6:416–25

5. Smythies JR, Gottfries CG, Regland B.
1997. Disturbances of one-carbon me-
tabolism in neuropsychiatric disorders: a
review. Biol. Psych. 41:230–33

6. Riggs KM, Spiro A, Tucker K, et al. 1996.
Relations of vitamin B-12, vitamin B-6,
folate, and homocysteine to cognitive per-
formance in the Normative Aging Study.
Am. J. Clin. Nutr. 63:306–14

7. Joosten E, Lesaffre E, Riezler R, et al.
1997. Is metabolic evidence for vitamin
B-12 and folate deficiency more frequent
in elderly patients with Alzheimer’s dis-
ease? J. Gerontol. A. Biol. Sci. Med. Sci.
52(2):M76–79

8. Ueland PM, Refsum H. 1989. Plasma ho-
mocysteine, a risk factor for vascular dis-

ease: plasma levels in health, disease, and
drug therapy. J. Lab. Clin. Med. 114:
473–501

9. Ueland PM, Refsum H, Brattström L.
1992. Plasma homocysteine and cardio-
vascular disease. In Atherosclerotic Car-
diovascular Disease, Hemostasis, and
Endothelial Function, ed. RB Francis Jr,
pp.183–236. New York: Dekker

10. Boushey CJ, Beresford SAA, Omenn GS,
et al. 1995. A quantitative assessment of
plasma homocysteine as a risk factor for
vascular disease: probable benefits of in-
creasing folic acid intakes. JAMA 274:
1049–57

11. Finkelstein JD. 1990. Methionine me-
tabolism in mammals. J. Nutr. Biochem.
1:228–37

12. Storch KJ, Wagne DA, Burke JF, et al.
1990. [1-13C; methyl-2H3]Methionine
kinetics in humans: methionine conserva-
tion and cystine sparing. Am. J. Physiol.
258:E790–98

13. Bates CJ, Fuller NJ. 1986. The effect of
riboflavin deficiency on methylenetetra-
hydrofolate reductase (NADPH) (EC
1.5.1.20) and folate metabolism in the rat.
Br. J. Nutr. 55:455–64

14. Engbersen AMT, Franken DG, Boers
GHJ, et al. 1995. Thermolabile 5,10-
methylenetetrahydrofolate reductase as a
cause of mild hyperhomocysteinemia.
Am. J. Hum. Genet. 56:142–50

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



52 REFSUM ET AL

15. Mudd SH, Levy HL, Skovby F. 1995.
Disorders of transsulfuration. In The
Metabolic and Molecular Basis of Inher-
ited Disease, ed. CR Scriver, AL Beaudet,
WS Sly, et al. pp. 1279–327. New York:
McGraw-Hill

16. Kraus JP, Le K, Swaroop M, et al. 1993.
Human cystathionine beta-Synthase
cDNA-sequence, alternative splicing and
expression in cultured cells. Hum. Mol.
Genet. 2:1633–38

17. Goyette P, Sumner JS, Milos R, et al.
1994. Human methylenetetrahydrofolate
reductase: isolation of cDNA, mapping
and mutation identification. Nat. Genet.
7:195–200

18. Chen LH, Liu ML, Hwang HY, et al.
1997. Human methionine synthase -
cDNA cloning, gene localization and ex-
pression. J. Biol. Chem. 272:3628–34

19. Leclerc D, Campeau E, Goyette P, et al.
1996. Human methionine synthase:
cDNA cloning and identification of muta-
tions in patients of the cblG complemen-
tation group of folate/cobalamin disor-
ders. Hum. Mol. Genet. 5:1867–74

20. Li YN, Gulati S, Baker PJ, et al. 1996.
Cloning, mapping and RNA analysis of
the human methionine synthase gene.
Hum. Mol. Genet. 5:1851–58

21. Garrow TA. 1996. Purification, kinetic
properties, and cDNA cloning of mam-
malian betaine-homocysteine methyl-
transferase. J. Biol. Chem. 271:22831–38

22. Kraus JP. 1994. Molecular basis of phe-
notype expression in homocystinuria. J.
Inherit. Metab. Dis. 17:383–90

23. Sebastio G, Sperandeo MP, Panico M, et
al. 1995. The molecular basis of homo-
cystinuria due to cystathionine beta-
synthase deficiency in Italian families,
and report of four novel mutations. Am. J.
Hum. Genet. 56:1324–33

24. Kluijtmans LAJ, Blom HJ, Boers GHJ, et
al. 1995. Two novel missense mutations
in the cystathionine beta-synthase gene in
homocystinuric patients. Hum. Genet. 96:
249–50

25. Sperandeo MP, de Franchis R, Andria G,
et al. 1996. A 68-bp insertion found in a
homocystinuric patient is a common vari-
ant and is skipped by alternative splicing
of the cystathionine beta-synthase
mRNA. Am. J. Hum. Genet. 59: 1391–93

26. Tsai MY, Bignell M, Schwichtenberg K,
et al. 1996. High prevalence of a mutation
in the cystathionine beta-synthase gene.
Am. J. Hum. Genet. 59:1262–67

27. Kang SS, Wong PWK, Zhou J, et al. 1988.
Thermolabile methylenetetrahydrofolate

reductase in patients with coronary artery
disease. Metabolism 37:611–13

28. Kang S-S, Zhou J, Wong PWK, et al.
1988. Intermediate homocysteinemia: a
thermolabile variant of methylenetetrahy-
drofolate reductase. Am. J. Hum. Genet.
43:414–21

29. Frosst P, Blom HJ, Milos R, et al. 1995. A
candidate genetic risk factor for vascular
disease: a common mutation in methyle-
netetrahydrofolate reductase. Nat. Genet.
10:111–13

30. Goyette P, Frosst P, Rosenblatt DS, et al.
1995. Seven novel mutations in the meth-
ylenetetrahydrofolate reductase gene and
genotype/phenotype correlations in se-
vere methylenetetrahydrofolate reductase
deficiency. Am. J. Hum. Genet. 56:
1052–59

31. Ueland PM. 1995. Homocysteine species
as components of plasma redox thiol
status. Clin. Chem. 41:340–42

32. Ueland PM, Refsum H, Stabler SP, et al.
1993. Total homocysteine in plasma or
serum. Methods and clinical applications.
Clin. Chem. 39:1764–79

33. Shipchandler MT, Moore EG. 1995.
Rapid, fully automated measurement of
plasma homocyst(e)ine with the Abbott
IMx analyzer. Clin. Chem. 41:991–94

34. Ubbink JB, Vermaak WJH, van der
Merwe A, et al. 1992. The effect of blood
sample aging and food consumption on
plasma total homocysteine levels. Clin.
Chim. Acta. 207:119–28

35. Guttormsen AB, Schneede J, Fiskerstrand
T, et al. 1994. Plasma concentrations of
homocysteine and other aminothiol com-
pounds are related to food intake in
healthy subjects. J. Nutr. 124:1934–41

36. Refsum H, Helland S, Ueland PM. 1985.
Radioenzymic determination of homo-
cysteine in plasma and urine. Clin. Chem.
31:624–28

37. Lussier-Cacan S, Xhignesse M, Piolot A,
et al. 1996. Plasma total homocysteine in
healthy subjects: sex-specific relation
with biological traits. Am. J. Clin. Nutr.
64:587–93

38. Fiskerstrand T, Refsum H, Kvalheim G,
et al. 1993. Homocysteine and other thiols
in plasma and urine: automated determi-
nation and sample stability. Clin. Chem.
39:263–71

39. Möller J, Rasmussen K. 1995. Homocys-
teine in plasma: stabilization of blood
samples with fluoride. Clin. Chem. 41:
758–59

40. Bostom AG, Roubenoff R, Dellaripa P, et
al. 1995. Validation of abbreviated oral

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



HOMOCYSTEINE & CARDIOVASCULAR DISEASE 53

methionine-loading test. Clin. Chem. 41:
948–49

41. Brenton DP, Cusworth DC, Dent CE, et
al. 1966. Homocystinuria: clinical and
dietary studies. Q. J. Med. 35:325–46

42. Fowler B, Sardharwalla IB, Robins AJ.
1971. The detection of heterozygotes for
homocystinuria by oral loading with L-
methionine. Biochem. J. 122:23p–24p

43. Brattström L, Israelsson B, Tengborn L,
et al. 1989. Homocysteine, factor-VII and
antithrombin-III in subjects with different
gene dosage for cystathionine β-synthase.
J. Inherit. Metab. Dis. 12:475–82

44. Tsai MY, Garg U, Key NS, et al. 1996.
Molecular and biochemical approaches in
the identification of heterozygotes for ho-
mocystinuria. Atherosclerosis 122:69–77

45. Ubbink JB, van der Merwe A, Delport R,
et al. 1996. The effect of a subnormal vita-
min B6 status on homocysteine metabo-
lism. J. Clin. Invest. 98:177–84

46. Sperandeo MP, Candito M, Sebastio G, et
al. 1996. Homocysteine response to me-
thionine challenge in four obligate hetero-
zygotes for homocystinuria and relation-
ship with cystathionine beta-synthase
mutations. J. Inherit. Metab. Dis. 19:
351–56

47. Mansoor MA, Bergmark C, Svardal AM,
et al. 1995. Redox status and protein bind-
ing of plasma homocysteine and other
aminothiols in patients with early-onset
peripheral vascular disease. Arterioscler.
Thromb. Vasc. Dis. 15:232–40

48. Bostom AG, Jacques PF, Nadeau MR, et
al. 1995. Post-methionine load hyperho-
mocysteinemia in persons with normal
fasting total plasma homocysteine: initial
results from the NHLBI Family Heart
Study. Atherosclerosis 116:147–51

49. Graham IM, Daly LE, Refsum HM, et al.
1997. Plasma homocysteine as a risk fac-
tor for vascular disease: The European
Concerted Action Project. JAMA 277:
1775–81

50. Guttormsen AB, Mansoor MA, Fisker-
strand T, et al. 1993. Kinetics of plasma
homocysteine in healthy subjects after
peroral homocysteine loading. Clin.
Chem. 39:1390–97

51. Guttormsen AB, Schneede J, Ueland PM,
et al. 1996. Kinetics of total plasma ho-
mocysteine in subjects with hyperhomo-
cysteinemia due to folate and cobalamin
deficiency. Am. J. Clin. Nutr. 63:194–202

52. Guttormsen AB, Ueland PM, Svarstad E,
et al. 1997. The kinetic basis of hyperho-
mocysteinemia in patients with chronic
renal failure. Kidney Int. 52:In press

53. Andersson A, Brattström L, Israelsson B,
et al. 1992. Plasma homocysteine before
and after methionine loading with regard
to age, gender, and menopausal status.
Eur. J. Clin. Invest. 22:79–87

54. Nygård O, Vollset SE, Refsum H, et al.
1995. Total plasma homocysteine and
cardiovascular risk profile. The Horda-
land Homocysteine Study. JAMA 274:
1526–33

55. Selhub J, Jacques PF, Wilson PWF, et al.
1993. Vitamin status and intake as pri-
mary determinants of homocysteinemia
in an elderly population. JAMA 270:
2693–98

56. Wouters MGAJ, Moorrees MTEC, van
der Mooren MJ, et al. 1995. Plasma ho-
mocysteine and menopausal status. Eur.
J. Clin. Invest. 25:801–5

57. Mudd SH, Poole JR. 1975. Labile methyl
balances for normal humans on various
dietary regimens. Metabolism 24:721–35

58. Wilcken DEL, Gupta VJ. 1979. Cysteine-
homocysteine mixed disulphide: differ-
ing plasma concentrations in normal men
and women. Clin. Sci. 57:211–15

59. Bostom AG, Lathrop L. 1997. Hyperho-
mocysteinemia in end-stage renal disease
(ESRD): prevalence, etiology, and poten-
tial relationship to arteriosclerotic out-
comes. Kidney Int.52:10–20

60. Bostom A, Brosnan JT, Hall B, et al.
1995. Net uptake of plasma homocysteine
by the rat kidney in vivo. Atherosclerosis
116:59–62

61. Stabler SP, Marcell PD, Podell ER, et al.
1987. Quantitation of total homocysteine,
total cysteine, and methionine in normal
serum and urine using capillary gas
chromatography-mass spectrometry. Anal.
Biochem. 162:185–96

62. Wu LL, Wu J, Hunt SC, et al. 1994.
Plasma homocyst(e)ine as a risk factor for
early familial coronary artery disease.
Clin. Chem. 40:552–61

63. Brattström L, Lindgren A, Israelsson B, et
al. 1994. Homocysteine and cysteine: de-
terminants of plasma levels in middle-
aged and elderly subjects. J. Intern. Med.
236:633–41

64. Nygård O, Refsum H, Nordrehaug J, et al.
1997. Coffee consumption and plasma to-
tal homocysteine: The Hordaland Homo-
cysteine Study. Am. J. Clin. Nutr. 65:
136–43

65. Cravo ML, Gloria LM, Selhub J, et al.
1996. Hyperhomocysteinemia in chronic
alcoholism: correlation with folate, vita-
min B-12, and vitamin B-6 status. Am. J.
Clin. Nutr. 63:220–24

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



54 REFSUM ET AL

66. Vollset SE, Nygård O, Kvåle G, et al.
1997. The Hordaland homocysteine
study: lifestyle and plasma homocysteine
in Western Norway. In Metabolism: Ho-
mocysteine. From Basic Science to Clini-
cal Medicine, ed. IM Graham, H Refsum,
IH Rosenberg, et al. Norway: Kluwer

67. Rozen R. 1996. Molecular genetics of
methylenetetrahydrofolate reductase de-
ficiency. J. Inherit. Metab. Dis. 19:
589–94

68. Rosenblatt DS, Cooper BA. 1990. Inher-
ited disorders of vitamin-B12 utilization.
BioEssays 12:331–34

69. Kozich V, Kraus E, de Franchis R, et al.
1995. Hyperhomocysteinemia in prema-
ture arterial disease: examination of cys-
tathionine beta-synthase alleles at the mo-
lecular level. Hum. Mol. Genet. 4: 623–29

70. Kluijtmans LAJ, van den Heuvel LPWJ,
Boers GHJ, et al. 1996. Molecular genetic
analysis in mild hyperhomocysteinemia:
a common mutation in the methylene-
tetrahydrofolate reductase gene is a ge-
netic risk factor for cardiovascular dis-
ease. Am. J. Hum. Genet. 58:35–41

71. van der Put NMJ, Eskes TKAB, Blom HJ.
1997. Is the common 677C-T mutation in
the methylenetetrahydrofolate reductase
gene a risk factor for neural tube defects?
A meta-analysis. Q. J. Med. 90:111–15

72. McAndrew PE, Brandt JT, Pearl DK, et
al. 1996. The incidence of the gene for
thermolabile methylene tetrahydrofolate
reductase in African Americans. Thromb.
Res. 83:195–98

73. Guttormsen A, Ueland P, Nesthus I, et al.
1996. Determinants and vitamin respon-
siveness of intermediate hyperhomocys-
teinemia (≥40 µmol/L). The Hordaland
Homocysteine Study. J. Clin. Invest. 98:
2174–83

74. Harmon DL, Woodside JV, Yarnell JWG,
et al. 1996. The common 'thermolabile'
variant of methylene tetrahydrofolate re-
ductase is a major determinant of mild hy-
perhomocysteinaemia. Q. J. Med. 89:
571–77

75. Kang S-S, Wong PWK, Norusis M. 1987.
Homocysteinemia due to folate defi-
ciency. Metabolism 36:458–62

76. Wilcken DEL, Gupta VJ. 1979. Sulphur
containing amino acids in chronic renal
failure with particular reference to homo-
cystine and cysteine-homocysteine mixed
disulphide. Eur. J. Clin. Invest. 9:301–7

77. Refsum H, Ueland PM. 1990. Clinical
significance of pharmacological modula-
tion of homocysteine metabolism. Trends
Pharmacol. Sci. 11:411–16

78. Kang S-S, Wong PWK, Glickman PB, et
al. 1986. Protein-bound homocyst(e)ine
in patients with rheumatoid arthritis un-
dergoing D-penicillamine treatment. J.
Clin. Pharmacol. 26:712–15

79. Wiklund O, Fager G, Andersson A, et al.
1996. N-acetylcysteine treatment lowers
plasma homocysteine but not serum lipo-
protein(a) levels. Atherosclerosis 119:
99–106

80. Mansoor MA, Ueland PM, Aarsland A, et
al. 1993. Redox status and protein binding
of plasma homocysteine and other ami-
nothiols in patients with homocystinuria.
Metabolism 42:1481–85

81. Haworth JC, Dilling LA, Surtees RA, et
al. 1993. Symptomatic and asymptomatic
methylenetetrahydrofolate reductase de-
ficiency in two adult brothers. Am. J.
Med. Genet. 45:572–76

82. Marquet J, Chadefaux B, Bonnefont JP, et
al. 1994. Methylenetetrahydrofolate re-
ductase deficiency: prenatal diagnosis
and family studies. Prenat. Diagn. 14:
29–33

83. Allen RH, Stabler SP, Lindenbaum J.
1993. Serum betaine, N,N-dimethyl-
glycine and N-methylglycine levels in pa-
tients with cobalamin and folate defi-
ciency and related inborn errors of me-
tabolism. Metabolism 42:1448–60

84. Chadefaux B, Ceballos I, Hamet M, et al.
1988. Is absence of atheroma in Down
syndrome due to decreased homocysteine
levels? Lancet 2:741

85. Brattström L, Israelsson B, Lindgärde F,
et al. 1988. Higher total plasma homocys-
teine in vitamin B12 deficiency than in
heterozygosity for homocystinuria due to
cystathionine β-synthase deficiency. Me-
tabolism 37:175–78

86. Arnadottir M, Hultberg B, Nilsson-Ehle
P, et al. 1996. The effect of reduced glom-
erular filtration rate on plasma total ho-
mocysteine concentration. Scand. J. Clin.
Lab. Invest. 56:41–46

87. Miller JW, Ribayamercado JD, Russell
RM, et al. 1992. Effect of vitamin-B-6 de-
ficiency on fasting plasma homocysteine
concentrations. Am. J. Clin. Nutr. 55:
1154–60

88. Refsum H, Wesenberg F, Ueland PM.
1991. Plasma homocysteine in children
with acute lymphoblastic leukemia.
Changes during a chemotherapeutic regi-
men including methotrexate. Cancer Res.
51:828–35

89. Refsum H, Helland S, Ueland PM. 1989.
Fasting plasma homocysteine as a sensi-
tive parameter to antifolate effect. A

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



HOMOCYSTEINE & CARDIOVASCULAR DISEASE 55

study on psoriasis patients receiving low-
dose methotrexate treatment. Clin. Phar-
macol. Ther. 46:510–20

90. Nedrebø B, Ericsson U-B, Refsum H, et
al. 1997. Influence of thyroid dysfunction
on the plasma level of the atherogenic
amino acid homocysteine. Metabolism. In
press

91. Ermens AAM, Refsum H, Rupreht J, et al.
1991. Monitoring cobalamin inactivation
during nitrous oxide anesthesia by deter-
mination of homocysteine and folate in
plasma and urine. Clin. Pharmacol. Ther.
49:385–93

92. Christensen B, Guttormsen AB, Schneede
J, et al. 1993. Preoperative methionine
loading enhances restoration of the
cobalamin-dependent enzyme methio-
nine synthase after nitrous oxide anaes-
thesia. Anesthesiology 80:1046–56

93. Slavik M, Smith KJ, Blanc O. 1982. De-
crease of serum pyridoxal phosphate lev-
els and homocystinemia after administra-
tion of 6-azauridine triacetate and their
prevention by administration of pyridox-
ine. Biochem. Pharmacol. 31: 4089–92

94. Kredich NM, Hershfield MS, Falletta JM,
et al. 1981. Effects of 2'-deoxycofor-
mycin on homocysteine metabolism in
acute lymphoblastic leukemia. Clin. Res.
29:541A

95. Brattström L, Israelsson B, Olsson A, et
al. 1992. Plasma homocysteine in women
on oral oestrogen-containing contracep-
tives and in men with oestrogen-treated
prostatic carcinoma. Scand. J. Clin. Lab.
Invest. 52:283–87

96. Anker G, Lønning PE, Ueland PM, et
al. 1995. Plasma levels of the athero-
genic amino acid homocysteine in post-
menopausal women with breast cancer
treated with tamoxifen. Int. J. Cancer 60:
365–68

97. van der Mooren MJ, Wouters MGAJ,
Blom HJ, et al. 1994. Hormone replace-
ment therapy may reduce high serum ho-
mocysteine in postmenopausal women.
Eur. J. Clin. Invest. 24:733–36

98. Blankenhorn DH, Malinow MR, Mack
WJ. 1991. Colestipol plus niacin therapy
elevates plasma homocyst(e)ine levels.
Coron. Art. Dis. 2:357–60

99. Allain P, Le Bouil A, Cordillet E, et al.
1995. Sulfate and cysteine levels in the
plasma of patients with Parkinson's dis-
ease. Neurotoxicology 16:527–29

100.Tonstad S, Refsum H, Ose L, et al. 1997.
The C677T mutation in the methylene-
tetrahydrofolate reductase gene predis-
poses to hyperhomocysteinemia in chil-

dren with familial hypercholesterolemia
treated with cholestyramine. J. Pediatr.
In press

101.Kang S-S, Wong PWK, Malinow MR.
1992. Hyperhomocyst(e)inemia as a risk
factor for occlusive vascular disease.
Annu. Rev. Nutr. 12:279–98

102.Joosten E, Lesaffre E, Riezler R. 1996.
Are different reference intervals for meth-
ylmalonic acid and total homocysteine
necessary in elderly people? Eur. J. Hae-
matol. 57:222–26

103.Ubbink JB, Becker PJ, Vermaak WJ, et al.
1995. Results of B-vitamin supplementa-
tion study used in a prediction model to
define a reference range for plasma ho-
mocysteine. Clin. Chem. 41:1033–37

104.Rasmussen K, Möller J, Lyngbak M, et al.
1996. Age- and gender-specific reference
intervals for total homocysteine and
methylmalonic acid in plasma before and
after vitamin supplementation. Clin.
Chem. 42:630–36

105.Nygård O, Refsum H, Ueland PM, et al.
1998. Lifestyle determinants of plasma
total homocysteine distribution: the Hor-
daland homocysteine study. Am. J. Clin.
Nutr. In press

106.Schneede J, Dagnelie PC, van Staveren
WA, et al. 1994. Methylmalonic acid and
homocysteine in plasma as indicators of
functional cobalamin deficiency in in-
fants on macrobiotic diets. Pediatr. Res.
36:194–201

107.Tonstad S, Refsum H, Sivertsen M, et al.
1996. Relation of total homocysteine and
lipid levels in children to premature car-
diovascular death in male relatives. Pedi-
atr. Res. 40:47–52

108.Tonstad S, Refsum H, Ueland PM. 1997.
Association between total homocysteine
and parental history of cardiovascular dis-
ease in children with familial hypercho-
lesterolemia. Circulation 96:In press

109.den Heijer M. 1997. Hyperhomocysteine-
mia and venous thrombosis. PhD thesis.
Univ. of Leiden, The Netherlands. 120
pp.

110.Silberberg J, Crooks R, Fryer J, et al.
1997. Fasting and post-methionine homo-
cyst(e)ine levels in a healthy Australian
population. Aust. NZ. J. Med. 27:35–39

111.Gerritsen T, Vaughn JG, Weisman HA.
1962. The identification of homocysteine
in the urine. Biochem. Biophys. Res. Com-
mun. 9:493

112.Carson NAJ, Neill DW. 1962. Metabolic
abnormalities detected in a survey of
mentally backward individuals in North-
ern Ireland. Arch. Dis. Child. 37:505–13

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



56 REFSUM ET AL

113.Mudd SH, Finkelstein JD, Irreverre F, et
al. 1964. Homocystinuria: an enzymatic
defect. Science 143:1443–45

114.Schimke RN, McKusick VA, Huang T, et
al. 1965. Homocystinuria. Studies of 20
families with 38 affected members. JAMA
193:87–95

115.Gibson JB, Carson NAJ, Neill DW. 1964.
Pathological findings in homocystinuria.
J. Clin. Pathol. 17:427–37

116.Mudd SH, Uhlendorf BW, Freeman JM,
et al. 1972. Homocystinuria associated
with decreased methylenetetrahydrofo-
late reductase activity. Biochem. Biophys.
Res. Commun. 46:905–12

117.McCully KS. 1969. Vascular pathology
of homocysteinemia: implications for the
pathogenesis of arteriosclerosis. Am. J.
Pathol. 56:111–28

118.McCully KS, Wilson RB. 1975. Homo-
cysteine theory of arteriosclerosis. Athe-
rosclerosis 22:215–27

119.Wilcken DEL, Wilcken B. 1976. The
pathogenesis of coronary artery disease.
A possible role for methionine metabo-
lism. J. Clin. Invest. 57:1079–82

120.Murphy-Chutorian DR, Wexman MP,
Grieco AJ, et al. 1985. Methionine intol-
erance: a possible risk factor for coronary
artery disease. J. Am. Coll. Cardiol. 6:
725–30

121.Kang S-S, Wong PWK, Cook HY, et al.
1986. Protein-bound homocyst(e)ine. A
possible risk factor for coronary artery
disease. J. Clin. Invest. 77:1482–86

122.Israelsson B, Brattström LE, Hultberg BJ.
1988. Homocysteine and myocardial in-
farction. Atherosclerosis 71:227–34

123.Brattström LE, Hardebo JE, Hultberg BL.
1984. Moderate homocysteinemia—a
possible risk factor for arteriosclerotic
cerebrovascular disease. Stroke 15:
1012–16

124.Boers GHJ, Smals AGH, Trijbels FJM, et
al. 1985. Heterozygosity for homocystin-
uria in premature peripheral and cerebral
occlusive arterial disease. N. Engl. J.
Med. 313:709–15

125.Araki A, Sako Y, Fukushima Y, et al.
1989. Plasma sulfhydryl-containing
amino acids in patients with cerebral in-
farction and in hypertensive subjects.
Atherosclerosis 79:139–46

126.Malinow MR, Kang SS, Taylor LM, et al.
1989. Prevalence of hyperhomocys-
t(e)inemia in patients with peripheral ar-
terial occlusive disease. Circ. Res. 79:
1180–88

127.Brattström L, Israelsson B, Norrving B, et
al. 1990. Impaired homocysteine metabo-

lism in early-onset cerebral and periph-
eral occlusive arterial disease - effects of
pyridoxine and folic acid treatment. Athe-
rosclerosis 81:51–60

128.Brattström L, Tengborn L, Israelsson B,
et al. 1991. Plasma homocysteine in ve-
nous thromboembolism. Haemostasis 21:
51–57

129.Bienvenu T, Ankri A, Chadefaux B, et al.
1991. Plasma homocysteine assay in the
exploration of thrombosis in young sub-
jects. Presse Médicale 20:985–88

130.Boers GH, Smals AG, Trijbels FJ, et al.
1983. Unique efficiency of methionine
metabolism in premenopausal women
may protect against vascular disease in
the reproductive years. J. Clin. Invest. 72:
1971–76

131.Kang S-S, Wong PWK, Bidani A, Mil-
anez S. 1983. Plasma protein-bound ho-
mocysteine in patients requiring chronic
hemodialysis. Clin. Sci. 65:335–36

132.Lindenbaum J, Healton EB, Savage DG,
et al. 1988. Neuropsychiatric disorders
caused by cobalamin deficiency in the ab-
sence of anemia or macrocytosis. N. Engl.
J. Med. 318:1720–28

133.Alfthan G, Aro A, Gey KF. 1997. Plasma
homocysteine and cardiovascular disease
mortality. Lancet 349:397

134.van den Berg M, Stehouwer CDA, Bier-
drager E, et al. 1996. Plasma homocys-
teine and severity of atherosclerosis in
young patients with lower-limb athero-
sclerotic disease. Arterioscler. Thromb.
Vasc. Biol. 16:165–71

135.Glueck CJ, Shaw P, Lang JE, et al. 1995.
Evidence that homocysteine is an inde-
pendent risk factor for atherosclerosis in
hyperlipidemic patients. Am. J. Cardiol.
75:132–36

136.Bachmann J, Tepel M, Raidt H, et al.
1995. Hyperhomocysteinemia and the
risk for vascular disease in hemodialysis
patients. J. Am. Soc. Nephrol. 6:121–25

137.Currie IC, Wilson YG, Scott J, et al. 1996.
Homocysteine: an independent risk factor
for the failure of vascular intervention.
Br. J. Surg. 83:1238–41

138.Tonstad S, Joakimsen O, Stenslandbugge
E, et al. 1996. Risk factors related to ca-
rotid intima-media thickness and plaque
in children with familial hypercholestero-
lemia and control subjects. Arterioscler.
Thromb. Vasc. Dis. 16:984–91

139.Robinson K, Gupta A, Dennis V, et al.
1996. Hyperhomocysteinemia confers an
independent increased risk of atheroscle-
rosis in end-stage renal disease and is
closely linked to plasma folate and pyri-

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



HOMOCYSTEINE & CARDIOVASCULAR DISEASE 57

doxine concentrations. Circulation 94:
2743–48

140.Herzlich BC, Lichstein E, Schulhoff N, et
al. 1996. Relationship among homocys-
t(e)ine, vitamin B-12 and cardiac disease
in the elderly: association between vita-
min B-12 deficiency and decreased left
ventricular ejection fraction. J. Nutr. 126:
S1249–53

141.Munshi MN, Stone A, Fink L, Fonseca V.
1996. Hyperhomocysteinemia following
a methionine load in patients with non-
insulin-dependent diabetes mellitus and
macrovascular disease. Metabolism 45:
133–35

142.Simioni P, Prandoni P, Burlina A, et al.
1996. Hyperhomocysteinemia and deep-
vein thrombosis – a case-control study.
Thromb. Haemost. 76:883–86

143.Bots ML, Launer LJ, Lindemans J, et al.
1997. Homocysteine, atherosclerosis and
prevalent cardiovascular disease in the
elderly: The Rotterdam study. J. Intern.
Med. In press

144.den Heijer M, Blom HJ, Gerrits WBJ, et
al. 1995. Is hyperhomocysteinaemia a
risk factor for recurrent venous thrombo-
sis? Lancet 345:882–85

145.Landgren F, Israelsson B, Lindgren A, et
al. 1995. Plasma homocysteine in acute
myocardial infarction: homocysteine-
lowering effect of folic acid. J. Intern.
Med. 237:381–88

146.Lindgren A, Brattström L, Norrving B, et
al. 1995. Plasma homocysteine in the
acute and convalescent phases after
stroke. Stroke 26:795–800

147.Dalery K, Lussier-Cacan S, Selhub J, et
al. 1995. Homocysteine and coronary ar-
tery disease in French Canadian subjects:
relation with vitamins B12, B6, pyridoxal
phosphate, and folate. Am. J. Cardiol.
75:1107–11

148.Hopkins PN, Wu LL, Wu J, et al. 1995.
Higher plasma homocyst(e)ine and in-
creased susceptibility to adverse effects
of low folate in early familial coronary ar-
tery disease. Arterioscler. Thromb. Vasc.
Dis. 15:1314–20

149.Fermo I, Arcelloni C, Devecchi E, et al.
1992. High-performance liquid chroma-
tographic method with fluorescence de-
tection for the determination of total ho-
mocyst(e)ine in plasma. J. Chromatogra-
phy 593:171–76

150.Amundsen T, Ueland PM, Waage A.
1995. Plasma homocysteine levels in pa-
tients with deep venous thrombosis. Arte-
rioscler. Thromb. Vasc. Biol. 15:1321–23

151.Robinson K, Mayer EL, Miller DP, et al.

1995. Hyperhomocysteinemia and low
pyridoxal phosphate: common and inde-
pendent reversible risk factors for coro-
nary artery disease. Circulation 92:
2825–30

152.Valentine RJ, Kaplan HS, Green R, et al.
1996. Lipoprotein (a), homocysteine, and
hypercoagulable states in young men with
premature peripheral atherosclerosis: a
prospective, controlled analysis. J. Vasc.
Surg. 23:53–63

153.den Heijer M, Koster T, Blom HJ, et al.
1996. Hyperhomocysteinemia as a risk
factor for deep-vein thrombosis. N. Engl.
J. Med. 334:759–62

154.Verhoef P, Stampfer MJ, Buring JE, et al.
1996. Homocysteine metabolism and risk
of myocardial infarction: relation with vi-
tamins B-6, B-12, and folate. Am. J. Epi-
demiol. 143:845–59

155.Loehrer FMT, Angst CP, Haefeli WE, et
al. 1996. Low whole-blood s-adenosyl-
methionine and correlation between 5-
methyltetrahydrofolate and homocys-
teine in coronary artery disease. Arterio-
scler. Thromb. Vasc. Dis. 16:727–33

156.Lolin YI, Sanderson JE, Cheng SK, et al.
1996. Hyperhomocysteinaemia and pre-
mature coronary artery disease in the Chi-
nese. Heart 76:117–22

157.Gallagher PM, Meleady R, Shields DC, et
al. 1996. Homocysteine and risk of pre-
mature coronary heart disease. Evidence
for a common gene mutation. Circulation
94:2154–58

158.Stammler F, Diehm C, Hsu E, et al. 1996.
Prevalence of hyperhomocysteinaemia in
thrombangiitis obliterans (Buerger's dis-
ease): does homocysteine play a pathoge-
netic role? Dtsch. Med. Wochenschr. 121:
1417–23

159.Malinow MR, Ducimetiere P, Luc G, et
al. 1996. Plasma homocyst(e)ine levels
and graded risk for myocardial infarction:
findings in two populations at contrasting
risk for coronary heart disease. Athero-
sclerosis 126:27–34

160.Christensen B, Frosst P, Lussier-Cacan S,
et al. 1997. Correlation of a common mu-
tation in the methylenetetrahydrofolate
reductase gene with plasma homocys-
teine in patients with premature coronary
artery disease. Arterioscler. Thromb.
Vasc. Biol. 17:569–73

161.Verhoef P, Kok FJ, Kruyssen DACM, et
al. 1997. Plasma total homocysteine, B vi-
tamins and risk of coronary atherosclero-
sis. Arterioscler. Thromb. Vasc. Biol. 17:
989–95

162.Perry IJ, Refsum H, Morris RW, et al.

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



58 REFSUM ET AL

1995. Prospective study of serum total ho-
mocysteine concentration and risk of
stroke in middle-aged British men. Lancet
346:1395–98

163.Arnesen E, Refsum H, Bønaa KH, et al.
1995. Serum total homocysteine and
coronary heart disease. Int. J. Epidemiol.
24:704–09

164.Ridker PM, Hennekens CH, Selhub J, et
al. 1997. Interrelation of hyperhomocys-
t(e)inemia, factor V Leiden, and risk of
future venous thromboembolism. Circu-
lation 95:1777–82

165.Verhoef P, Hennekens CH, Allen RH, et
al. 1997. Plasma total homocysteine and
risk of angina pectoris with subsequent
coronary artery bypass surgery. Am. J.
Cardiol. 79:799–801

166.Petri M, Roubenoff R, Dallal GE, et al.
1996. Plasma homocysteine as a risk fac-
tor for atherothrombotic events in sys-
temic lupus erythematosus. Lancet 348:
1120–24

167.Bostom AG, Shemin D, Verhoef P, et al.
1997. Elevated fasting total plasma ho-
mocysteine levels and cardiovascular dis-
ease outcomes in maintenance dialysis
patients: a prospective study. Arterio-
scler. Thromb. Vasc. Biol. In press

168.Nygård O, Nordrehaug JE, Refsum H, et
al. 1997. Plasma homocysteine and mor-
tality in patients with coronary artery dis-
ease. N. Engl. J. Med. 337:230–36

169.Clarke R, Daly L, Robinson K, et al.
1991. Hyperhomocysteinemia: An inde-
pendent risk factor for vascular disease.
N. Engl. J. Med. 324:1149–55

170.Stampfer MJ, Malinow MR, Willett WC,
et al. 1992. A prospective study of plasma
homocyst(e)ine and risk of myocardial in-
farction in United States physicians.
JAMA 268:877–81

171.Arnesen E, Refsum H, Bønaa KH, et al.
1993. The Tromsø Study: Serum total ho-
mocysteine and myocardial infarction, a
prospective study. 3rd Int. Conf. Preven-
tive Cardiology, Oslo, Norway (Abstr.)

172.Alfthan G, Pekkanen J, Jauhiainen M, et
al. 1994. Relation of serum homocysteine
and lipoprotein(a) concentrations to athe-
rosclerotic disease in a prospective Fin-
nish population based study. Atheroscle-
rosis 106: 9–19

173.Selhub J, Jacques PF, Bostom AG, et al.
1995. Association between plasma homo-
cysteine concentrations and extracranial
carotid-artery stenosis. N. Engl. J. Med.
332:286–91

174.Verhoef P, Hennekens CH, Malinow MR,
et al. 1994. A prospective study of plasma

homocysteine and risk of ischemic stroke.
Stroke 25:1924–30

175.Stampfer MJ, Rimm EB. 1996. Folate and
cardiovascular disease. Why we need a
trial now. JAMA 275:1929–30

176.Graham I, Meleady R. 1996. Heart attacks
and homocysteine. Br. Med. J. 313:
1419–20

177.Motulsky AG. 1996. Nutritional ecoge-
netics: homocysteine-related arterioscle-
rotic vascular disease, neural tube defects,
and folic acid. Am. J. Hum. Genet. 58:
17–20

178.Tsai MY. 1996. Laboratory assessment of
mild hyperhomocysteinemia as an inde-
pendent risk factor for occlusive vascular
diseases. Clin. Chem. 42:630–36

179.Levin A. 1997. Folate and heart disease:
theoretical link needs study. Ann. Intern.
Med. 126:I59–60

180.Castelli WP. 1996. Lipids, risk factors
and ischaemic heart disease. Atheroscle-
rosis 124:S1–9 (Suppl.)

181.Pancharuniti N, Lewis CA, Sauberlich
HE, et al. 1994. Plasma homocysteine, fo-
late, and vitamin B-12 concentrations and
risk for early-onset coronary artery dis-
ease. Am. J. Clin. Nutr. 59:940–48

182.Malinow MR, Levenson J, Giral P, et al.
1995. Role of blood pressure, uric acid,
and hemorheological parameters on
plasma homocysteine concentration.
Atherosclerosis 114:175–83

183.Agardh CD, Agardh E, Andersson A, et
al. 1994. Lack of association between
plasma homocysteine levels and microan-
giopathy in type 1 diabetes mellitus.
Scand. J. Clin. Lab. Invest. 54:637–41

184.Malinow MR, Nieto FJ, Szklo M, et al.
1993. Carotid artery intimal-medial wall
thickening and plasma homocysteine in
asymptomatic adults – The Atherosclero-
sis Risk in Communities Study. Circula-
tion 87:1107–13

185.Subar AF, Harlan LC, Mattson ME. 1990.
Food and nutrient intake differences be-
tween smokers and non-smokers in the
United States. Am. J. Publ. Health 80:
1323–29

186.Piyathilake CJ, Macaluso M, Hine RJ, et
al. 1994. Local and systemic effects of
cigarette smoking on folate and vitamin
B-12. Am. J. Clin. Nutr. 60:559–66

187.Dastur DK, Quadros EV, Wadia NH, et al.
1972. Effect of vegetarianism and smok-
ing on vitamin B12, thiocyanate, and fo-
late levels in the blood of normal subjects.
Br. Med. J. 3:260–63

188.Vermaak WJH, Ubbink JB, Barnard HC,
et al. 1990. Vitamin B-6 nutrition status

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



HOMOCYSTEINE & CARDIOVASCULAR DISEASE 59

and cigarette smoking. Am. J. Clin. Nutr.
51:1058–61

189.Ma J, Stampfer MJ, Hennekens CH, et al.
1996. Methylenetetrahydrofolate reduc-
tase polymorphism, plasma folate, homo-
cysteine, and risk of myocardial infarc-
tion in US physicians. Circulation 94:
2410–16

190.Araki A, Sako Y, Ito H. 1993. Plasma ho-
mocysteine concentrations in Japanese
patients with non-insulin-dependent dia-
betes mellitus: effect of parenteral meth-
ylcobalamin treatment. Atherosclerosis
103:149–57

191.Robillon JF, Canivet B, Candito M, et
al. 1994. Type 1 diabetes mellitus and
homocyst(e)ine. Diabete Metab. 20:
494–96

192.Jones SL, Viberti G. 1995. Renal func-
tional reserve in subjects with diabetes
mellitus. Semin. Nephrol. 15:475–81

193.Berg K, Malinow MR, Kierulf P, et al.
1992. Population variation and genetics
of plasma homocysteine level. Clin.
Genet. 41:315–21

194.Franken DG, Boers GHJ, Blom HJ, et al.
1996. Prevalence of familial mild hyper-
homocysteinemia. Atherosclerosis 125:
71–80

195.Mudd SH, Havlik R, Levy HL, et al. 1981.
A study of cardiovascular risk in hetero-
zygotes for homocystinuria. Am. J. Hum.
Genet. 33:883–93

196.de Valk HW, van Eeden MKG, Banga JD,
et al. 1996. Evaluation of the presence of
premature atherosclerosis in adults with
heterozygosity for cystathionine-beta-
synthase deficiency. Stroke 27:1134–36

197.Whitehead AS, Ward P, Tan S, et al.
1994. The molecular genetics of homo-
cystinuria, hyperhomocysteinemia, and
premature vascular disease in Ireland. In
Methionine Metabolism: Molecular
Mechanisms and Clinical Implications,
ed. JM Mato, A Caballero, pp. 79–83.
Madrid: Bouncopy

198.de Franchis R, Mancini FP, D'Angelo A,
et al. 1996. Elevated total plasma homo-
cysteine and 677C-T mutation of the
5,10-methylenetetrahydrofolate reduc-
tase gene in thrombotic vascular disease.
Am. J. Hum. Genet. 59:262–64

199.Schmitz C, Lindpaintner K, Verhoef P, et
al. 1996. Genetic polymorphism of meth-
ylenetetrahydrofolate reductase and myo-
cardial infarction. A case-control study.
Circulation 94:1812–14

200.Adams M, Smith PD, Martin D, et al.
1996. Genetic analysis of thermolabile
methylenetetrahydrofolate reductase as a

risk factor for myocardial infarction. Q. J.
Med. 89:437–44

201.Wilcken DEL, Wang XL, Sim AS, et al.
1996. Distribution in healthy and coro-
nary populations of the methylenetetrahy-
drofolate reductase (MTHFR) C677T
mutation. Arterioscler. Thromb. Vasc.
Biol. 16:878–82

202.Deloughery TG, Evans A, Sadeghi A, et
al. 1996. Common mutation in methyl-
enetetrahydrofolate reductase: correla-
tion with homocysteine metabolism and
late-onset vascular disease. Circulation
94: 3074–78

203.van Bockxmeer FM, Mamotte CDS, Va-
sikaran SD, et al. 1997. Methylenetetra-
hydrofolate reductase gene and coronary
artery disease. Circulation 95:21–23

204.Kluijtmans LAJ, Kastelein JJP, Linde-
mans J, et al. 1997. Thermolabile meth-
ylenetetrahydrofolate reductase in coro-
nary artery disease. Circulation. In press

205.Van der Put NMJ, Steegers-Theunissen
RPM, Frosst P, et al. 1995. Mutated meth-
ylenetetrahydrofolate reductase as a risk
factor for spina bifida. Lancet 346:
1070–71

206.Jacques PF, Bostom AG, Williams RR, et
al. 1996. Relation between folate status, a
common mutation in methylenetetrahy-
drofolate reductase, and plasma homo-
cysteine concentrations. Circulation 93:
7–9

207.Chen J, Giovannucci E, Kelsey K, et al.
1996. A methylenetetrahydrofolate re-
ductase polymorphism and the risk of co-
lorectal cancer. Cancer Res. 56:4862–64

208.Rubba P, Mercuri M, Faccenda F, et al.
1994. Premature carotid atherosclerosis:
does it occur in both familial hypercholes-
terolemia and homocystinuria? Ultra-
sound assessment of arterial intima-
media thickness and blood flow velocity.
Stroke 25:943–50

209.Ubbink JB, Vermaak WJH, Bennett JM,
et al. 1991. The prevalence of homocys-
teinemia and hypercholesterolemia in
angiographically defined coronary heart
disease. Klin. Wochenschr. 69:527–34

210.von Eckardstein A, Malinow MR, Upson
B, et al. 1994. Effects of age, lipoproteins,
and hemostatic parameters on the role of
homocysteinemia as a cardiovascular risk
factor in men. Arterioscler. Thromb. 14:
460–64

211.Goddijn-Wessel TA, Wouters MG, van
de Molen EF, et al. 1996. Hyperhomocys-
teinemia: a risk factor for placental abrup-
tion or infarction. Eur. J. Obstet. Gynecol.
Reprod. Biol. 66:23–29

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



60 REFSUM ET AL

212.Rayne SC, Kraus FT. 1993. Placental
thrombi and other vascular lesions. Clas-
sification, morphology, and clinical cor-
relations. Pathol. Res. Pract. 189:2–17

213.Bienvenu T, Ankri A, Chadefaux B, et al.
1993. Elevated total plasma homocys-
teine, a risk factor for thrombosis. Rela-
tion to coagulation and fibrinolytic pa-
rameters. Thromb. Res. 70:123–29

214.Falcon CR, Cattaneo M, Panzeri D, et al.
1994. High prevalence of hyperhomocys-
teinemia in patients with juvenile venous
thrombosis. Arterioscler. Thromb. 14:
1080–83

215.Fermo I, D'Angelo SV, Paroni R, et al.
1995. Prevalence of moderate hyperho-
mocysteinemia in patients with early-
onset venous and arterial occlusive dis-
ease. Ann. Intern. Med. 123:747

216.Cattaneo M, Martinelli I, Mannucci PM.
1996. Hyperhomocysteinemia as a risk
factor for deep-vein thrombosis. N. Engl.
J. Med. 335:974–75

217.Tazi Z, Cacoub P, Koskas F, et al. 1996.
Value of an extensive biological study in
venous or arterial thrombosis. Presse
Med. 25:531–36

218.Dahlbäck B. 1995. Inherited thrombo-
philia: resistance to activated protein V as
a pathogenic factor of venous thrombo-
embolism. Blood 85:607–14

219.Mandel H, Brenner B, Berant M, et al.
1996. Coexistence of hereditary homo-
cystinuria and factor V Leiden – effect on
thrombosis. N. Engl. J. Med. 334:763–68

220.Quere I, Lamarti H, Chadefaux-Veke-
mans B. 1996. Thrombophilia, homocys-
tinuria, and mutation of the factor V gene.
N. Engl. J. Med. 335:289

221.D'Angelo A, Fermo I, D'Angelo SV.
1996. Thrombophilia, homocystinuria,
and mutation of the factor V gene. N.
Engl. J. Med. 335:289

222.Graeber JE, Slott JH, Ulane RE, et al.
1982. Effect of homocysteine and homo-
cystine on platelet and vascular arachi-
donic acid metabolism. Pediatr. Res. 16:
490–93

223.Harker LA, Ross R, Slichter SJ, et al.
1976. Homocysteine-induced arterioscle-
rosis. The role of endothelial cell injury
and platelet response in its genesis. J.
Clin. Invest. 58:731–41

224.Uhlemann ER, TenPas JH, Lucky AW, et
al. 1976. Platelet survival and morphol-
ogy in homocystinuria due to cystathio-
nine synthase deficiency. N. Engl. J. Med.
295:1283–86

225.Stamler JS, Slivka A. 1996. Biological
chemistry of thiols in the vasculature and

in vascular-related disease. Nutr. Rev. 54:
1–30

226.Wall RT, Harlan JM, Harker LA, et al.
1980. Homocysteine-induced endothelial
cell injury in vitro: a model for the study
of vascular injury. Thromb. Res. 18:
113–21

227.Harker LA, Harlan JM, Ross R. 1983. Ef-
fect of sulfinpyrazone on homocysteine-
induced endothelial injury and arterio-
sclerosis in baboons. Circ. Res. 53:
731–39

228.Starkebaum G, Harlan JM. 1986. Endo-
thelial cell injury due to copper-catalyzed
hydrogen peroxide generation from ho-
mocysteine. J. Clin. Invest. 77:1370–76

229.Blundell G, Jones BG, Rose FA, et al.
1996. Homocysteine mediated endothe-
lial cell toxicity and its amelioration.
Atherosclerosis 122:163–72

230.Dudman NPB, Hicks C, Wang J, et al.
1991. Human arterial endothelial cell de-
tachment in vitro: its promotion by homo-
cysteine and cysteine. Atherosclerosis 91:
77–83

231.Tsai J-C, Wang H, Perrella MA, et al.
1996. Induction of cyclin A gene expres-
sion by homocysteine in vascular smooth
muscle cells. J. Clin. Invest. 97:146–53

232.Lubec B, Labudova O, Hoeger H, et al.
1996. Homocysteine increases cyclin-
dependent kinase in aortic rat tissue. Cir-
culation 94:2620–25

233.Parthasarathy S. 1987. Oxidation of low
density lipoprotein by thiol compounds
leads to its recognition by the acetyl LDL
receptor. Biochim. Biophys. Acta 917:
337–40

234.Halvorsen B, Brude I, Drevon CA, et al.
1996. Effect of homocysteine on copper
ion-catalyzed, azo compound-initiated,
and mononuclear cell-mediated oxidative
modification of low density lipoprotein.
J. Lipid. Res. 37:1591–1600

235.Blom HJ, Engelen DPE, Boers GHJ, et al.
1992. Lipid peroxidation in homocys-
teinemia. J. Inherit. Metab. Dis. 15:
419–22

236.Dudman NPB, Wilcken DEL, Stocker R.
1993. Circulating lipid hydroperoxide
levels in human hyperhomocysteinemia –
Relevance to development of arterioscle-
rosis. Arterioscler. Thromb. 13:512–16

237.Harpel PC, Chang VT, Borth W. 1992.
Homocysteine and other sulfhydryl com-
pounds enhances the binding of lipopro-
tein (a) to fibrin: a potential biochemical
link between thrombosis, atherogenesis,
and sulfhydryl compound metabolism.
Proc. Natl. Acad. Sci. USA 89:10193–97

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



HOMOCYSTEINE & CARDIOVASCULAR DISEASE 61

238.Rodgers GM, Kane WH. 1986. Activa-
tion of endogenous factor V by a homo-
cysteine-induced vascular endothelial
cell activator. J. Clin. Invest. 77:1909–16

239.Rodgers GM, Conn MT. 1990. Homocys-
teine, an atherogenic stimulus, reduces
protein-C activation by arterial and ve-
nous endothelial cells. Blood 75:895–901

240.Lentz SR, Sadler JE. 1991. Inhibition of
thrombomodulin surface expression and
protein-C activation by the thrombogenic
agent homocysteine. J. Clin. Invest. 88:
1906–14

241.Hayashi T, Honda G, Suzuki K. 1992. An
atherogenic stimulus homocysteine in-
hibits cofactor activity of thrombomodu-
lin and enhances thrombomodulin expres-
sion in human umbilical vein endothelial
cells. Blood 79:2930–36

242.Nishinaga M, Ozawa T, Shimada K.
1993. Homocysteine, a thrombogenic
agent, suppresses anticoagulant heparan
sulfate expression in cultured porcine aor-
tic endothelial cells. J. Clin. Invest. 92:
1381–86

243.Hajjar KA. 1993. Homocysteine-induced
modulation of tissue plasminogen activa-
tor binding to its endothelial cell mem-
brane receptor. J. Clin. Invest. 91:
2873–79

244.Lentz SR, Sobey CG, Piegors DJ, et al.
1996. Vascular dysfunction in monkeys
with diet-induced hyperhomocyst(e)ine-
mia. J. Clin. Invest. 98:24–29

245.Tawakol A, Omland T, Gerhard M, et al.
1997. Hyperhomocysteinemia is associ-
ated with impaired endothelium-
dependent vasodilation in humans. Circu-
lation 95:1119–21

246.McCully KS. 1996. Homocysteine and
vascular disease. Nature Med. 2:386–89

247.Lentz SR, Sadler JE. 1993. Homocysteine
inhibits von Willebrand factor processing
and secretion by preventing transport
from the endoplasmic reticulum. Blood
81:683–89

248.Stamler JS, Osborne JA, Jaraki O, et al.
1993. Adverse vascular effects of homo-
cysteine are modulated by endothelium-
derived relaxing factor and related oxides
of nitrogen. J. Clin. Invest. 91:308–18

249.Blom HJ, van der Molen EF. 1994. Patho-
biochemical implications of hyperhomo-
cysteinemia. Fibrinolysis 8:86–7

250.Heinecke JW, Rosen H, Suzuki LA, et al.
1987. The role of sulfur-containing amino
acids in superoxide production and modi-
fication of low density lipoprotein by ar-
terial smooth muscle cells. J. Biol. Chem.
262:10098–103

251.Brattström L. 1996. Vitamins as homo-
cysteine-lowering agents. J. Nutr. 126:
1276S–80S (Suppl.)

252.Ness AR, Powles JW. 1997. Fruit and
vegetables, and cardiovascular disease: a
review. Int. J. Epidemiol. 26:1–13

253.Ellis JM, McCully KS. 1995. Prevention
of myocardial infarction by vitamin B6.
Res. Commun. Mol. Pathol. Pharmacol.
89:208–20

254.Brattström LE, Israelsson B, Jeppsson J-
O, et al. 1988. Folic acid – an innocuous
means to reduce plasma homocysteine.
Scand. J. Clin. Lab. Invest. 48:215–21

255.Dudman NPB, Wilcken DEL, Wang J, et
al. 1993. Disordered methionine/homo-
cysteine metabolism in premature vascu-
lar disease. Its occurrence, cofactor ther-
apy, and enzymology. Arterioscler. Thromb.
13:1253–60

256.Ubbink JB, Vermaak WJH, van der
Merwe A, et al. 1994. Vitamin require-
ments for the treatment of hyperhomocys-
teinemia in humans. J. Nutr. 124:1927–33

257.Franken DG, Boers GH, Blom HJ, et al.
1994. Effect of various regimens of vita-
min B6 and folic acid on mild hyperho-
mocysteinemia in vascular patients. J. In-
herit. Metab. Dis. 17:159–62

258.O'Keefe CA, Bailey LB, Thomas EA, et
al. 1995. Controlled dietary folate affects
folate status in nonpregnant women. J.
Nutr. 125:2717–25

259.Jacob RA, Wu MM, Henning SM, et
al. 1994. Homocysteine increases as fo-
late decreases in plasma of healthy men
during short-term dietary folate and
methyl group restriction. J. Nutr. 124:
1072–80

260.Lucock MD, Daskalakis IG, Wild J, et al.
1996. The influence of dietary folate and
methionine on the metabolic disposition
of endotoxic homocysteine. Biochem.
Mol. Med. 59:104–11

261.Bostom AG, Shemin D, Lapane KL, et al.
1996. High dose B-vitamin treatment of
hyperhomocysteinemia in dialysis pa-
tients. Kidney Int. 49:147–52

262.Butterworth CEJ, Tamura T. 1989. Folic
acid safety and toxicity: a brief review.
Am. J. Clin. Nutr. 50:353–58

263.Lindenbaum J, Rosenberg IH, Wilson
PW, et al. 1994. Prevalence of cobalamin
deficiency in the Framingham elderly
population. Am. J. Clin. Nutr. 60:2–11

264.Bower C, Wald NJ. 1995. Vitamin B12
deficiency and the fortification of food
with folic acid. Eur. J. Clin. Nutr. 49:
787–93

265.Dickinson CJ. 1995. Does folic acid harm

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



62 REFSUM ET AL

people with vitamin B12 deficiency? Q. J.
Med. 88:357–64

266.Tucker KL, Mahnken B, Wilson PWF, et
al. 1996. Folic acid fortification of the
food supply. Potential benefits and risks
for the elderly population. JAMA 276:
1879–85

267.Lederle FA. 1991. Oral cobalamin for
pernicious anemia. Medicine's best kept
secret? JAMA 265:94–95

268.Ubbink JB, Vermaak WJH, van der
Merwe A, et al. 1993. Vitamin B-12, vita-
min B-6, and folate nutritional status in
men with hyperhomocysteinemia. Am. J.
Clin. Nutr. 57:47–53

269.van den Berg M, Franken DG, Boers
GHJ, et al. 1994. Combined vitamin B-6
plus folic acid therapy in young patients
with arteriosclerosis and hyperhomocys-

teinemia. J. Vasc. Surg. 20:933–40
270.Bernstein AL. 1990. Vitamin B6 in clini-

cal neurology. Ann. N. Y. Acad. Sci. 585:
250–60

271.Bostom AG, Shemin D, Nadeau MR, et
al. 1995. Short term betaine therapy fails
to lower elevated fasting total plasma ho-
mocysteine concentrations in hemodialy-
sis patients maintained on chronic folic
acid supplementation. Atherosclerosis
113:129–32

272.Coburn SP. 1996. Modeling vitamin B6
metabolism. Advances in Food and Nutri-
tion Research, ed. SP Coburn, DW Town-
send, pp. 107–32. San Diego: Academic

273.Hill AB. 1965. The environment and dis-
ease: association or causation? Proc. R.
Soc. Med. 58:295–300

A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



A
nn

u.
 R

ev
. M

ed
. 1

99
8.

49
:3

1-
62

. D
ow

nl
oa

de
d 

fr
om

 a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
02

/1
4/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.


