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ABSTRACT

Homocysteine (Hcy) has been extensively studied after the first observations of vascular
changes in patients with very high total Hecy (tHcy) levels in the 1960's. To date several meta-
analyses have suggested that also less markedly elevated tHcy levels may be associated with
increased risk of cardiovascular diseases (CVD). The purpose of this work was to study
serum/plasma tHey and two compounds closely linked to its metabolism, folate and methionine,
and their role in the development of CVD in middle-aged men from Eastern Finland from the
Kuopio Ischaemic Heart Disease Risk Factor (KIHD) study.

The first study concerned with the effects of high dietary methionine intake on the risk of
acute coronary events in 1981 men free of prior heart disease on the KIHD study baseline. The
adjusted risk of an acute coronary event in the highest methionine intake quarter was about two
times higher compared with the lowest quarter. High dietary methionine intake was not
associated with increases in the plasma tHcy.

We then studied the effects of serum tHey and folate on the risk of acute coronary events
in 810 healthy men. We found that high serum tHcy concentration was not associated with the
risk. However, men in the highest quarter of serum folate concentration had significantly
decreased adjusted risk compared with the men in the lowest quarter.

In the next study we studied the effect of serum tHcy and folate on the risk of stroke in
1015 men free of prior stroke. The adjusted risk of any stroke and ischemic stroke in the highest
serum tHcy third compared with the lowest third was significantly increased. On the other hand,
high serum folate concentration was associated with significantly decreased risk.

The purpose of the fourth study was to explore the joint effect of increased serum tHey
concentration and other risk factors on the risk of CVD mortality in 802 men without a history
of heart disease or stroke. The results of this study suggested that high serum tHcy
concentration may increase the risk of CVD mortality and especially in men with other
prevalent CVD risk factors.

Together these results suggest that high serum tHcy concentration may slightly increase
the risk of CVD mortality and stroke in healthy middle-aged men, mortality especially when
also other risk factors are present. On the other hand, high serum folate concentration would
seem to protect against acute coronary events and stroke. And lastly, high dietary intake of
methionine may increase the risk of acute coronary events by other means than by increasing
blood tHey concentrations.

National Library of Medical Classification: QU 60, QU 87, QU 145, QU 188, WA 105, WA
950, WG 120, WL 355

Medical Subject Headings: amino acids; cardiovascular diseases/epidemiology;
cardiovascular  diseases/metabolism; cerebrovascular  accident/epidemiology;
cerebrovascular accident/ metabolism; epidemiologic methods; epidemiologic studies;
Finland; folic acid; homocysteine; male, methionine; middle aged; myocardial
infarction; nutrition; risk factors
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YHTEENVETO

Homokysteiinid on tutkittu laajasti 1960-luvulta ldhtien. Silloin havaittiin, ettd potilailla, joilla
oli erittdin suuri veren homokysteiinipitoisuus, oli myds muutoksia verisuonissa. Mydhemmissd
meta-analyyseissd on ehdotettu, eftd myds lievemmin suurentuneet homokysteiinipitoisuudet
voivat olla yhteydessd suurentuneeseen syddn- ja verisuonitautien (SVT) riskiin. Témén
viitoskirjatyon tarkoituksena oli tutkia seerumin/plasman homokysteiinipitoisuuden sekd
kahden sen aineenvaihduntaan keskeisesti liittyvén yhdisteen, folaatin ja metioniinin, merkitysta
SVT-riskiin keski-ikéisilld itdsuomalaisilla miehilld Sepelvaltimotaudin vaaratekijdtutkimus-
aineistossa (SVVT).

Ensimméinen tutkimus késitteli ravinnon suuren metioniinipitoisuuden yhteyttd
sydaninfarktiriskiin 1981 miehelld, joilla ei ollut syddntautia SVVT-tutkimuksen alussa.
Vakioitu sydéninfarktiriski ylimmé&ssd metioniininsaantineljinneksessd oli noin kaksi kertaa
suurempi alimpaan neljinnekseen verrattuna. Ravinnon runsas metioniinipitoisuus ei ollut
yhteydessi suurentuneeseen plasman homokysteiinipitoisuuteen.

Seuraavassa tutkimuksessa tutkittiin seerumin homokysteiini- ja folaattipitoisuuksien
yhteyksid sydéninfarktiriskiin 810 terveelld miehelld. Tutkimuksessa havaittiin, ettei
suurentunut seerumin homokysteiinipitoisuus ollut yhteydessd sydéninfarktiriskiin. Sen sijaan
ylimpdén folaatinsaantineljinnekseen kuuluvilla miehilld oli merkitsevésti pienentynyt riski
alimpaan neljannekseen kuuluviin miehiin verrattuna.

Kolmannessa tutkimuksessa tutkittiin suurentuneiden seerumin homokysteiini- ja
folaattipitoisuuksien vaikutuksia ensimmdéisen aivohalvauksen riskiin 1015 miehelld. Vakioitu
aivohalvauksen ja iskeemisen aivohalvauksen riski oli merkitsevisti suurentunut ylimméssé
seerumin homokysteiinipitoisuusneljinneksessd alimpaan neljannekseen verrattuna. Toisaalta
suuri seerumin folaattipitoisuus oli yhteydessd merkitsevisti pienentyneeseen riskiin.

Neljgnnen  tutkimuksen  tarkoituksena oli  tutkia  suurentuneen  seerumin
homokysteiinipitoisuuden ja muiden riskitekijoiden yhteisvaikutusta SVT-kuolleisuuden riskiin
802:1la tutkimuksen alussa sydédntaudin ja aivohalvauksen suhteen terveelld miehelld.
Tutkimuksen tulokset viittasivat sithen, ettd suurentunut seerumin homokysteiinipitoisuus voi
lisatd SVT-kuolleisuuden riskid ja varsinkin miehilla, joilla oli muita SVT-riskitekijoita.

Yhdessd ndmd tutkimukset viittaavat siihen, ettd suurentunut seerumin
homokysteiinipitoisuus saattaa hiukan lisdtd SVT-kuolleisuuden sekd aivohalvauksen riskid
terveilld keski-ikaisilla miehilld, sekd kuolleisuutta etenkin yhdessd muiden riskitekijoiden
kanssa. Toisaalta suuri seerumin folaattipitoisuus néyttdisi suojaavan sydédninfarktilta ja
aivohalvaukselta. Liséksi runsas metioniinin saanti ravinnosta saattaa lisatd sydéninfarktiriskid
jollain muulla mekanismilla kuin suurentamalla veren homokysteiinipitoisuuksia.

Yleinen Suomalainen Asiasanasto: aivohalvaus; aminohapot; epidemiologia; ravitsemus;
riskitekijét; sydaninfarkti; sydén- ja verisuonitaudit; vitamiinit






The only true wisdom
is in knowing you know nothing

- Socrates
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1. INTRODUCTION

Cardiovascular diseases (CVD) are a major public health problem in the Western
countries. Despite the decline in CVD mortality rates during the recent decades, over
40% of the deaths are still caused by CVD in Finland (1). The major risk factors for
CVD are known, such as smoking, high blood pressure, high serum cholesterol levels
and diabetes. Still there are people who, despite not having these risk factors, suffer
heart disease. The search for other risk factors continues and one that has raised much
interest is homocysteine (Hcy).

Hcy, a normal metabolite of the essential amino acid methionine, has been
extensively studied after the first observations of vascular changes in patients with
homocystinuria [that is, total Hey (tHcy) levels in blood as high as 20-fold compared to
normative range] in 1960's (2, 3). This and the subsequent finding in the next decade
that tHey levels one magnitude lower than in homocystinuric patients were significantly
higher in patients with coronary heart disease (CHD) than in controls (4), lead to the
hypothesis that even moderately elevated tHcy levels may be of importance in the
progression of CVD. Since then the number of studies on the effects of tHcy on the risk
of CVD has increased exponentially and several meta-analyses has been conducted (5-
11). Although case-control studies suggest that increased tHcy concentration is a strong
and graded risk factor for CVD, it is still uncertain whether it is a risk factor itself or
just a marker of some other causal risk factor (6).

Folate belongs to the vitamin B group. It is an important metabolite in the Hey
metabolism, since it acts as a methyl donor in the remethylation of Hcy back to
methionine. This has raised interest in the role of folate in the prevention of CVD.
Indeed, low blood or dietary folate is associated with increased blood tHcy
concentration (12), and on the other hand, folate supplementation is an effective way to
decrease blood tHcy (13). Several case-control and prospective epidemiological studies
have demonstrated an association between low blood folate levels and risk of CVD
(12), which would support the concept of tHcy as a risk factor. However, low blood
folate concentration has been suggested to be a risk factor independent of tHcy
concentrations, which would indicate that a folate deficiency rather than elevated tHcy
concentration is the actual risk factor (12). The ongoing supplementation trials with
folic acid (a synthetic form of folate) should clarify the question whether increase in
blood folate concentration will reduce CVD risk (14).

The purpose of this work was to study serum/plasma tHey and two compounds
closely linked to its metabolism, folate and methionine, and their role in the
development of CVD in middle-aged men from Eastern Finland.
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2. REVIEW OF THE LITERATURE

2.1 Homocysteine

The story of Hcy (2-amino-4-mercaptobutyric acid) actually began already in 1932,
when Hey was isolated for the first time (15). Next year, in 1933, a mentally retarded 8-
year old boy died of a stroke (16). It was concluded that he died of arteriosclerosis of
the carotid arteries with thrombosis and cerebral infarct. The condition of his carotid
arteries was described as "process one might expect to find in a very old man", but no
definite explanation for the unusual appearance was given. Over 30 years later, in 1965,
a niece of that boy with advanced arteriosclerosis was found to have homocystinuria, a
disease that was discovered in 1962 by Mudd and co-workers in Ireland. They had
observed that a deficiency in the enzyme cystathionine B-synthase (CBS) resulted in an
accumulation of Hey in blood and consequently in urine leading to homocystinuria, one
possible result of which was death from arterial or venous thrombosis (2). When the
parents of the patient told about the uncle whose case had been published in 1933, the
old case was studied. Based on the signs and symptoms, it was concluded that the uncle
most likely had died of homocystinuria. The correct etiological diagnosis had been
hereby established because of the discovery of Mudd and co-workers in 1962. However,
the biochemical and pathophysiological processes leading to arteriosclerosis in patients
with homocystinuria were not yet known.

A few years later, in 1969, Kilmer McCully observed extensive atherosclerotic
changes in a 2-month old boy with homocystinuria (3). However, this infant represented
different type of homocystinuria compared with the earlier cases, since he excreted both
Hcy and cystathionine. Also, plasma levels of methionine were low, unlike in the
previous cases. These findings suggested that CBS could not be deficient, but the
resynthesis of methionine from Hcy was impaired. Because of the evidence of Hey
accumulation in two different types of homocystinuria, McCully postulated that Hey or
one of its derivates was responsible for the arterial damage (3). The basis for the
hypothesis that moderately elevated blood Hey levels may be a risk factor for CVD in
the general population was thus formed (17). Wilcken and Wilcken were the first to test
this hypothesis. They showed in 1976 that the prevalence of hyperhomocysteinemia was
higher in patients with CHD than in controls (4). Since then the number of studies about
the effects of Hey on CVD has increased exponentially.

2.1.1 Homocysteine metabolism

Hcy is a non-protein forming, sulfur containing amino acid that plays an important role
in methionine and folate metabolism (Fig. 1) (18). Methionine is a dietary essential
amino acid, of which considerable proportion is activated by adenosine triphosphate
(ATP) to form S-adenosylmethionine (SAM) in a reaction catalyzed by SAM synthase
[EC 2.5.1.6] (Fig. 2). SAM serves primarily as a universal methyl donor to a variety of
acceptors, such as creatine, epinephrine, carnitine, phospholipids, proteins,
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) (19). It is a methyl donor for
essentially all known biological methylation reaction, except for those involved in
methylation of Hey (19). In the transmethylation of SAM, S-adenosylhomocysteine
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(SAH) is formed, which is subsequently hydrolyzed by SAH hydrolase [EC 3.3.1.1] to
yield adenosine and Hey.

O

HS
\/\)L OH

NH,

Figure 1. The structure of homocysteine.

Hcy can be either remethylated back to methionine by a methyl group from 5-
methyltetrahydrofolate (MTHF) or betaine or irreversibly metabolized to cystathionine
by transsulfuration with serine. Methionine synthase (MS) [EC 2.1.1.13], which is
widely distributed in mammalian tissues, catalyzes the transfer of a methyl group from
MTHF. Methylcobalamin (vitamin Bi,) acts as an essential cofactor in this reaction.
Serine donates nearly all of the one-carbon units for the de novo synthesis of the methyl
group, and 5,10-methylene-tetrahydrofolate reductase (MTHFR) [EC 1.1.1.68]
catalyzes the resynthesis of MTHF (Fig. 1).

The other remethylation pathway is catalyzed by betaine-Hcy methyltransferase
[EC 2.1.1.5], which is present only in liver, kidney, and lens of humans (19). The
enzyme uses betaine (trimethylglycine) as the methyl donor (Fig. 1). Betaine can be
either of dietary origin or derived from choline. This remethylation pathway may be
important when the folate-dependent pathway is impaired by ethanol ingestion, drugs,
nutritional imbalances, or when betaine or choline levels are high (20-22).

The transsulfuration of Hcy is an irreversible reaction. Hey first condenses with
serine to form cystathionine in a reaction catalyzed by CBS [EC 4.2.1.22] (Fig. 2). The
cystathionine is hydrolyzed to cysteine, a-ketobutyrate and ammonia by cystathionine y-
lyase [EC 4.4.1.1]. Both of these enzymes are dependent on pyridoxal 5'-phosphate
(vitamin Bg). Excess cysteine that is not used in the synthesis of proteins or as a
precursor of the antioxidant glutathione is then oxidized to taurine or inorganic sulfates
or is excreted in the urine.

Unlike transmethylation and remethylation, not all tissues are capable of
transsulfuration (19). In humans, the highest activity of CBS has been found in liver
(23). The highest level of CBS messenger-RNA (mRNA) were found in liver in human
adults and in liver and brain of human fetal tissues (24). Normal blood Hcy
concentration may therefore represent its transit from the site of production to a site of
catabolism (19). In summary, Hcy is located at an important regulatory point. It may be
used for resynthesis of SAH, undergo remethylation to methionine or conversion to
cystathionine or be exported from the cell (19).

In blood Hey exists in reduced free (~1%) or oxidized disulfide forms (99%) (25).
About 75% of this oxidized form is bound to proteins, mainly albumin. The remainder
occurs in non-protein-bound forms: Hcy-Hey disulfide (homocystine), Hey-cysteine
disulfide, and in minor amounts of other mixed disulfides (25). Plasma (or serum) tHcy
refers to the combined pool of these forms. In patients with abnormally elevated tHey
(tHcy 150-400 pumol/L), the proportion of free form rises to about 10-25% (26). Normal



19

tHcy concentration varies between 5 and 15 umol/L (27). The elevations in the tHcy can
be roughly categorized as moderate (fasting tHcy concentration 15 to 30 pmol/L),
intermediate (30 to 100 pmol/L) and severe hyperhomocysteinemia (>100 pmol/L)

(28).
METHIONINE
SAMS
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Figure 2. Homocysteine metabolism. BHMT = betaine-homocysteine methyltransferase,
CBS = cystathionine [(-synthase, CL = cystathionine y-lyase, COMT = Catechol-o-
methyltransferase, PON = paraoxonase, MRS = methionyl-tRNA synthase, MS =
methionine synthase, MTHFR = methylenetetrahydrofolate reductase, SAMS = §S-
adenosylmethionine synthase, SAHH = S-adenosylhomocysteine hydrolase, THF =
tetrahydrofolate.

2.1.2 Factors influencing blood homocysteine levels

Blood tHcy concentration is regulated by a multitude of factors (Table 1). They can be
broadly classified into the following groups: genetic, physiological, lifestyle,
pharmacological, and disease factors.



Table 1. Causes of hyperhomocysteinemia

Effect” Possible modes of action Refs.
Genetic factors
MTHFR C677T homozygosity T Reduced remethylation (29, 30)
Heterozygozity for CBS defects 1 Reduced transsulfuration (31,32)
(uncommon)®
Homocystinuria (very rare)® Mt Inhibited transsulfuration (33)
Down syndrome l Over-expression of CBS (34)
Physiological factors
Increasing age m Changes in renal function, menopause (35, 36)
Male sex m Androgens, larger muscle mass (36,37)
Pregnancy 1 Hemodilution, reduced plasma (38, 39)
albumin
Postmenopausal state M Hormonal changes (36, 40)
Reduced GFR M Compromised renal metabolism (41, 42)
Increased muscle mass m Creatine synthesis, androgens (43)
Lifestyle factors
High vitamin intake (folate, By, 1 Normal Hey remethylation or (44-47)
Bs, By) transsulfuration
Betaine intake 1 Normal Hey remethylation (48)
Smoking M Less healthy diet, cellular damage, (37, 49,
changes in plasma thiol redux status,  50)
enzyme inhibition
Coffee m Vitamin Bg antagonist, chlorogenic (50-52)
acid in coffee
Alcohol consumption Tl Changes in enzymes in the (50, 53)
methionine cycle
Physical inactivity T Unhealthy lifestyle (37, 54)
Clinical conditions
Folate deficiency I Reduced remethylation (18, 55)
Vitamin B, deficiency "M Reduced remethylation (55, 56)
Vitamin Bg deﬁciencyb 1 Reduced transsulfuration and (57)
remethylation
Renal failure " Compromised renal metabolism 41)
Hypothyroidism T ? (58,59)
Hyperthyroidism l ? (58,59)
Diabetes
Early stage l Hyperfiltration, regulation by insulin (42, 60)
Late stage 1 Compromised renal metabolism (60, 61)
Hyperproliferative disorders 1 Increased demand for methyl groups (62, 63)
Intestinal diseases 1 Deficiency of folate or vitamin By, (50)
Rheumatoid arthritis T Drugs, vitamin deficiency, MTHFR (64)
C677T genotype, gastrointestinal
dysfunction
Drugs
Lipid lowering
Cholestyramine, niacin, M, 1 Inhibition of folate absorption, (65-67)
fibrates inhibition of pyridoxal kinase, renal
impairment
Anticonvulsants T Inhibition of polyglutamation, folate  (68)

depletion
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Table 1. Causes of hyperhomocysteinemia, cont.

Effect’ Possible modes of action Refs.
Sex hormones
Androgens M Increased muscle mass/creatine (69)
synthesis
Estrogens (postmenopausal) | Not known, interference with vitamin  (40)
function
Anti-rheumatic drugs
Methotrexate T Inhibition of DHFR (62, 63)
Other
Cyclosporin, diuretics, L- 1 Impaired renal function, reduced (57, 70-
dopa, theophylline, GFR, inhibition of pyridoxal kinase, 73)
trimethoprim inhibition of DHFR

Modified from (74-77).

? | = decrease in tHcy, (1) = increase within the reference interval, 1, 11, 111 = moderate (15-30 umol/L),
intermediate (30-100 umol/L) and severe hyperhomocysteinemia (> 100 umol/L), respectively.

®In individuals with vitamin B deficiency or mild defects in CBS, the fasting concentrations are usually
within the reference interval, whereas the post-methionine-load tHey concentrations are often increased.
°Homocystinuria includes deficiency in CBS, MTHFR, methionine synthase, or methionine synthase
reductase and defects in intracellular cobalamin metabolism.

CBS = cystathionine f-synthase, DHFR = dihydrofolate reductase, GFR = glomerular filtration rate,
MTHEFR = 5-methyltetrahydrofolate reductase.

Genetic factors

In addition to the rare inborn errors in the Hecy metabolism that lead to very high tHcy
levels (homozygous CBS deficiency, defects in MS, in MTHFR, or in cobalamin
metabolism), there are genetic variations that lead to less pronounced elevations in the
tHey. The most common genetic determinant for tHey is homozygosity for the MTHFR
677C—T polymorphism (29, 78). Individuals with the 677TT genotype usually have
about 25% higher tHcy than in those with the wild genotype (78). This is especially
seen in subjects with low folate status (29). Individuals heterozygous for CBS
deficiency have normal fasting tHcy, but some respond to a methionine loading with an
abnormal increase in tHcy (31). Paraoxonase (PON) is a high-density lipoprotein
(HDL)-associated enzyme that converts Hcy thiolactone back to Hcy (79). Different
polymorphisms in the PON1 gene has been shown to have different effects on the
hydrolysis of thiolactones (80). Also several other polymorphisms have been associated
with increased tHcy levels, including polymorphisms in MTHFR (other than 677C—T)
(81), MS (82), MS reductase (83), transcobalamin-II (84), reduced folate carrier-1 (85)
and thymidylate synthase (86).

Physiological factors

Hcy concentration increases with age in both sexes, and approximately double from
childhood to old age (76). After puberty the mean tHcy concentration is about 2 pmol/LL
higher in men than in women, but the difference diminishes with increasing age (35,
36). The reason for the difference is most likely the increased muscle mass in men,
since the muscle formation is associated with simultancous formation of Hcy in
connection with creatine/creatinine synthesis (43). Androgens and menopause may also
explain part of the difference (36).



22

Dietary and lifestyle factors

The most important dietary determinant of tHcy is folate (12). Vitamin Bg and vitamin
B1, have only modest tHcy lowering effects. There is also some evidence that riboflavin
(vitamin B,), which acts as a precursor to flavin adenine dinucleotide (FAD), a cofactor
for MTHFR, may also be a determinant of tHcy levels (46). Inadequate intake of folate
and other B vitamins has been estimated to account for about 2/3 of all cases of
hyperhomocysteinemia (44). Supplementation with folic acid was shown to reduce tHcy
levels on the average by 25% in a meta-analysis of 12 randomized trials (87). The effect
was similar in dosages from 0.5 to 5 mg/day. The reductions in blood tHcy were greater
at higher pretreatment blood tHcy levels and at lower pretreatment folate levels.
Furthermore, higher dictary intake of folate is associated with lower tHcy levels,
independent of other dietary and lifestyle factors (45, 88, 89). It has also been suggested
that the folic acid dose necessary to achieve the greatest reductions in tHey is 0.8
mg/day (90). The differences between the effects of folate and other B vitamins may be
due to their different metabolic roles (50). Folate is used as a substrate when it donates a
methyl group in the remethylation of Hcy to methionine (Fig. 2). Vitamins riboflavin,
B and By act as cofactors of enzymes in the Hcy metabolism and are not utilized.

Since Hey is formed of methionine, increased dietary methionine intake could lead
to an increase in blood tHcy and thus increase the risk for CVD. Although a single high
dose of methionine in a methionine-loading test (see below) increases tHcy
concentration, chronic moderately high dietary methionine or protein intake has not
been shown to have an effect on the tHcy concentration (45, 91-95). One hypothesis is
that the enzymes in the methionine cycle (Fig. 2) adapt to the high methionine intake
and thus maintain a normal concentration of tHey in circulation (91).

Dictary betaine intake, either from foods or supplements, may have some effect on
tHcey levels (48, 96-99). High doses (=6 g/day) have been used to reduce fasting tHey
levels in homocystinuric patients (48), but it has also reduced tHcy levels in healthy
patients by 10-15% and post-methionine loading tHcy levels by 40% (97-99).
Furthermore, also lower doses of betaine, in the range of dietary intake (about 0.5-2
g/day), have been shown to reduce fasting and post-methionine loading tHcy levels
(96).

Smoking (37, 49), coffee (51, 52), alcohol (53, 100) and physical inactivity (37,
54) are also positively associated with tHcy concentration. The smoking effect remains
after correction for important confounders, coffee consumption and folate intake (54,
88). The relationship between alcohol consumption and tHcy is complex, most probably
following a J-shaped curve (53).

Clinical conditions

Several diseases and drugs are associated with elevated tHcy concentration (Table 1).
Renal failure is the most common clinical cause for elevated tHcy, next to deficiencies
in B vitamins (50). Although the mechanism is not entirely clear, decreased Hcy
clearance has been suggested to cause hyperhomocysteinemia (101). Of the endocrine
disorders, tHcy is positively associated with hypothyroidism and advanced stages of the
Type I diabetes and negatively associated with hyperthyroidism and early stage diabetes
(42, 58-61). Proliferating diseases, such as cancer and psoriasis, intestinal diseases and
rheumatoid arthritis may also result in higher tHcy levels (50, 62-64).
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Methionine loading test

Methionine loading test was developed to diagnose heterozygosity for CBS deficiency
(102). It is currently used to identify individuals who have often normal fasting but
increased post-methionine load tHcy concentration due to mild disturbances in the
transsulfuration pathway (103, 104). In methionine-loading test, a high dose of
methionine (0.1 g/kg body weight) is ingested, and serum tHcy is measured
immediately before and usually 4-6 h after ingestion (104). In adults, the mean post-
methionine load tHcy measured at 4 or 6 h is about 3 and 2 times the fasting value,
respectively (104). The upper reference limit is 5 times the fasting tHcy value (76).

2.1.3 Homocysteine and CVD

Elevated tHcy has been suggested to be both atherogenic and thrombogenic (105). The
strongest evidence that elevated tHcy is a causal risk factor for CVD comes from
patients with inborn errors in Hcy metabolism. About 50% of the patients with
genetically determined CBS deficiency will have a vascular event before age 30, if
untreated (106). Other inherited defects, like MTHFR deficiency (107) and defects in
cobalamin metabolism (3), also cause similar effects at a very young age. In all these
conditions tHcy concentrations are >100 umol/L. These patients develop extensive
arterial intimal thickening and fibrous plaques rich in smooth muscle cells and collagen
(3, 104). Venous, and to a lesser extent, arterial thrombosis are common (108).

Since the first study by Wilcken and Wilcken in 1976, who showed that the
prevalence of hyperhomocysteinemia was higher in patients with CHD than in controls
(4), the research on the effects of Hey on the risk of CVD in general population has
been active. Since 1995 several meta-analyses have been conducted about the subject
(5-11), the four latest ones in 2002 (7-10). The first meta-analysis by Boushey et al. in
1995 summarized 27 studies relating Hey to CVD (5). Retrospective and cross-sectional
studies showed a significantly increased risk of CHD for each 5 pmol/L increase in
tHey concentration. Only two prospective studies were available at that time, and one
found a positive association (109), while the other did not (110).

The meta-analysis by the Homocysteine Studies Collaboration included 18
retrospective and 12 prospective studies which involved a total of 5073 ischemic heart
disease (IHD) events and 1113 stroke events (8). Eighty-five percent of the subjects
were men. In this meta-analysis, 25% lower tHcy levels (about 3 pumol/L) were
associated with 11% lower odds of IHD and 19% lower odds of stroke, after adjustment
for known CVD risk factors.

In a concurrent meta-analysis of 20 prospective studies (3820 participants) of tHcy
and CVD risk, a 5 umol/L increase in tHcy was associated with a 32% increase in the
odds of THD and 59% increase in the odds of stroke (10). The authors also analyzed 72
studies, where the prevalence of the mutation in the MTHFR gene (677C—T) was
determined in 16849 subjects (10). They found that a 5 pmol/L increase in tHcy was
associated with a 42% increase in the odds of IHD, a 65% increase in the odds of stroke,
and a 60% increase in the odds of venous thromboembolism. The authors estimated that
lowering tHcy by 3 umol/LL from current levels would reduce the risk of IHD by 16%
(95% CI 11-20%), deep vein thrombosis by 25% (95% CI 8-38%) and stroke by 24%
(95% CI 15-33%)), if the association is causal.

The third meta-analysis by Bautista et al. included only cohort studies (7). The 14
studies in the meta-analysis included data from 2529 cases and 7305 non-cases. The
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median follow-up time was 9.0 years. According to their analysis, increments in tHcy
concentration resulted in a significant increase in the risk of CVD by 33%, CHD by
49% and stroke by 37%.

One meta-analysis covered only ischemic strokes (9). Of the 14 studies included
in the analyses of the risk associated with increased tHcy concentration, 11 were
retrospective and 3 prospective. The total number of stroke and non-stroke cases was
1769 and 7400, respectively. The pooled odds ratio (OR) estimate of stroke risk
associated with mild-to-moderate hyperhomocysteinemia was 1.79 (95% CI 1.61-2.00).
The pooled mean tHcy concentration in the stroke cases (in 16 studies included in the
analyses of the differences in the mean tHcy) was 2.32 pmol/L greater than in the non-
cases (95% CI 1.60-3.04). The authors also determined the pooled estimate of stroke
risk associated with the MTHFR 677TT genotype, and in the 19 studies that fulfilled the
inclusion criteria, the risk for stroke associated with the TT genotype across all studies
was 1.23 (95% CI 0.96-1.58).

There are also other meta-analyses concerning the effect of the MTHFR genotype
on the risk of CVD. A meta-analysis by Klerk et al. included 40 observational
(retrospective or nested case control) studies, which involved a total of 11162 CHD
cases and 12758 control subjects (29). Their analysis showed that individuals with the
MTHFR 677TT genotype had a 16% (95% CI 5-28%) greater risk of IHD than those
with the CC genotype. They also stratified the analyses by the folate status and found
that the TT genotype was associated with increased risk only when folate status was
low, indicating an interaction between the MTHFR 677C—T polymorphism and folate
status (29).

Similar results were obtained in another meta-analysis of 46 studies with 12193
cases in total, where the risk of IHD was 21% (95% CI 6-39%) higher in individuals
with the 677TT genotype compared with the CC genotype (10). The summary OR for
the heterozygous state (CT vs. CC) was 1.06 (95% CI 0.99-1.13). In the same meta-
analysis the summary OR for the deep vein thrombosis for the TT genotype was 1.29
(95% CI 1.08-1.54) and for the CT genotype 1.05 (95% CI 0.94-1.19) compared with
the CC genotype. These analyses included 26 studies with 3439 cases. In addition, in
seven studies of stroke (1217 cases), the OR for the TT genotype was 1.31 (95% CI
0.80-2.15) and for the CT genotype 1.15 (95% CI 0.93-1.42) compared with the CC
genotype.

Furthermore, there is some data that tHcy may be an independent risk factor in
subjects with other CVD risk factors, such as increased serum total or low-density
lipoprotein (LDL) cholesterol or plasma fibrinogen concentration or smoking (49, 111-
114).

Despite this data, there is continuous debate about whether the association
between tHcy and CVD is causal or is it only a marker of the degree of an underlying
vascular disease or for a low folate status (50, 115). One aspect that speaks against
causality is the less robust or consistent association between tHcy and CVD found in
prospective studies compared to case-control studies (8). The magnitude of the risk of
CVD varies from about 20% in prospective cohort studies to 80% in case-control
studies (105). This discrepancy may arise in part because most prospective studies start
with a healthy population and the data and blood are collected before the event. In
retrospective studies data is collected after the event, which may have distorted the
recall of certain lifestyle and dietary habits or the disease could have influenced blood
levels of tHey (50, 116). Furthermore, tHey concentration is usually higher in subjects
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with CVD, irrespective of whether the concentration is a cause or consequence of CVD.
Thus, prospective studies which have included subjects with pre-existing CVD should
show a greater association between tHcy and CVD. Some studies do support this
assumption (117, 118). More consistent associations have also been found in
prospective studies using elderly subjects or shorter follow-up (50).

Another aspect against causality is the lack of evidence from the controlled
supplementation trials with folic acid and other B vitamins, that lowering tHcy
concentration prevents "hard" vascular outcome events. There are several such trials
currently underway (14). However, many of the trials will be underpowered due to the
initiation of the folic acid fortification programme of foods in the USA and Canada that
coincided with some of the trials (119). Thus, the effect of the supplementation with
folic acid and other B vitamins on the risk of CVD may be revealed only in the future
meta-analyses of these trials. Furthermore, it will be impossible to determine if the
possible beneficial effects in these trials are caused by lowered tHcy concentrations or
by independent effects of folate/folic acid on cardiovascular health (14).

2.1.4 Homocysteine and other diseases

In addition to CVD, Hcy has also been suggested to be associated with birth defects,
pregnancy complications, renal disease, psychiatric disorders and cognitive impairment
in the elderly.

There is a general agreement among several observational studies that
hyperhomocysteinemia, folate deficiency and homozygosity for the MTHFR
thermolabile variant are probable risk factors for placenta-mediated diseases, such as
pre-eclampsia, spontaneous abortion and placental abruption (120). Maternal
hyperhomocysteinemia has also been associated with birth defects (121).

Kidneys are an important organ in the Hcy metabolism. Hyperhomocysteinemia is
very common in dialysis patients (>85% of patients) and tHcy levels usually remain
elevated even after optimal treatment (41). Increased tHcy is also associated with
increased risk of hemodialysis access thrombosis, which is a common complication in
dialysis patients (122).

In a study with psychogeriatric patients plasma tHcy levels were significantly
increased in both the demented patients and the non-demented patients with other
psychiatric disorders, compared to controls (123). Demented patients also had lower
blood folate levels. If patients with low serum cobalamin or folate levels were excluded,
both groups of patients still exhibited significantly higher plasma tHcy levels than the
control subjects. High tHcy concentration has also been related to schizophrenia (124),
Alzheimer’s disease (125) and depression (126).

2.1.5 Mechanisms of action

The mechanisms by which Hey induces the development and progression of vascular
disease have not been fully elucidated. However, current research supports the role for
Hcy as a mediator for endothelial damage and dysfunction (127). This would be a key
factor in subsequent impaired endothelial-dependent vasoreactivity and decreased
endothelium thromboresistance. This in turn would predispose hyperhomocysteinemic
vessels to atherogenesis.
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Endothelial damage and dysfunction

One of the major theories about how Hcy induces its harmful effects involves
endothelial cell injury via oxidative damage. One of the effects is the impairment of
vasodilation (128), which is believed to be an early step in the formation of
atherosclerotic lesions (129). Impairment of normal endothelium-dependent
vasodilation has been shown in humans with mild-to-moderate hyperhomocysteinemia
(128). Supplementation with folic acid and vitamin Bi, has been effective in restoring
normal function (130), as has been antioxidant supplementation, which suggest the
involvement of reactive oxygen species (131). Hcy may induce oxidative stress through
several mechanisms. Hcy may enhance intracellular production of superoxide anion
(Oy), which in turn may decrease the availability of endothelial nitric oxide (NO),
thereby limiting normal vasodilation responses (129, 132). Hcy may also decrease the
availability of NO by elevating plasma levels of asymmetric dimethylarginine (ADMA),
which is a potent inhibitor of NO synthase (NOS) (133). Hey has also been shown to
inhibit and impair activity of antioxidant enzymes, such as glutathione peroxidase and
superoxide dismutase, and it may increase lipid peroxidation and oxidized LDL
cholesterol (105, 134, 135). In our Antioxidant Supplementation in Atherosclerosis
Prevention (ASAP) study population we have shown that elevated plasma tHcy is
associated with increased plasma F-isoprostane levels, marker of in vivo lipid
peroxidation (136). These effects increase the oxidative burden of the endothelium.

An important stimulus for arterial occlusive disease is arterial thrombus. Hey can
promote thrombosis by increasing the activity of the clotting cascade and enhancing
platelet activation and adhesion (105). Treatment with folate (5 mg/d) and vitamin Bg
(300 mg/d) and Bix (1 mg/d) has been shown to attenuate thrombin formation in
hyperhomocysteinemic patients (137).

Hcy may also cause endothelial damage and dysfunction by increasing DNA
synthesis and proliferation of vascular smooth muscle cells, by increasing endothelial
permeability to expose underlying vascular smooth muscle and tissue, by upregulating
the expression of cell death genes within endothelial cells and by inhibiting the
production of proteins important in the endothelial cell growth (105).

Other mechanisms

One compound that has recently received attention is Hey thiolactone. Hey thiolactone
is a cyclic thioester derivative of Hey which is synthesized by specific aminoacyl-tRNA
synthases (Fig. 2) (138). Hcy thiolactone is synthesized in several cell types and the
synthesis increases with an increase in Hcy levels (139). Hey thiolactone has unique
properties that can lead to homocysteinylation of numerous cellular proteins, which
results in the decreased biological activity and premature degradation (140). Hcy
thiolactone reacts with lysine residues in proteins, damaging their structure and
impairing physiological activities (140). Hcy thiolactone may also decrease HDL-
associated PON activity, which may render HDL less effective against oxidative
damage and against toxic effects of Hcy thiolactone (141).

Many of the studies investigating the effects of Hey have been in vitro studies using
non-physiological concentrations and commercial preparations containing racemic
mixtures of D- and L-homocysteine, of which only L-homocysteine is physiologically
relevant form (50). Also, most studies have used reduced form of Hcy, whereas about
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99% of Hcy in blood is present in oxidized forms. Therefore, the relevance of most of
these studies in vivo can be debatable.

2.2 Folate

Folate is a generic term for compounds that have a similar structure and functions to
those of folic acid. Folate, a B vitamin, is an essential vitamin in the diet, since
mammals lack the enzymes to synthesize it (12). Folate is found in a variety of foods,
mainly in foodstuffs of plant origin. In Finland the major sources are bread and cereals
(43% in men, 36% in women), vegetables including potato, fruits and berries (26% and
34%), meat and egg dishes (16% and 14%), and milk products (11% in both men and
women) (142). In foods natural folates exist as reduced tetrahydrofolate species, mainly
as polyglutamates. Synthetic and oxidized form folic acid is a monoglutamate. The
bioavailability of food folates is about 50% of that of folic acid. This resulted in the
introduction of the concept of "dietary folate equivalent" (DFE) as a way to express
mixed intake of natural folate and folic acid (143). One pg of natural folate equals 1 pg
of DFE, and 1 pg of folic acid equals 1.7 pg of DFE. Unlike folic acid, food folates are
also chemically labile and for example cooking tends to destroy folate (12).

The recommended daily intake of folate is 400 pg/day in the USA and 300 pg/day
in Finland, for both men and women. The recommendations are not often met, though,
and folate deficiency is thought to be one of the most common nutritional deficiencies,
especially in elderly, pregnant women or women using contraceptives, smokers and
alcoholics (44, 144). In Finland the average daily intake is 273 pg in men and 224 ug in
women (142). Similar values were reported from the USA before the start of the
fortification of grain products with folic acid in 1998 (145). Recent analyses have
suggested >200 pg/day net increase in average folate intake after the start of the
fortification (146). There are no toxicities associated with elevated intakes of folic acid
or food folates (147). However, there are some concerns regarding long-term high
intake of folate or folic acid. One is the masking of vitamin B, deficiency, which often
presents as folate deficiency and is therefore commonly misdiagnosed. Elevated folate
intake ameliorates vitamin Bi, deficiency-induced megaloblastic anemia, but does not
have an effect on the symptoms of vitamin Bi, deficiency, such as irreversible
progression of neurological dysfunction and cognitive decline (147).

2.2.1 Folate metabolism

In the gut dietary folate polyglutamates must be converted to monoglutamate forms
prior to their absorption in the intestine, since only monoglutamates are transported
effectively into cells (144). In cells the polyglutamate chain is restored. Folic acid from
supplements and fortified foods is reduced to the active tetrahydrofolate form in cells
and is chemically identical to food folates (148).

Folates act as coenzymes in the transfer and processing of one-carbon units (148).
These are needed for the remethylation of Hcy to methionine, the synthesis of
thymidylate and purines and the formation of methyl groups needed for many biological
methylation reactions. Therefore, folates are vital for cell division and homeostasis, by
producing DNA and regulating metabolism (12). The metabolism of folate and Hcy are
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closely linked (Figure 2). Remethylation of Hcy to methionine requires the donation of
a methyl group from MTHEF in a reaction catalyzed by MS.

2.2.2 Folate and diseases

The interest in the potential CVD risk lowering effect of folate has stemmed from the
observations that elevated tHcy levels can be effectively lowered by increased folate or
folic acid intake (13). Furthermore, in many studies elevated tHcy has been associated
with reduced levels of folate in circulation (12). Since folate is the most important
determinant of tHcy, higher risk of CVD in subjects with low folate status can be
speculated to be caused by increased tHcy levels. Alternatively, folate may have
independent effects on the cardiovascular health and increased tHcy is only a marker of
impaired folate status.

There are several case-control and prospective studies that have demonstrated an
association between low dietary intake or low levels of folate in circulation and risk of
CVD (12). For example, in the Nurses' Health Study 80802 women between 30 and 55
years of age were followed for a period of 14 years (145). The women in the highest
folate intake fifth (median intake 696 ng/day) had an adjusted hazard rate ratio (RR) for
CHD of 0.69 (95% CI 0.55-0.87), compared with the women in the lowest fifth (median
intake 158 pg/day). The authors also found the strongest benefit in those women who
consumed alcohol. In the Kuopio Ischaemic Heart Disease Risk Factor (KIHD) study
cohort, 1981 men 42-60 years of age were followed on the average for 10 years, during
which 199 acute coronary events occurred (149). The RR comparing the extreme folate
intake fifths, after adjustment for other risk factors, was 0.51 (95% CI 0.28-0.92).
Interestingly, unlike in the Nurses' Health Study, in this cohort the association was
stronger in light alcohol users compared to alcohol users. In the Physicians' Health
Study the men in the lowest fifth of plasma folate had a RR for myocardial infarction
MI) of 1.4 (95% CI 0.9-2.3) compared to the highest fifth (150). There was no change
in the RR when tHcy was added in the models. This could suggest that increased risk of
CVD in subject with low folate status may be independent of tHcy. Increased folate
intake has been shown to be associated also with decreased risk of ischemic stroke
(151). 43732 men, aged 40 to 75 years, were followed from 1986 to 2000. The
multivariate adjusted risk of ischemic stroke in the highest vs. lowest intake quarter was
0.71 (95% CI 0.52-0.96). In contrast to the other prospective studies, the
Atherosclerosis Risk in Communities (ARIC) study did not find an association between
plasma folate and risk of CHD (152).

The disadvantage of prospective studies is that folate status is assessed only once
and most of the studies are based on serum/plasma measurements. This is likely to
underestimate the role of folate in CVD, since circulating folate levels represent short-
term body stores of folate. In addition, folate may be unstable in frozen plasma or serum
samples (12). Furthermore, since the metabolisms of folate and Hcy are closely linked,
epidemiological studies cannot fully exclude the possibility that folate is associated with
the risk of CVD independently of Hcy.

In addition to CVD, impaired folate metabolism has been associated with risk for
developmental anomalies and disease including neural tube defects (NTDs) and cancer
(153, 154). The mechanisms that underlie the folate-NTD or folate-cancer relationships
are not completely known. However, folate has an important role in the DNA synthesis,
stability and integrity, and repair, which may explain its association with developmental
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anomalies and cancer (153, 155). It is well documented that prophylactic
supplementation with folic acid reduces the incidence of birth complications and NTDs
(121). It is currently recommended that low-risk women take 400 pg and high-risk
women (women with a history of NTD pregnancy) 4000 pg of folic acid daily
periconceptually (156).

Folic acid supplementation studies

There are several international trials, involving over 50000 subjects, investigating the
effects of supplementation with folic acid and other B vitamins on the risk of CVD
(Table 2). The dose of folic acid in these trials ranges from 200 pug to 5000 pg/day. The
trials were originally designed to investigate the hypothesis that lowering tHcy with
folic acid may improve cardiovascular outcomes. At the time of the initiation of these
trials it was not known that folic acid may have independent effects on CVD health. If a
reduction in the risk of CVD is observed, it will be impossible to distinguish between
the effects of tHcy lowering and independent effects of folic acid (14). If no reduction is
observed, then it may indicate that tHcy is not a risk factor for CVD. Or if folate does
have independent effects, then the dose used may have been too low to find any benefit
in some studies (14). Furthermore, three large trials in the USA and Canada were started
before the initiation of fortification of cereals and grains with folic acid in these
countries, which reduces the power in these studies (119).
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Study Country Sample Intervention & study Disease group Start
size design year
Vitamins and The 700 FA (5 mg/d)+Bs (50 Deep vein 1996
Thrombosis Netherlands mg/d)+B;; (0.4 mg/d) vs.  thrombosis or
(VITRO) trial placebo pulmonary
embolism
Vitamin Intervention USA 3600 FA (2.5 mg/d)+Bs (25 Stroke 1998
for Stroke Prevention mg/d)}+B;; (0.4 mg/d) vs.
(VISP) FA (0.2 mg/d)+Bg¢ (0.2
mg/d)+By; (0.06 mg/d)
Women’s USA 6000- FA (2.5 mg/d)+Bs (50 Vascular disease 1998
Antioxidant and 8000 mg/d)}+Bi; (1 mg/d) vs. and high risk for
Cardiovascular placebo vascular disease
Disease Study
(WACS)
Cambridge Heart UK 4000 FA (5 mg/d) vs. placebo ~ Myocardial 1998
Antioxidant Study infarction or
(CHAOS-2) unstable angina
Norwegian Study of  Norway 3000 FA (5 mg/d) for 2 weeks, Myocardial 1998
Homocysteine then FA (0.8 mg/d)+By, infarction
Lowering with B- (0.4 mg/d) vs. placebo in
vitamins in a 2x2 factorial design
Myocardial with Bg (40 mg/d) vs.
Infarction (NORVIT) placebo
Vitamins to Prevent  Australia 8000 FA (2 mg/d)+Bs (25 Stroke 1998
Stroke Study mg/d)+By; (0.5 mg/d)
(VITATOPS)
Western Norway B Norway 2000 FA (5 mg/d) for 2 weeks, Coronary heart 1999
Vitamin Trial then FA (0.8 mg/d) vs. disease
(WENBIT) placebo; Bs (40 mg/d) vs.
placebo in a 2x2 factorial
design
Heart Qutcomes Canada 5000 FA (2.5 mg/d)+Bs (50 Vascular disease 1999
Prevention mg/d)+B1; (1 mg/d)
Evaluation-2 vs. placebo
(HOPE-2)
Study of the UK 12000  FA (2 mg/d)+B, (1 Myocardial 1999
Effectiveness of mg/d) vs. placebo in a infarction
Additional 2x2 factorial design with
Reductions in simvastatin (80 mg/d vs.
Cholesterol and 20 mg/d)
Homocysteine
(SEARCH)
Prevention with a Australia 10000 FA (0.2 mg/d or 2 mg/d)  High risk for 2000
Combined Inhibitor vs. placebo in a 2x2 vascular disease
and Folate in factorial design with or previous
Coronary Heart Omapatrilat (ACE- history of
Disease (PACIFIC) inhibitor) vs. placebo vascular disease

FA = folic acid, ACE = angiotensin converting enzyme. From (12).
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2.2.3 Mechanisms of action

Until recently, the beneficial effects of folate were thought to be a consequence of tHcy
lowering. However, recent evidence suggests that folate may have also other beneficial
effects on vascular endothelial function. Some proposed mechanisms are summarized in
Figure 3. The effect on tHcy has already been discussed in the chapter 2.1.2.

Folic acid or its derivative MTHF may reduce oxidative stress by reducing
superoxide radical production or acting as a free radical scavenger and inhibitor of
microsomal lipid peroxidation (157, 158). The relevance of these in vitro studies is
questionable, however, because the levels of MTHF used in the studies are not
attainable in vivo following ingestion of folic acid (12). Furthermore, the free radical
scavenging capacity of MTHF is about 20 times lower than that of vitamin C (159).

Folate, as MTHF, may also reverse endothelial dysfunction through its effects on
tetrahydrobiopterin (BH4). BH4 acts as a cofactor for endothelial nitric oxide synthase
(eNOS). For example, increase in oxidative stress results in the oxidation of BHy to its
inactive metabolite dihydrobiopterin (BH;), which results in the production of
superoxide radicals by eNOS (160). It has been suggested that MTHF may stabilize
BH,, and thus prevent its oxidation to BH, or it may regenerate BHs from BH, (12).
However, folic acid therapy did not lead to a measurable increase in plasma biopterin
levels in a study by Verhaar et al. (161), so the exact mechanisms remain to be
investigated.

PON, as an important HDL-associated antioxidative enzyme, has an important
role in the protection against lipid peroxidation (162). Since oxidized LDL is also
known to inactivate serum PON activity (163), it is therefore possible that folate could
reduce circulating tHcy concentration and LDL oxidation and in this way spare the PON
activity of HDL. Folate could also induce PON production directly. However, no
studies to date have confirmed these hypotheses.

Methionine
1 Folic acid / S
¢ MTHF > PON
Homocysteine / 3l
0, BH, BH, = BH,

Figure 3. Possible mechanisms for the ameliorative effects of folates on vascular
endothelial function. (1) Remethylation of homocysteine to methionine. (2) Scavenging
of superoxide anions (O)). (3) Stabilization of tetrahydrobiopterin (BHy). (4)
Regeneration of BHy from its oxidized and inactive form dihydrobiopterin (BH;). (5)
Sparing of PON activity. MTHFR = 5,10-methylene-tetrahydrofolate reductase, PON =
paraoxonase. Modified in part from (12).
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3. AIMS OF THE STUDY

The aims of the present work were:

1

11

I

v

To study the association between dietary methionine intake and the risk of
acute coronary events in men.

To examine the relations of both serum folate and tHey
concentrations with acute coronary events in men.

To study the association between both serum tHcy and folate
concentrations and the risk of stroke in men.

To explore the joint effect of increased serum tHcy concentration and
other risk factors on the risk of CVD mortality in men.
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4. MATERIALS AND METHODS

4.1 Study population

The KIHD Study is an on-going population-based study of risk factors for CVD,
atherosclerosis, and related outcomes in men from Eastern Finland (164). The baseline
examinations were carried out between March 1984 and December 1989. The study
sample was composed of 3235 men aged 42, 48, 54, or 60 years at baseline
examination. Of these, 2682 (82.9 %) participated. The study protocol was approved by
the Research Ethics Committee of the University of Kuopio. All subjects gave their
written informed consent for participation.

Data from the baseline examinations were used for the original work I. Men with
prior CHD at baseline (n=677) were excluded from the analyses. Of the remaining 2005
men, food record data were available for 1981 men. The follow-up lasted until
December 2002.

The original works II and IV are based on the KIHD 4-year re-examination data
from 1991-93 and this period also formed the baseline for these studies. Out of the total
of 1229 men eligible for the study, 52 had died, had had a severe illness, or had
migrated from the region, and 139 could not be contacted or refused to participate.
Thus, 1038 men were examined in 1991-93. Men with prior CHD (n=217) in the work
IT and men with prior CHD or stroke (n=225) in the work IV were excluded from the
analyses, as the presence of clinical CHD could have influenced dictary habits. Prior
CHD was defined as either a history of acute coronary event or angina pectoris or
positive angina pectoris on effort in Rose interview or the use of nitroglycerin tablets
once a week or more frequently. The follow-up extended until December 1999 (work 11)
or 2003 (work IV). Of the remaining 813 men in the work IV, data on serum tHcy
concentration were available for 802 men. Work II included 810 men.

The original work III is also based on the KIHD 4-year re-examination data from
1991-93. Of the 1038 men examined in 1991-93, data on serum tHcy were available for
1027 men. Men with a history of stroke (n=12) were excluded, leaving 1015 men for the
final analyses. The follow-up time extended until December 2002.

4.2 Ascertainment of follow-up events

The province of Kuopio participated in the multinational MONICA (Monitoring of
Trends and Determinants of Cardiovascular Disease) project (165), in which detailed
diagnostic information of all coronary deaths and non-fatal Mls that occurred by
December 1992 was collected prospectively. The diagnostic classification was made by
the FINMONICA coronary registry group (164).

Data on acute coronary events between 1993 and 2002 in the work I and between
1993 and 1999 in the work II were obtained via computer linkage to the national
hospital discharge register and were classified by using diagnostic criteria, including
symptoms, cardiac enzymes, and electrocardiographic findings, that were identical to
those used in the MONICA project, as explained previously (165). The average follow-
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up time was 14.0 years in the work I and 7.7 years in the work II. If multiple nonfatal
events occurred during the follow-up, the first event for each subject was considered as
the endpoint for the analyses. According to the diagnostic classification of the events,
there were 156 definite and 79 possible acute myocardial infarctions and 57 typical
prolonged chest pain episodes in the work I in the men who were free of prior CHD at
baseline. The respective numbers were 37, 17 and 7 in the work II.

In the work II1, incident strokes between 1984 and 1992 were ascertained through
the FINMONICA stroke register (166). Information on stroke incidence between 1993
and December 31, 2002 was obtained by computerized linkage to the Finnish national
hospital discharge register and death certificate register. Diagnostic information was
collected from hospitals and classified by one neurologist using diagnostic criteria
identical to the FINMONICA criteria. The sources of information on stroke were from
hospital documents, death certificates, autopsy reports, and medicolegal reports. The
diagnosis of stroke was based on the sudden onset of clinical signs or focal or global
disturbance of cerebral function lasting >24 hours (except in the case of sudden death or
when interrupted by surgical intervention) with no apparent cause other than a vascular
origin. Each suspected stroke [International Classification of Diseases, Ninth Revision
(ICD-9) codes 430 to 439 and Tenth Revision (ICD-10) codes 160-168 and G45-G46)
was classified as (1) definite stroke, (2) no stroke, or (3) an unclassifiable event. The
data from the FINMONICA stroke register were annually rechecked with the data
obtained from the computerized national hospital discharge and death registers. Definite
strokes and unclassifiable events were included in the group of any stroke. Each definite
stroke was classified as (1) an ischemic stroke (ICD-9 codes 433 to 434 or ICD-10 code
163) or (2) a hemorrhagic stroke (ICD-9 codes 430 to 431 or ICD-10 codes 160-161). If
the subject had multiple strokes during follow-up, the first event was considered the end
point.

In the work IV the CVD deaths were ascertained by a computer linkage to the
national death certificate register using the Finnish personal identification code (social
security number). CVD deaths were coded according to the ICD-9 code numbers 390-
459 or the ICD-10 code numbers 100-199.

4.3 Laboratory measurements

In the KTHD study, both in the baseline and 4-year re-examinations, the subjects came
to give venous blood samples between 8 and 10 a.m. They were instructed to abstain
from ingesting alcohol for three days and from smoking and eating for 12 hours. After
the subject had rested in supine position for 30 minutes, blood samples were obtained
by venipuncture and collected into vacuum tubes (Venoject; Terumo, Leuven,
Belgium). No tourniquet was used. In the 4-year re-examination visit blood for folate
and cholesterol determination and for lipoprotein separation was drawn into serum tubes
and blood for o-tocopherol, lycopene, [(-carotene and retinol measurements was
collected in tubes containing lithium heparin.

4.3.1 Determination of serum tHcy concentration

For the work I plasma tHcy measurements were available for 174 acute coronary event
cases and 160 others. Cases and others were matched for age, examination year and



35

residence. Plasma was separated within 60 min and stored at -20°C until analysis. The
plasma tHcy concentrations were analyzed in 1998 at the department of Clinical
Pharmacology, Rigshospitalet, Copenhagen, Denmark by gas-chromatography mass
spectrometry using an isotope dilution method (167, 168).

In the works II-IV the serum tHcy concentration was analyzed by High
Performance Liquid Chromatography (HPLC) (169), with modifications described by
Schwab et al (98), in 2001 at the National Public Health Institute, Helsinki, Finland.
The results represent serum total homocysteine, which is referred as serum tHcy. The
coefficient of variation (CV) between batches (n=30) for two pooled serum samples
were 4.3% and 5.4% at levels 11.2 and 7.4 pmol/L, respectively. The mean bias in a
quality-control program was 2.2% (98).

4.3.2 Determination of serum folate concentration

Serum folate concentration was measured by radio-immunoassay (Quantaphase II, Bio-
Rad, Hercules, CA, USA). Folate measurements were carried out in 1998 in serum
samples collected during 1991-1993 and kept frozen at -80°C. The between-batch CV of
quality control serum (Lyphochek Immunoassay Plus Control levels 1, 2, 3, Bio Rad
Laboratories, ECS Division, Anaheim, CA, USA) at levels 5.5, 13.4 and 23.6 nmol/L.
were 6.4, 6.7 and 6.7%, respectively (n=16).

4.3.3 Assessment of nutrient intakes

The consumption of foods in the work I was assessed at the time of blood sampling at
the KIHD study baseline with an instructed 4-day food recording by household
measures. The instructions were given and the completed food records were checked by
a nutritionist. The intakes of nutrients were estimated using the NUTRICA® version 2.5
software. The content data of amino acids in Finnish food items was obtained from the
Fineli® databank at the National Public Health Institute (Fineli-Food composition
databank of Finland, www.fineli.f1) (170). Intakes of 350 foodstuffs containing the most
methionine and recipes containing these foodstuffs were assessed. The intakes of
nutrients used as covariates in the Cox models were energy adjusted by the residual
method (171). Energy adjustment is based on the notion that a larger, more physically
active person requires a higher caloric intake, which is associated with a higher absolute
intake of all nutrients. Therefore energy adjustment takes into account differences in
energy requirements among individuals. The residuals were standardized by the mean
nutrient intake of a subject consuming 10 MJ/d, the approximate average total energy
intake in this study population. The major methionine sources were calculated based on
randomly selected food records from 10 cases and from 50 others. We replicated the
baseline food record data by 4-day food records (n=40) used in the 1-year follow-up
visit of the KIHD study.

4.3.4 Other laboratory measurements

The measurement of baseline serum lipids and lipoproteins (172), plasma fibrinogen
(173), and 24-hour urinary excretion of nicotine metabolites (174) have been described
in detail previously.
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In the KIHD study 4-year re-examinations, heparin plasma for a-tocopherol, 3-
carotene, retinol and lycopene determinations was stored at -80°C until extracted with
ethanol and hexane and measured by an HPLC method by using a-tocopherol acetate as
an internal standard (175). Lipoproteins were separated from fresh serum samples by
combined ultracentrifugation and precipitation (176). Serum total, LDL and HDL
cholesterol and triglyceride concentrations were determined enzymatically with an
automatic analyzer (Kone Specific, Kone Instruments, Espoo, Finland).

4.3.5 Other measurements

Resting blood pressure was measured by two trained nurses with a random-zero
mercury sphygmomanometer (Hawksley, United Kingdom). The measuring protocol
included, after supine rest of five minutes, three measurements in supine, one in
standing and two in sitting position with five minutes’ intervals. The mean of all six
measurements was used as the systolic and diastolic blood pressure.

Assessments of medical history and medications (177), family history of disease
(177), ischemic findings in exercise test (178), maximal oxygen uptake (178), alcohol
consumption (177) and smoking (177) were carried out as described previously. Annual
income was obtained from a self-administered questionnaire. Diabetes was assessed by
previous diagnosis of diabetes or fasting blood glucose concentration >6.7 mmol/L.
Body mass index (BMI) was computed as the ratio of weight in kilograms to the square
of height in meters.

4.4 Statistical methods

In all works means were compared with analysis of variance (ANOVA). Categorical
variables were compared with the chi-square test. Correlations were estimated with
Pearson correlation coefficients (r). Cox proportional hazards models were used to
analyze the associations between serum tHcy, serum folate or dietary methionine or
protein and incidence of stroke, CVD death or acute coronary event. Risk factor
adjusted RRs were estimated as the antilogarithms of coefficients from multivariable
models. Cls were estimated on the basis of the assumption of asymptotic normality of
the estimates. All tests of significance were two-sided. P-values <0.05 were considered
statistically significant except in interaction analyses where P-values <0.20 were
considered significant (179). Missing values in covariates were replaced by population
means. Data were analyzed using SPSS 10.0, 11.0 or 11.5 for Windows (SPSS Inc.,
Chicago, IL, USA).

In the work I the subjects were classified into quarters according to the daily mean
methionine or protein intake. The covariates used in the initial model were age,
examination years, serum LDL and HDL cholesterol and triglyceride concentrations,
BMI, diabetes, urinary nicotine metabolites, IHD in family, maximal oxygen uptake,
systolic blood pressure, annual income, alcohol usage, serum ferritin, serum creatinine,
plasma ascorbic acid, and dietary intakes of vitamin B, Bis, C and E, B-carotene, fiber,
folate, saturated fatty acids and protein (excluding methionine; only for the analyses
with methionine intake). The exclusion of a covariate from this initial model was based
on a change in RR for methionine or protein intake quarters of less than 10%. Age and
examination years were forced in the models. When this criterion was used, BMI, urine
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nicotine metabolites and protein intake remained in the final models in addition to the
age and examination years in the analyses with methionine intake. For the analyses with
dietary protein intake, only age and examination years remained in the final models. An
eigenanalysis of the predictor correlation matrix using the full model was carried out to
detect multicollinearities among the predictor variables.

In the work II the subjects were classified into thirds according to their serum
folate and tHcy concentrations. Four sets of covariates were used. Model 1 was adjusted
for age and examination year; model 2 for the covariates in model 1 plus smoking, BMI,
and systolic blood pressure; model 3 for the covariates in model 2 plus serum LDL and
HDL cholesterol; and model 4 for the covariates in model 3 plus the following dietary
factors: serum lycopene, a-tocopherol, and B-carotene.

In the work III the subjects were divided into thirds according to the serum tHcy
or folate concentrations. The men in the highest third were compared with the lowest
third. The RRs according to serum tHcy and folate medians were also determined.
Systolic blood pressure, smoking, diabetes, BMI, serum total and LDL cholesterol,
alcohol intake, history of IHD, income, and total physical activity were considered as
confounders. These factors were eliminated from the full model if their joint removal
did not result in a change of the tHcy RR of 10% or more. Age and examination year
were forced in the models. Only age and examination years remained in the analyses
with serum tHcy. Age and examination years, alcohol intake and diabetes remained in
the analyses with serum folate and any stroke and age and examination years, serum
LDL cholesterol and diabetes remained in the analyses with serum folate and ischemic
stroke.

In the work IV, due to a limited number of cases only a few covariates could be
used without over-fitting the models. As in the work III, the inclusion of covariates was
based on a change in RR of at least 10%. When this criterion was used, smoking,
systolic blood pressure and serum LDL cholesterol in addition to age and examination
years remained in the models examining the effects of tHcy on the risk of CVD
mortality in the whole population. Only systolic blood pressure remained as a covariate
in addition to the age and examination years in the models examining the effects of
tHcy with other risk factor. Interactions of serum tHcy with fibrinogen, total and LDL
cholesterol, apo-B and smoking were assessed by stratified analyses and the use of a
product term with both risk factors as binary variables. Serum tHcy levels were
categorized as low-to-moderate and high according to the highest tertile. Plasma
fibrinogen, serum total and LDL cholesterol and apo-B were categorized as high or low
according to the median value. Smoking was categorized as yes/no. A subject was
defined as a smoker if he had ever smoked on a regular basis and had smoked cigarettes,
cigars, or a pipe within the past 30 days. For the evaluation of joint effect, four
categories were generated: 1) neither risk factor present, 2) increased serum level of
tHey alone, 3) other risk factor alone, and 4) increased serum level of tHey and other
risk factor present.
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5. RESULTS

5.1 High Dietary Methionine Intake Increases the Risk of Acute
Coronary Events in Middle-Aged Men (Work I)

The work I is based on the KIHD study baseline examinations for 1981 men, the
average follow-up time was 14.0 years. The major dietary sources of methionine were
meat and meat products (31.8%), milk and milk products (31.7%), cereal (17.7%) and
fish (9.8%). The men in the highest quarter of dietary methionine intake compared with
the lowest quarter had a higher BMI and annual income, higher prevalence of diabetes
and IHD history in family, higher serum ferritin concentration and lower plasma tHcy
concentration, as presented in the work 1. The intakes of energy adjusted nutrients and
foods in the quarters of energy adjusted methionine intake are also shown in the work I.
When crude (not energy adjusted) values were used, the men in the highest methionine
intake quarter consumed significantly more energy, protein, saturated fat, folate, vitamin
Bs, vitamin Bj,, vitamin E, vitamin C, fiber and [(3-carotene than men in the lowest
quarter (P<0.001 for each nutrient, except for -carotene P=0.002). In addition, the
consumption of meat, fish, milk products, eggs, vegetables (excluding potatoes), fruits
and berries and coffee was significantly higher in the highest quarter of not energy
adjusted methionine intake (P<0.001 for each food, except for fruits and berries
P=0.002).

Crude intake of dietary methionine correlated with intakes of dietary protein
(r=0.92), vitamin B¢ (r=0.68), folate (r=0.58), saturated fatty acids (r=0.53), vitamin E
(r=0.50), fiber (r=0.42), vitamin Bj; (r=0.27), vitamin C (r=0.18) and p-carotene
(r=0.06). The correlation between methionine and total energy intake was 0.71.

The median of the daily methionine intake for the acute coronary event cases was
2.01 g per day and for the others 1.97 g per day. For the cases the methionine intake
represents 2.3% and for the others 2.2% of the daily total protein intake (P for
difference <0.001). After adjustment for age, examination years, BMI, urine nicotine
metabolites and protein intake (excluding methionine) the RRs of acute coronary events
in the three highest quarters of energy adjusted methionine intake were 1.31 (95% CI
0.92-1.86), 1.31 (95% CI 0.88-1.96) and 2.08 (95% CI 1.31-3.29) when compared with
the lowest quarter. Further adjustments for CVD risk factors did not change the result.
Figure 4 presents survival curves for the quarters of energy adjusted dietary methionine
intake, adjusted for age, examination years, BMI, urine nicotine metabolites and protein
intake (excluding methionine).
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Figure 4. Survival curves for quarters of energy adjusted dietary methionine intake,
adjusted for age, examination years, body mass index, urine nicotine metabolites and
protein intake (excluding methionine).

We also assessed the effect of total protein intake on the risk of acute coronary events.
The mean intake of protein was 90.7 g/day (SD 25.1) (15.5 £ 2.6% of energy). The age
and examination year adjusted RRs of acute coronary event in quarters of energy
adjusted protein intake were 1.0, 0.89 (95% CI 0.66-1.22), 0.86 (95% CI 0.63-1.18) and
0.78 (95% CI 0.56-1.09). If energy adjusted methionine intake was added in the models,
the RRs for quarters of energy adjusted protein intake (excluding methionine) were 1.0,
0.76 (95% CI 0.55-1.05), 0.63 (95% CI 0.44-0.91) and 0.43 (95% CI 0.27-0.70). Further
adjustments did not change the result.

We had plasma tHcy measurements available for 174 cases and 160 others. The
mean plasma tHcy concentration in the cases was 11.2 umol/L (SD 2.9) and in the
others 11.3 pumol/L (SD 3.4), P for difference 0.867. The correlation between plasma
tHey and dietary methionine intake was -0.088 and between plasma tHey and dietary
protein intake -0.121.

5.2 Serum folate and homocysteine and the incidence of acute
coronary events (Work i)

The work 1II is based on the KIHD study 4-year re-examinations for 1027 men, the
average follow-up time was 7.7 years. At the beginning of the follow-up, the mean age
of the men was 55.3 years. During the follow-up, 61 men with no previous CHD at
baseline experienced an acute coronary event. Compared with the subjects who did not
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experience an acute coronary event, those who did were significantly older and had
significantly higher systolic blood pressure and serum total and LDL cholesterol
concentrations and significantly lower serum lycopene concentration, as presented in
the work II. The mean serum folate and tHcy concentrations in the study cohort were
10.4 nmol/L (SD 3.9, range 2.3-38.7 nmol/L) and 10.8 umol/L (SD 3.3, range 3.3-51.2
umol/L), respectively. The mean serum folate concentration was 10% lower in the men
who experienced an acute coronary event than in those who did not (P=0.052). The two
groups did not differ significantly in mean serum tHcy concentration.

The men with higher serum folate concentration (highest tertile) differed
significantly from those with lower concentration in age, concentration of serum tHcy,
BMI, systolic blood pressure, serum triglyceride concentration, and the concentrations
of certain nutritional factors (e.g. serum a-tocopherol and lycopene), as shown in the
work II. The men with higher serum tHcy concentration (highest tertile) differed
significantly from those with lower concentration in age, and concentrations of serum
folate, total and LDL cholesterol, triglyceride and lycopene concentrations.

During the follow-up, 10 (3.8%) men with higher serum folate concentration
(highest tertile, serum folate concentration >11.3 nmol/L) and 28 (10.0%) men with
lower serum folate concentration (lowest tertile, serum folate concentration <8.4
nmol/L) experienced an acute coronary event (P for difference 0.011) (Figure 5).
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Figure 5. Cumulative acute coronary event incidence in men according to thirds of
serum folate levels adjusting for age and examination year.

In a Cox proportional hazards model with adjustment for age and examination year, the
men with serum folate concentration in the highest tertile had a RR of acute coronary
events of 0.38 (95% CI 0.19-0.79) relative to that of the men with concentrations in the
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lowest tertile. In a Cox model including examination year, age, and traditional CVD risk
factors (BMI, smoking, systolic blood pressure, and serum LDL and HDL cholesterol),
the RR for those with higher serum folate concentration remained almost unchanged
(RR 0.35, 95% CI 0.17-0.73). Furthermore, adjustment for nutritional factors did not
attenuate this association (Table 3). To check whether this effect was independent of
tHey concentration, we also adjusted models 1 and 3 for serum tHcy. This resulted in
RRs of coronary events of 0.35 (95% CI 0.17-0.72) and 0.33 (95% CI 0.16-0.69) in
models 1 and 3, respectively, when the men with serum folate concentration in the
highest tertile were compared with those with concentration in the lowest tertile.

Table 3. Hazard rate ratios of acute coronary events by thirds of serum folate and total homocysteine
(tHcy) concentration

Serum folate, nmol/L <8.4 8.4-11.3 >11.3 P for trend
(n=278) (n=267) (n=265)
Model 17 1 0.77 (0.44 - 1.35) 0.38 (0.19-0.79) 0.009
Model 27 1 0.76 (0.44 - 1.33) 0.35(0.17-0.73) 0.005
Model 3° 1 0.76 (0.43 - 1.33) 0.35(0.17-0.73) 0.005
Model 4* 1 0.78 (0.44 - 1.38) 0.39 (0.18 - 0.83) 0.016
Serum tHcy, pmol/L <9.55 9.55-11.26 >11.26 P for trend
(n=273) (n=268) (n=269)
Model 1/ 1 0.78 (0.56 - 1.85) 1.02 (0.56 - 1.85) 0.926
Model 2° 1 0.78 (0.39 - 1.48) 1.00 (0.54 - 1.84) 0.958
Model 3° 1 0.73 (0.38 - 1.43) 1.04 (0.57 - 1.93) 0.854
Model 4* 1 0.74 (0.38 - 1.46) 1.01 (0.55-1.87) 0.925

T Adjusted for age and examination year,

? Adjusted for model 1 and smoking, body mass index and systolic blood pressure.

3 Adjusted for model 2 and serum LDL and HDL cholesterol.

* Adjusted for model 3 and dietary factors: serum lycopene, a-tocopherol and B-carotene.

Serum tHcy concentration was not associated with acute coronary events (Table 3).
With adjustment for age and examination year, the RR of acute coronary events in the
men with higher serum tHcy concentration (highest tertile) was 1.02 (95% CI 0.56-1.85)
relative to that of the men with the lowest serum tHcy concentration (lowest tertile).
Subdividing the tHey concentrations into quarters or adjustment for other dietary or risk
factors did not uncover any association between tHcy and coronary events. We also
studied the role of tHcy in the primary and secondary prevention of CHD. The mean
serum tHcy concentration among 217 men with previous CHD at baseline (P=0.010 for
the difference in tHecy concentration between the men with or without previous CHD at
baseline) was 11.5 pmol/L. (SD 3.4, range 2.7-32.6 umol/L). Twenty-four percent
(n=53) of these men had a coronary event during follow-up. Compared with the men
with serum tHcy concentration in the lowest tertile, those with concentration in the
highest tertile had RRs of 1.09 (95% CI 0.56-2.14) and 0.96 (95% CI 0.48-1.92) in
models 1 and 3, respectively. Evaluation of the follow-up time suggested that there was
no association for a short follow-up (3 or 5 y) in the men either with or without CHD at
baseline.

We repeated the analyses in smokers and non-smokers. The mean serum folate
concentrations in the smokers (n=215) and non-smokers (n=595) were 10.1 (SD 3.9)
and 10.5 (SD 4.0) nmol/L, respectively (P=0.175). The mean serum tHcy concentrations
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in the smokers and non-smokers were 10.9 (SD 3.5) and 10.5 (SD 3.0) umol/L,
respectively (P=0.194). The association between serum tHcy and the risk of acute
coronary cvents appeared to be stronger among the smokers than among the non-
smokers. In the non-smokers, with adjustment for examination year, age, BMI, systolic
blood pressure, and serum LDL and HDL cholesterol, the RR of acute coronary events
in the men with serum tHcy concentration in the highest tertile was 0.82 (95% CI 0.40-
1.69) relative to that of the men with concentration in the lowest tertile. In the smokers,
the RR was 2.34 (95% CI 0.78-7.01). In a similar analysis of the relation between serum
folate and the risk of acute coronary events, the RRs were 0.37 (95% CI 0.15-0.90) and
0.38 (95% CI 0.10-1.42) in the non-smokers and smokers, respectively.

The cohort was also divided into two groups on the basis of their alcohol
consumption [no or light alcohol consumption and heavy alcohol consumption (>30
g/wk)]. We found no effect of interaction between alcohol consumption and serum
folate or tHcy on the risk of acute coronary events.

5.3 Serum homocysteine and folate and the risk of stroke (Work
/1))

The work III is based on the KIHD study 4-year re-examinations for 1015 men, the
average follow-up time was 9.6 years. At baseline the mean serum tHcy concentration
was 10.9 pmol/LL (SD 3.4, range 2.8-51.2 umol/L) and the mean serum folate
concentration 10.4 nmol/L (SD 4.1, range 2.3-40.5 nmol/L). The baseline characteristics
of the study population according to the serum tHcy and folate concentrations are
presented in the work III. The men in the highest serum tHcy third were older, had
lower serum folate and HDL concentrations and higher triglyceride concentration,
higher systolic blood pressure and higher prevalence of symptomatic IHD or history of
IHD compared to the lowest third. The men in the highest serum folate third were
younger and had higher total and HDL cholesterol and triglyceride concentrations and
lower serum tHcy concentration. They also had higher systolic and diastolic blood
pressure, BMI and alcohol intake and were more physically active. In addition, they
smoked less and had a higher prevalence of diabetes than men in the lowest third.

During a mean follow-up time of 9.6 years (SD 2.2) 49 men experienced a stroke,
of which 34 were ischemic. The subjects were divided into thirds based on the serum
tHcy concentration. The age and examination year adjusted RRs for any stroke in thirds
of Hey were 1, 2.16 (95% CI 0.94-4.96) and 2.77 (95% CI 1.23-6.24), P for linear trend
across the thirds 0.014. The age and examination year adjusted RRs for ischemic stroke
in thirds of tHey were 1, 1.71 (95% CI 0.63-4.64) and 2.61 (95% CI 1.02-6.71), P for
linear trend 0.039. Additional adjustment for stroke risk factors (systolic blood pressure,
smoking, diabetes, BMI, serum total and LDL cholesterol, alcohol intake, history of
IHD, income, and physical activity) or serum folate did not change the results. Figure
6a presents the age and examination year adjusted stroke survival curves for men in
each serum tHcy third.

The age and examination year adjusted RRs for any stroke in the thirds of serum
folate were 1, 1.04 (95% CI 0.57-1.90) and 0.43 (95% CI 0.18-1.05), P for linear trend
0.200. The respective RRs for ischemic strokes were 1, 0.81 (95% CI 0.38-1.72) and
0.49 (95% CI 0.18-1.31), P for linear trend 0.361. After additional adjustment for
alcohol intake and diabetes the RRs for any stroke were 1, 1.00 (95% CI 0.55-1.83) and
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0.35 (95% CI 0.14-0.87), P for linear trend 0.046. The RRs for ischemic stroke were 1,
0.79 (95% CI 0.37-1.68) and 0.40 (95% CI 0.15-1.09), P for linear trend 0.117, after
additional adjustment for serum LDL cholesterol and diabetes. Further adjustment for
other risk factors (systolic blood pressure, smoking, diabetes, BMI, serum total and
LDL cholesterol, alcohol intake, history of IHD, income, and total physical activity) and
serum tHcy did not change the results. Neither did adjustment for plasma lycopene and
beta-carotene. Figure 6b presents the age, examination year, alcohol intake and diabetes
adjusted stroke survival curves for men in each serum folate third.
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Figure 6. Age and examination year adjusted stroke survival curves for thirds of serum
total homocysteine (tHey) (a) and age, examination year, alcohol intake and diabetes
adjusted survival curves for thirds of serum folate (b).

The RRs according to serum tHcy and folate medians were also determined. The risk of
any stroke and ischemic stroke were increased in the group of men with both elevated
serum tHcy and low serum folate concentrations compared with the group of men with
low serum tHcy and high serum folate (P=0.048 for any strokes and P=0.052 for
ischemic strokes). No significant increase in risk was observed in men with elevated
serum tHcy when serum folate was above median. The correlation coefficient between
serum tHcy and serum folate was -0.15 (P<0.001).

5.4 Hcy as a risk factor for CVD mortality in men with other CVD
risk factors (Work 1V)

This work is based on the KIHD study 4-year re-examination for 802 men, the average
follow-up time was 10.8 years. The mean serum tHcy concentration was 10.8 umol/L
(SD 3.3), median 10.3 umol/L. The subjects were divided into thirds based on the serum
tHey concentration. The baseline characteristics of the subjects in the thirds of serum
tHey are presented in the work IV. The men in the highest third of serum tHcy (>11.3



44

pmol/L) were significantly older, had lower serum total cholesterol concentration and
higher systolic blood pressure and smoked less than men in the lower thirds.

During an average follow-up time of 10.8 years (~8700 person-years of follow-up)
50 men free of CHD and stroke at baseline experienced a CVD death. The RR for CVD
mortality was 1.72 (95% CI 0.98-3.01, P for trend 0.11) in men in the highest tHcy third
vs. lower thirds after adjusting for age and examination year in the whole population.
After additional adjustments for smoking, serum LDL cholesterol and systolic blood
pressure the RR was 1.80 (95% CI 1.02-3.19, P for trend 0.097).

The effect of increased serum tHcy concentration on CVD mortality risk was then
studied separately in men with and without other risk factor present (Table 4).
Increased serum tHcy (>11.3 pmol/L) was associated with an age, examination year and
systolic blood pressure adjusted RR for CVD mortality of 2.25 (95% CI 1.10-4.59) in
men with increased plasma fibrinogen, 1.93 (95% CI 0.93-3.97) in men with increased
serum total cholesterol, 2.21 (95% CI 1.05-4.62) in men with increased serum LDL
cholesterol, 1.91 (95% CI 0.94-3.86) in men with increased serum apo-B, and 2.80
(95% CI 1.12-6.99) among smokers. No association between elevated serum tHcy and
CVD mortality was observed among men without these risk factors (Table 4). The age,
examination year and systolic blood pressure adjusted P-value for the interaction
between serum tHcy and plasma fibrinogen was 0.163, between serum tHcy and serum
total cholesterol 0.619, between serum tHcy and serum LDL cholesterol 0.201, between
serum tHcy and serum apo-B 0.759 and serum between tHcy and smoking 0.149.

Table 4. The age, examination year and systolic blood pressure adjusted hazard rate ratios (RR) in the
highest serum total homocysteine third (>11.3 pmol/L) compared to the lower thirds in the risk factor

groups

RR (95% CI) P for trend Number of cases
(% in group)

Plasma fibrinogen

<3.0g/L 0.87 (0.32-2.34) 0.769 18 (4.3)

>3.0g/L 2.25(1.10-4.59) 0.052 32(8.3)
Serum total cholesterol

<5.5 mmol/L 1.49 (0.61-3.65) 0.600 20 (5.0)

>5.5 mmol/L 1.93 (0.93-3.97) 0.139 30(7.4)
Serum LDL cholesterol

<3.9 mmol/L 1.05 (0.43-2.56) 0.737 21(5.3)

>3.9 mmol/L 221 (1.05-4.62) 0.043 29 (7.2)
Serum Apo-B

<0.93 g/L 1.47 (0.57-3.75) 0.443 18 (4.4)

>0.93 g/L 1.91 (0.94-3.86) 0.211 32(8.1)
Smoker

No 1.35 (0.66-2.76) 0.987 31(5.3)

Yes 2.80 (1.12-6.99) 0.009 19 (8.8)

In Table 5 are presented the RRs for subjects with both risk factors (increased serum
tHey and either increased serum total or LDL cholesterol or apo-B, plasma fibrinogen,
or smoking), isolated risk factor or neither risk factor. The age and examination year
adjusted risk of CVD death was significantly increased in subjects with both increased
serum tHcy and either increased plasma fibrinogen, serum total cholesterol, serum apo-
B or who were smokers compared to subjects with neither risk factor. Additional
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adjustment for systolic blood pressure only slightly attenuated the associations, except
in smokers where the risk was slightly increased. Figure 7 presents the age,
examination year and systolic blood pressure adjusted survival curves for tHcy in the
whole population (Fig. 7a) and for the tHey-fibrinogen group (Fig. 7b).
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Figure 7. Age, examination year, smoking, serum LDL cholesterol and systolic blood
pressure adjusted survival curves for serum total homocysteine (tHcy) alone (a) and
age, examination year and systolic blood pressure adjusted survival curves for tHcy-

fibrinogen by group (b).
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6. DISCUSSION

6.1 Study limitations

There are some limitations in our studies. First, the number of cases was relatively low,
especially in the works IIT and IV, thus reducing the statistical power of the studies. For
this reason we could not use multiple covariates in the statistical models and the results
may occur due chance. It was also not reasonable to study hemorrhagic strokes
separately in the work III. Secondly, the long sample storage time at -20°C could have
weakened the reliability of serum determinations. However, it has been shown that long
storage time of serum tHcy samples does not apparently lead to alterations in tHcy
concentration (110). Also, all serum samples underwent the same freeze-thaw history
and were analyzed within a short period of time. The analytical variation in tHcy
determinations was also very low. Folate may be unstable in frozen serum or plasma
samples. However, in this case our result would more likely be an underestimation than
overestimation of the effect of folate on CVD.

In both of the works II and III serum folate was used as a marker of folate status,
which may not reflect long-term folate status. Unfortunately, erythrocyte folate
measurements, which is considered to be a marker of a long-term folate status (180),
were not available. Finally, since folate is found mainly in foodstuffs of plant origin,
other nutrients may also contribute to the benefit. However, plasma levels of lycopene
or beta-carotene or dietary intakes of these nutrients or vitamin E, also markers of a
healthy diet, did not attenuate the beneficial effect of folate in either study. Nonetheless,
it is possible that the influence of a healthy lifestyle cannot be fully controlled for in
multivariate models.

In the work I dietary methionine and protein intakes were assessed with a four-
day food record. The number of days needed for a reliable estimation of protein intake
is 5-7 days (181) and for single amino acids probably even longer. It is important that a
method measuring dictary intake concerns an extended period of time, since the diet of
most subjects is complex and varies over time. However, a sufficient sample size should
reveal any important relationship between a dietary factor and disease (182). Although
four days may be too short time to estimate the exact long-term methionine intake for
each individual, we found a significant correlation between methionine intake assessed
by a four-day food record at the KIHD study baseline and at one-year follow-up
(r=0.36, P=0.023).

Unfortunately, the number of tHcy measurements available for the work I was low
and the subjects were not randomly selected (a nested case-control design), which
makes it difficult to draw any conclusions about relationships between methionine
intake and tHcy.
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6.2 Dietary methionine intake and the risk of acute coronary
events

Although an clevation of blood tHcy occurs in the oral methionine loading test, in
which a large dose of methionine is ingested to diagnose hyperhomocysteinemia,
chronic moderately high methionine or protein intakes do not seem to increase tHcy
(45, 91-95). The same was observed in our KIHD study cohort. It is not clear what
causes the lack of association between methionine or protein intake and blood tHcy.
One hypothesis is that the enzymes in the methionine cycle (Figure 2) adapt to the high
methionine intake and thus maintain a normal concentration of Hcy in the circulation
9.

In the work I we found a positive association between dietary methionine intake
and the risk of acute coronary events. The data from other prospective cohort studies is
very limited. Rimm et al. studied 658 incident cases of nonfatal myocardial infarction
and 281 cases of fatal CHD in a prospective Nurses' Health Study cohort of 80082
women (145). In this study population methionine intake was not associated with the
risk of CHD.

Although the mechanisms by which methionine could cause its negative effects
are still undetermined in humans, animal experiments offer some information. Feeding
animals a methionine-rich diet has induced atherosclerosis independently of high
plasma tHcy (183, 184). In mice fed a methionine-rich diet, a significant atheromatous
pathology was seen even with normal plasma tHcy levels (183). In pigs a methionine-
rich diet induced hyperhomocysteinemia and atherosclerosis and although folate
supplementation normalized plasma tHcy levels, it did not prevent the methionine-
induced arterial lesions (184). It has been suggested that the atherogenic effects are
mediated by stimulation of free radical and lipid peroxidation processes (185).

In humans high methionine intake could also be a marker of an unhealthy diet that
contains low amounts of fruits and vegetables and moderate to high amounts of animal
products accompanied with saturated fat. In our study this is unlikely since, on one
hand, adjusting for saturated fat did not change the results and on the other hand,
consumption of vegetables, fruits and berries were highest in the highest methionine
intake quarter, as were intakes of folate, vitamin E and C, B-carotene and fiber.
Furthermore, in addition to the low number of tHcy measurements, the lack of
relationship between methionine intake and plasma tHcy could also be explained by the
higher intakes of vitamins Bs and B, in the highest methionine intake quarter.

Interestingly, total protein intake was not associated with increased risk of acute
coronary events, but rather tended to modestly decrease the risk. The epidemiological
data about protein intake and risk of CVD is limited, but there are studies that support
our finding. Hu et al. studied the relation between protein intake and risk of IHD in a
prospective Nurses' Health Study cohort study of 80082 women aged 34-59 years and
without a previous diagnosis of IHD, stroke, cancer, hypercholesterolemia, or diabetes
(186). They found that high protein intakes were associated with a low risk of IHD even
after extensive adjustment for known risk factors. When extreme fifths of total protein
intake (median intakes 14.7% vs. 24.0% of total energy) were compared, the RR was
0.74 (95% CI 0.59-0.94). Both animal and vegetable proteins contributed to the lower
risk. In the same cohort very low levels of animal protein intake have also been
associated with increased risk of hemorrhagic stroke (187). Interestingly, in this study
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also dietary methionine intake was negatively associated with the risk. Similar results
about the association between low animal protein intake and hemorrhagic stroke has
also been found in a 14-year prospective study of middle-aged Japanese men and
women (188). Furthermore, a significant inverse association between dietary protein
and blood pressure in both sexes has been found in a meta-analysis of cross-sectional
studies (189).

6.3 Serum folate and CVD

The results from the works II and III are similar to our previous studies where low
serum folate concentration or low dietary intake of folate have been associated with
higher risk of acute coronary events (149, 190). They are also in line with other
previous studies that have studied either serum or dietary folate and risk of stroke (151,
191, 192) or CHD (145, 193, 194), although not all studies have found an association
(152, 195, 196). In the Physicians” Health Study the increased risk of MI in men with
low plasma folate concentration remained after adjustment for plasma tHcy (150). The
same was observed in both our works II and III. As the authors of the Physicians’
Health Study, as well as others (14, 115), suggest, folate may be beneficial
independently of tHey concentration.

The strength of our studies is that in the Finnish study populations the range of
dietary folate intake and thus serum folate is large, which increases the power to find
associations between folate and risk of events. Furthermore, in Finland there are no
folate fortification programmes which would also potentially reduce the power.

6.4 Serum homocysteine and CVD

In our studies we found that increased serum tHcy was associated with the risk of stroke
and CVD mortality, but not statistically significantly with acute coronary events. This
may reflect different mechanisms by which Hcy induces stroke compared to acute
coronary events. Also, the smaller diameter of cerebral arterioles may make them more
susceptible to oxidative damage. Since strokes are included in the CVD mortality data,
this may also explain the results in the work IV, On the other hand, we cannot fully
exclude the possibility that tHcy is associated also with acute coronary events. In the
recent analyses of the KIHD study population using acute coronary events that occurred
during the follow-up period from the baseline examinations in 1991-93 until December
2002 (n=70), the risk in the highest tHcy third compared to the lower thirds after
adjustment for age, examination years, serum LDL and HDL cholesterol and
triglycerides, systolic blood pressure and smoking was 1.43 (95% CI 0.88-2.34,
P=0.146) in 810 men free of previous CHD (unpublished results). A larger number of
cases or a longer follow-up might reveal a more significant association.

The association between high blood tHcy concentration and increased risk of
stroke has been found in previous meta-analyses of observational studies (8, 10). A very
recent meta-analysis presented data about the association between MTHFR genotype
and stroke and found that tHcy may be a causal risk factor for stroke (197). Their
evidence was based on the so called Mendelian (natural) randomization. Since people
are randomly allocated to MTHFR genotype groups with higher (TT) or lower (CC)
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tHecy concentrations due to random assortment of alleles with polymorphism during
gamete production and fertilization, the groups should not differ systematically in any
other way. This randomization should minimize confounding and bias and establish
causality (197). In this largest meta-analysis to date of studies about MTHFR and stroke
(111 studies), the authors found that people with the TT genotype had a significantly
greater mean tHey (weighted mean difference 1.93 pmol/L, 95% CI 1.38-2.47) and risk
of stroke (OR 1.26, 95% CI 1.14-1.40) than people with the CC genotype.

The finding of the work IV that elevated serum tHcy concentration is a risk factor
for CVD mortality is in accordance with some previous cohort studies where the subject
populations have consisted of both men and women (118, 198, 199). In the Hordaland
Homocysteine Study a 5 pmol/L increase in plasma tHcy concentration was associated
with a 49% increase in all-cause and 50% increase in CVD mortality after multiple
adjustments for CVD risk factors in subjects aged 65 to 72 years, although after
excluding the subjects with history of MI, stroke, angina pectoris, diabetes mellitus or
ongoing treatment for hypertension, the result was not significant in case of CVD
mortality anymore (118). Positive results were found also in 1933 elderly Framingham
men and women, who were divided into quarters based on the plasma tHcy
concentration (198). Subjects in the highest tHcy quarter had 2.2 times the risk of CVD
death compared to the three lower quarters. The RR estimate was attenuated after
adjustment for other risk factors, but remained significant. The third study, a recent
nested case-control study done in 110 subjects and 154 controls in a French population
with a low risk of CVD, revealed a significant 29% increased adjusted risk of CVD
mortality in the highest plasma tHcy third compared to the lowest third (199). In this
study population 5% of the cases and 6% of the controls had a prevalent CHD. The
significantly increased risk in these studies may, at least in part, be explained by the
inclusion of patients with prevalent CHD or by having elderly subjects, who may have
more silent preclinical CHD compared to younger subjects.

6.5 Serum homocysteine as a risk factor in men with other risk
factors

The increased risk found when tHcy is present with another CVD risk factor has also
been observed in some other studies. In a study with 482 hypercholesterolemic subjects,
the occurrence of an atherosclerotic vascular event was 72% in subjects with high
plasma tHcy compared to 44% in those without high tHcy (111). The risk of an event
was also almost three times higher in the highest tHcy fifth compared to the lowest fifth.
In another study with 27 subjects even mildly increased plasma tHcy levels were of
crucial importance for deterioration of endothelial function in subjects with elevated
LDL cholesterol concentration (112).

Similar findings have also been reported in case of increased plasma fibrinogen
levels. Subjects with increased fibrinogen concentration have been shown to have 2.3
times and subjects with both increased fibrinogen and tHcy concentrations a 3.3 times
the risk of CHD mortality, compared to the subjects with neither high fibrinogen nor
tHcy concentrations (113). The total number of subjects in this study was 2084.
Compared to our study, this study included both men and women. It also included
subjects with prevalent CHD, which may have had an effect on the results.
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The observation that elevated serum tHcy concentration appeared to increase the
risk of CVD mortality in smoking men is similar to a recent case-control study with 750
cases and 800 controls, where smokers were at increased risk of CVD and the risk was
greatly increased in the presence of a raised plasma tHcy concentration when compared
with non-smokers (49).

The increased risk observed when tHcy is present with high serum cholesterol or
plasma fibrinogen can be explained by their roles in the deterioration of endothelial
health. Both hyperhomocysteinemia and hypercholesterolemia have been shown to
deteriorate endothelial function, in a recent study LDL cholesterol and tHcy levels
predicted brachial flow-mediated vasodilatation, internal carotid mean intima-media
thickness, and intima-media thickening in patients with hypercholesterolemia (200).
Fibrinogen and tHcy, in turn, have complementary roles in the platelet activation-
aggregation cascade (105, 201). However, an alternative explanation for the findings,
which cannot be forgotten, is that tHcy could be just a marker for the severity of the
disease. The increased risk observed when high blood tHcy concentration is present
with other CVD risk factors could represent an overall deterioration of vascular health.

7. SUMMARY

The results of this work can be summarized as follows:

1. Increased serum tHcy levels were associated with increased risk of CVD
mortality and stroke, but not with acute coronary events.

2. Increased serum folate levels were associated with decreased risk of acute
coronary events and stroke.

3. High dietary methionine intake was associated with increased risk of acute
coronary events and the association may be independent of plasma tHcy.
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8. CONCLUSIONS

The results of this work suggest that high serum tHcy concentration may slightly
increase the risk of CVD mortality and stroke in healthy middle-aged men, mortality
especially when also other risk factors are present. On the other hand, high serum folate
concentration, depicting high intake of plant-derived foods, seems to protect against
acute coronary events and stroke. And lastly, high dietary intake of methionine, an
important amino acid in the Hcy metabolism, may increase the risk of acute coronary
events by other means than by increasing blood tHcy concentration.

However, we cannot rule out the possibility that Hey is just a marker of the
disease and folate a marker of a healthy diet. Increased tHcy concentration may also be
a marker of a deficiency of folate. Even the ongoing folate supplementation trials may
not be able to distinguish between the effects of decreased tHcy concentration and
possible independent effects of folate on cardiovascular health. However, based on
these and previous results, folate seems to be beneficial to cardiovascular health,
irrespective of its mechanism(s) of action.
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