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Stellingen 

1. Het verband tussen het plasmagehalte van totaal homocysteïne en het risico op hart­
en vaatziekten is continu stijgend, zonder een duidelijke drempelwaarde. 
Dit proefschrift. 

2. Homozygotie voor thermolabiliteit van 5,10-methylenetetrahydrofolaat reductase kan 
vooral in combinatie met een lage foliumzuurstatus leiden tot sterke verhoging van het 
nuchtere plasma totaal homocysteïnegehalte. 
Dit proefschrift. 

3. Er zijn interventiestudies nodig, waarbij wordt onderzocht in hoeverre verlaging van 
het plasma totaal homocysteïnegehalte via foliumzuursuppletie (eventueel aangevuld 
met vitamines B 6 en B1 2) het risico op hart- en vaatziekten reduceert. 
Dit proefschrift. 

4. Plasma pyridoxal 5'-fosfaat (de actieve vorm van vitamine B6) is, onafhankelijk van 
plasma totaal homocysteïne, invers geassocieerd met het risico op hart- en vaatziekten. 
Dit proefschrift. 

5. Op basis van de nu beschikbare epidemiologische bevindingen is er voldoende reden 
om, ter preventie van hart- en vaatziekten, de consumptie te stimuleren van groenten 
en vruchten, die rijk zijn aan foliumzuur (bijvoorbeeld groene bladgroenten, bietjes, 
spruitjes, sinaasappelen, bananen). 

6. Onderzoek naar de interactie tussen genetische gevoeligheid en leefstijl kan alleen 
bijdragen aan een effectievere ziektepreventie, indien er goede mogelijkheden zijn 
voor screening op deze gevoeligheid. 

7. De paniek over de hoge kosten van wachtgeld voor aio's die niet op tijd hun 
proefschrift afronden, staat in geen verhouding tot de onderzoeksproduktie die door 
hen wordt geleverd, tegen een laag salaris. 

8. De uitspraak "Een epidemioloog is een arts die kan tellen" is van toepassing op artsen 
maar niet op epidemiologen. 

9. Het vergelijken van intellectuele prestaties van tweelingen, bijvoorbeeld door ouders 
of docenten, kan leiden tot identiek carrièreverloop bij de kinderen. 

10. Het feit dat de vraag "Hoe gaat het?" steeds meer bij wijze van groet wordt gebruikt, 
verklaart waarom zo vaak geantwoord wordt met de dooddoener "Druk, druk!". 



11. Noorderlingen die laatdunkend spreken over 'mafiana-mentaliteit' van Latijns-
Amerikanen, beseffen onvoldoende dat het leven maar kort is en dat de dag, liefst 
vandaag, geplukt moet worden. 

12. "Wie spaarzaam is met zijn woorden, toont verstand en wie zichzelf beheerst, is een 
man van inzicht." Spreuken 17, vers 27. 

Stellingen behorende bij het proefschrift 
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Abstract 

Homocysteine, B-vitamins and Cardiovascular Disease : epidemiologic evidence 

Ph.D.- thesis by Petra Verhoef, Department of Epidemiology and Public Health, 
Agricultural University, Wageningen, The Netherlands, March 25, 1996. 

Background Cardiovascular disease constitutes a major public health problem in 
the Netherlands and other Western countries. Elevated plasma homocysteine has attracted 
growing interest as a "new" risk factor for cardiovascular disease. Homocysteine is formed 
from the essential amino acid methionine. Defective homocysteine metabolism may lead to 
elevation of plasma total homocysteine (tHcy). Genetic enzyme deficiencies or inadequate 
intake of vitamins B 6, B, 2, and folate, all important cofactors in homocysteine metabolism, 
may result in elevation of tHcy. Accumulation of tHcy can possibly promote 
atherosclerotic or thrombotic processes. 

Methods The epidemiologic studies presented in the thesis, aimed to find 
additional evidence for the hypothesis that elevated plasma tHcy is an independent risk 
factor for cardiovascular disease. We addressed various disease endpoints, with data of 
prospective and retrospective studies, from Dutch, European, and US populations. The role 
of the B-vitamins and of a genetic enzyme defect, predisposing to high tHcy levels, were 
studied. 

Results Overall, in line with other findings, most of our studies showed that 
elevated tHcy is an independent risk factor for cardiovascular disease. Results indicated 
that the risk increased with rising levels of tHcy, with no threshold effect. The estimated 
average % increase in risk for 5 umol/L (about 1 SD) increase in fasting tHcy varied 
between 20% and 60% in the various studies. In a large European case-control study, we 
found that elevated tHcy was a strong risk factor in women, both in pre- and 
postmenopausal women. 

Folate concentrations in plasma or expressed per haematocrit, and dietary folate 
were found to be important determinants of plasma tHcy in several studies. In one of our 
studies, in concordance with findings of others, tHcy reached its nadir at a folate intake of 
400 ug/day. Furthermore, we observed that homozygosity for a mutation in 5,10-
methylenetetrahydrofolate reductase, in combination with low folate status, predisposed to 
particularly high tHcy levels, and may thereby increase risk of cardiovascular disease. 

Conclusions & implications Dietary folate intake of a large segment of the general 
population is lower than 400 ug/day, and tHcy may be generally increased. Several studies 
have already shown that elevated tHcy can be normalized by supplementation with folate, 
even at a dose of 650 ug/day. Thus, increased folate intake seems an important way to 
decrease tHcy in populations, thereby possibly reducing incidence of cardiovascular 
disease. Large-scale prevention trials are warranted to demonstrate the efficacy of tHcy-
lowering, and the minimal folate intake required. At this moment, based on the available 
epidemiologic evidence, it is advisable to increase consumption of fruits and vegetables in 
the general population. Results from prevention trials will indicate whether additional 
measures, such as fortification of food or supplementation are justified as well. 
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1 General Introduction 

Introduction 
Cardiovascular disease is the main cause of mortality in the Netherlands and 

other Western countries. In the Netherlands, cardiovascular disease mortality, mostly 
due to ischemic heart disease, constitutes about 40% of total mortality.1 

Many factors may be involved in the etiology of cardiovascular disease, i.e. 
smoking, high blood pressure, high serum cholesterol levels, and diabetes. Clearly, 
some of these factors are determined by lifestyle, whereas others have a stronger 
genetic background. Generally, cardiovascular disease is thought to be 
multifactorial, and interaction of various factors (for example between inherited 
properties and a lifestyle factor) or combined occurrence of several risk factors may 
lead to the disease.2 Despite the advances that have been made in identifying 
cardiovascular risk factors, a large proportion of cardiovascular disease incidence 
cannot be explained by well-known risk factors. 

Elevated plasma homocysteine has been designated a risk factor for 
cardiovascular disease. Homocysteine is a metabolite of methionine, one of the 
dietary essential amino acids. Defects in intracellular homocysteine metabolism may 
lead to elevation of plasma homocysteine. These metabolic defects can have a 
genetic background, i.e. an inherited enzyme deficiency, or a nutritional 
background, i.e. an inadequate intake of one or more B-vitamins that serve as 
cofactors to the enzymes involved. Homocysteine accumulation can possibly 
promote the formation of atherosclerotic plaques, or affect blood coagulation. 

Homocysteine metabolism 
Enzymes involved - transsulfuration and remethylation 

Homocysteine is a sulfur-containing amino acid, formed at demefhylation of 
the essential amino acid methionine. Intracellular homocysteine is condensed with 
serine to form cystathionine, a reaction catalyzed by the enzyme cystathionine ß-

1 



Chapter 1 

synthase (CS, Figure 1-1). Cystathionine is subsequently split to cysteine and a-
ketobutyrate, completing the conversion of methionine to cysteine, referred to as the 
transsulfuration pathway, the major route for homocysteine catabolism. Part of the 
homocysteine is remethylated to methionine, by the enzyme methionine synthase 
(MS, Figure l - l ) . 3 

Vitamins that serve as cofactors 

Three B-vitamins are involved in homocysteine metabolism: vitamins B 6 , B 1 2 , 
and folate (Figure 1-1). The enzyme cystathionine 8-synfhase requires pyridoxal 5'-
phosphate (PLP), the biologic active form of vitamin B 6 , as a cofactor. Methionine 
synthase requires vitamin B, 2 as a cofactor and 5-methyltetrahydrofolate (methyl-
THF) as a substrate. The latter is formed at the reduction of 5,10-
mefhylenetetrahydrofolate (methylene-THF), catalyzed by the enzyme 5,10-
methylenetetrahydrofolate reductase (MTHFR).3 Thus, vitamin B 6 is important in 
homocysteine transsulfuration, whereas folate and vitamin B 1 2 play significant roles 
in homocysteine remethylation, in most cells and tissues. 

Cystathionine 

Cysteine 

Figure 1-1. Condensed scheme of homocysteine metabolism* Enzymes are denoted by 
boxes, whereas cofactors and cosubstrates are denoted by ellipses. CS = cystathionine fi-
synthase; MS = methionine synthase; THF = tetrahydrofolate; methyl-THF = 5-
methyltetrahydrofolate; methylene-THF = 5,10-methylenetetrahydrofolaat; MTHFR = 
5,10-methylenetetrahydrofolate reductase; PLP = pyridoxal 5'-phosphate; Bn = vitamin 
B,2 (methylcobalamine); F = folate. 

* A detailed description of homocysteine metabolism is given in Chapter 4. 
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General Introduction 

Inborn defects 

Several inborn errors may lead to accumulation of homocysteine in the cell. 
Excess homocysteine is exported into the extracellular media, like plasma and 
urine.3 Thus, subjects with inborn errors have extreme elevations of plasma 
homocysteine (referred to as hyperhomocysteinemia) and excrete large amounts of 
homocysteine in the urine (homocystinuria). Examples of inborn errors are defects 
in cobalamin metabolism, or deficiency of MTHFR.4 The classic form of a genetic 
disorder in homocysteine metabolism is deficiency of the enzyme cystathionine 8-
synthase.5 In individuals who are homozygous for the defect, homocystinuria and 
hyperhomocysteinemia occur. Heterozygote subjects have normal or only 
moderately elevated plasma levels of homocysteine in the fasting state. However, 
their homocysteine levels in response to an oral methionine loading may be 
abnormally high, compared to control subjects, although overlap between the groups 
exists.5 Thus, the methionine loading test was developed to discriminate between 
subjects heterozygous for cystathionine 8-synthase deficiency and normal controls. 
Usually, peak homocysteine levels, 4 to 8 hours after methionine loading, are 
measured. Sometimes the test is combined with additional enzyme determination, 
which appears to improve the identification.6 

Inborn metabolic defects and vascular disease 

Defective transsulfuration 

Individuals with homocystinuria, e.g. due to cystathionine B-synfhase 
deficiency, usually suffer from vascular occlusion and thrombosis in arteries and 
large veins, sometimes before the age of 20. Coronary, cerebral, and peripheral 
vessels may all be affected.7 That observation inspired Wilcken and Wilcken to 
formulate the hypothesis that moderately elevated plasma levels of homocysteine 
(due to heterozygous cystathionine 8-synthase deficiency) could predispose to 
cardiovascular disease. In 1976, they published a study in which homocysteine 
levels after methionine loading were compared between coronary artery disease 
patients and controls subjects.8 They found plasma homocysteine (measured as 
homocysteine-cysteine mixed disulfides) to be present in 68% of the patients and 
23% of the control subjects. Thereafter, many similar studies have confirmed the 
finding of a greater proportion of elevated homocysteine levels after methionine 
loading in cases of cardiovascular disease than in controls. 4 , 9 1 0 
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Defective remethylation 

Through results of some studies, however, the attention was shifted away 
from the concept that elevated homocysteine levels due to cystathionine 8-synthase 
deficiency were a main cause of increased risk of cardiovascular disease. First of 
all, some studies failed to show that heterozygous cystathionine B-synfhase deficient 
subjects were at increased risk for cardiovascular disease. 1 1 , 1 2 Also, although 
previous studies had found lower cystathionine 8-synthase activity in vascular 
patients with an abnormal homocysteine response after methiomne loading, 1 3 ' 1 4 other 
investigations could not reproduce these results.15 Furthermore, the prevalence of 
cystathionine 6-synthase deficiency (either in homozygous or heterozygous form) is 
too low to account for the number of observed cardiovascular patients with 
abnormal post-methionine loading responses.16 Clearly, there had to be other reasons 
for the abnormal responses, and reduced remethylation was one of the possibilities. 

In fact, Kang et al. reported that a genetic disorder, resulting in defective 
homocysteine remethylation, was associated with increased risk of cardiovascular 
disease. They identified thermolability of the enzyme MTHFR, determined by 
biochemical phenotyping, as a risk factor for cardiovascular disease.17 In contrast to 
severe MTHFR deficiency, in which the residual enzyme activity in cultured 
fibroblasts is 0-20%, thermolabile MTHFR has a 50% residual activity. 
Furthermore, many studies have found that elevated fasting levels of homocysteine 
are related to cardiovascular disease.18 Since subjects with cystathionine 8-synthase 
deficiency usually have normal fasting levels, this suggests that impaired 
remethylation may be related to cardiovascular disease as well. 

Generally, elevated fasting homocysteine levels are thought to reflect 
impaired homocysteine remethylation, whereas elevated homocysteine levels in 
response to a methiomne loading test are thought to reveal reduced transsulfuration.7 

Impairment of the pathways could result from inherited enzymatic defects, as 
described before, or from vitamin inadequacies. Conceivably, combined occurrence 
of both enzymatic defects and vitamin deficiencies could act synergistically. 

B-vitamins 

Associations with homocysteine 

Several studies have shown inverse associations between plasma levels of 
homocysteine and levels of the vitamins involved in its metabolism, either for 
dietary intake or plasma/serum levels of the vitamins. Strongest associations have 
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been found for folate. Homocysteine elevation does not necessarily occur in subjects 
with clear deficiencies.19'20 

Because of the distinct role of the vitamins in remethylation and 
transsulfuration, inadequacy of folate and vitamin B 1 2 will generally lead to 
increased fasting homocysteine levels, whereas vitamin B 6 inadequacy will normally 
lead to increased homocysteine levels (above the fasting level) after methionine 
loading. For example, a study showed that vitamin B I 2 deficiency led to elevated 
levels of fasting homocysteine, whereas the increase in homocysteine after 
methionine loading was normal.21 In another study, PLP deficiency was found to 
cause increased post-load homocysteine levels, but fasting levels remained normal.2 2 

Homocysteine reduction by vitamin supplementation 

The fact that B-vitamins can reduce plasma homocysteine further emphasizes 
their important role. In many studies it has been shown, that supplementation with 
folate can effectively reduce plasma homocysteine (fasting as well as post-load 
levels) in almost all subjects with elevated homocysteine, even when concentrations 
of folate, vitamin B I 2 , and PLP are normal.23"27 Intervention with vitamin B 6 has 
very little effect alone, but in combination with folic acid a normalization of 
homocysteine can be achieved in almost all subjects.2 8'2 9 Vitamin B I 2 

supplementation may lower homocysteine levels in vitamin B12-deficient subjects.30 

Atherogenic and thrombogenic action of homocysteine 

Homocysteine is thought to promote both atherogenesis and thrombosis, thus 
explaining the relationship with vascular disease.** Homocysteine appears to affect 
the vascular endothelium, platelets, and coagulation proteins.31 Considerable 
controversy about the mechanisms remains. Atherogenic mechanisms promoted by 
homocysteine include endothelial cell desquamation, oxidation of LDL cholesterol, 
and monocyte adhesion to the vascular wall. Also, antithrombotic properties of 
vascular endothelium may be decreased. Furthermore, there are indications that 
coagulation factors are affected in a way that predisposes to a thrombotic event. 
Information on effects of homocysteine on platelet kinetics are controversial.31 In 
addition, high levels of homocysteine may inhibit growth of endothelial cells and 
stimulate proliferation of smooth muscle cells, subsequently leading to thickening of 

Several chapters address the mechanisms in detail. 
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arterial walls.3 

Homocysteine terminology 

In plasma, homocysteine predominantly exists as a complex with protein. 
Furthermore, there is a free oxidized fraction (disulfides of homocysteine with itself 
[homocystine] or with cysteine). A small part exists in the free reduced form 
(sulfhydryl form).3 The total of all the multiple forms is referred to with total 
homocysteine. This has been measured in all described studies in the thesis. 
Throughout the rest of the thesis we will use the term total homocysteine, 
abbreviated as tHcy to indicate either total homocysteine or one of the subtractions, 
e.g. homocysteine-cysteine mixed disulfides or protein-bound homocysteine. In that 
way the term tHcy is synonymous with the frequently used term homocysteine. 
We will use homocysteine when we specifically want to address the amino acid 
itself, e.g. in "homocysteine metabolism" or when referring to pathofysiologic 
effects of the amino acid, since those may depend on the presence of the sulfhydryl 
group of homocysteine.33 

tHcy, vitamins and vascular disease - epidemiologic evidence 
Since the study of Wilcken and Wilcken,9 in 1976, several epidemiologic 

studies on plasma tHcy and cardiovascular disease have been conducted. About 30 
studies were recently reviewed in a meta-analysis.18 Virtually all studies found that 
elevated plasma tHcy, either in the fasting state or after methionine loading, is more 
frequently shown in patients with disease of the cerebrovascular, peripheral, or 
coronary vessels than in control subjects.18 In the meta-analysis, the association 
appeared to be strongest for peripheral vascular disease. Elevated tHcy is considered 
to act as a risk factor for cardiovascular disease, independently of conventional risk 
factors.4'18 The findings of the meta-analysis and some other studies, 3 4 , 3 5 are in favor 
of a graded effect between tHcy and risk of cardiovascular disease (i.e. rising risk 
with increasing tHcy levels), but other studies only found increased risks for 
subjects with tHcy levels above a certain cutoff-point. However, estimation of the 
size of the effect still remains relatively imprecise. Also, the cause of elevated tHcy 
levels in vascular disease patients, i.e. genetic or nutritional background, was not 
addressed in many of the epidemiologic studies. The ones that did study levels of 
B-vitamins involved in homocysteine metabolism, including folate, did not always 

6 



General Introduction 

find lower levels in cardiovascular disease patients than in controls, despite higher 
tHcy levels in patients.4 , 3 6 

In most epidemiologic studies, women formed a small part of the study 
population or were not included at all. Generally, tHcy levels are lower in women 
than in men.4 However, there are indications that at menopause, due to hormonal 
changes, tHcy levels may rise, even exceeding levels of men of the same age. 2 4 ' 3 7 

Furthermore, most epidemiologic research on plasma tHcy and risk of 
cardiovascular disease has been retrospective or cross-sectional, and consequently 
cannot definitively determine whether increased tHcy levels are the cause or the 
result of cardiovascular disease. Prospective studies do not have this limitation.38 

Outline of the thesis 
In 1990, a research proposal was written for a study on tHcy, B-vitamins and 

risk of angiographically-defined coronary atherosclerosis. Notably, at that time, two 
studies had indicated a lack of support for elevated tHcy as a risk factor for 
coronary artery disease. 1 3' 3 9 In 1992, the proposed research started at the Department 
of Epidemiology and Public Health of the Agricultural University in Wageningen, 
and was (partly) included in the European Concerted Action Project: 
Hyperhomocysteinemia and Vascular Disease. Additionally, during the Ph.D.-
project, in collaboration with the Departments of Epidemiology and Nutrition of the 
Harvard University in Boston, the association between elevated tHcy and risk of 
cardiovascular disease was investigated in three studies, with myocardial infarction, 
angina pectoris, and ischemic stroke as disease endpoints. 

The main aim of the present thesis research was to provide additional 
epidemiologic evidence that elevated tHcy is an independent risk factor for 
cardiovascular disease. By using different study designs, different endpoints, and 
different populations, we tried to maximize our contribution. Three specific 
objectives were: 

- To study the dose-response relationship between tHcy and cardiovascular disease, 
investigating whether there is a clear threshold level, above which risk is increased, 
or a graded relationship. 

- To study whether fasting tHcy (associated with homocysteine remefhylation) or 
post-load tHcy (associated with homocysteine transsulfuration) shows a stronger 
association with risk of cardiovascular disease. 
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- To study whether inadequate dietary intake or status of B-vitamins are possible 
causes of elevated tHcy in patients of cardiovascular disease. 

Figure 1-2 schematically depicts the main investigated relationships and 
chapters in which they were studied. 

Genetics 

Ch. 4 

B-vitamins 

Coronary 
atherosclerosis 

Ch.2 
Myocardial 
infarction 

Ch.4 
Angina 
pectoris 

Ch.5 
Ischemic 
stroke 
Ch.6 

All CVD 
Ch. 7 

Figure 1-2. Associations studied in the thesis. MTHFR = 5,10-methylenetetrahydrofolate 
reductase; tHcy = plasma total homocysteine; CVD = cardiovascular diseases. 

In Chapter 2, we describe results of a Dutch case-control study with 
angiographically-defined coronary atherosclerosis as disease endpoint. We relate 
tHcy to extent of coronary occlusion. Also, we study whether fasting or post-load 
tHcy shows a stronger relationship with the disease. Levels of B-vitamins, reflecting 
recent or long-term dietary intake, are studied as possible causes of tHcy elevation 
in cases, compared to controls. 

In Chapter 3, we compare the frequency of a 677C—>T mutation in the gene 
that codes for the MTHFR enzyme, associated with reduced enzyme activity,40 in 
patients of coronary atherosclerosis and controls. We describe relationships between 
genotype and plasma tHcy. Also, the interaction between this mutation and 
erythrocyte folate is discussed. 

In Chapter 4, fasting tHcy levels are related to risk of myocardial infarction, 
in a Boston area case-control study. The role of the B-vitamins (dietary intake and 
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plasma levels) is investigated as well, including relationships of the vitamins 
themselves with risk of myocardial infarction. 

Angina pectoris is the disease endpoint in Chapter 5, showing results of a 
case-control study, nested within a prospective study (Physicians' Health Study 
[PHS]). Chapters 4 and 5 also describe levels of other compounds of homocysteine 
metabolism in cases and controls. These compounds may give indications of 
abnormalities in the pathways of homocysteine metabolism, either of genetic or 
nutritional origin.41 

Chapter 6 discusses findings of another case-control study, nested within the 
PHS, with ischemic stroke as the disease outcome. Possible effect modification by 
hypertension, as suggested by a previous study,42 is studied. 

Chapter 7 concentrates on tHcy levels in women, using data of a large multi-
center case-control study on tHcy and cardiovascular disease. Relationships of tHcy 
with risk of cardiovascular disease are compared for the sexes, and for 
premenopausal and postmenopausal women. 

Finally, in Chapter 8, we put our findings in perspective, by comparing them 
to those of other studies. We discuss methodologic issues, make suggestions for 
future research, and evaluate the possible consequences for public health. 
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