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Hyperhomocysteinemia has somewhat arbitrarily been
divided into mild (15 to 30 umol/L), intermediate (30
to 100 umol/L), or severe (> 100 umol/L) forms.
Causes of severe hyperhomocysteinemia include
inborn errors of metabolism (homocystinuria) and

severe cobalamin deficiency. Intermediate hyperhomo-
cysteinemia is often caused by severe renal failure,
moderate cobalamin deficiency, cobalamin antagonists
(e.g., nitrous oxide), severe folate deficiency, or ther-
molabile 5,10-methylenetetrahydrofolate reductase
(MTHFR) combined with low folate status. Finally,
mild hyperhomocysteinemia is associated with drug
use (antiepileptic drugs, methotrexate), renal failure,
hypothyroidism, hyperproliferative disorders, thermo-
labile MTHFR, and subtle to moderate folate or
cobalamin deficiencies (76).

A series of lifestyle factors, such as dietary habits,
smoking, coffee drinking, alcohol consumption, and
physical activity, are also associated with total homo-
cysteine level differences and may predispose to
hyperhomocysteinemia. This chapter reviews the epi-
demiological evidence regarding the relationship
between these lifestyle factors and total homocysteine
levels.

The Distribution of Total Homocysteine

The typical distribution of total homocysteine in the
general adult population is skewed with a long thin
tail toward high values. The largest data set on total
homocysteine is the Hordaland Homocysteine Study,
which collected data in Hordaland County, Norway,
in 1992-1993 (66). Summary measures of the distrib-
ution of homocysteine in this population-based sample
of 18,044 men and women aged 40 to 67 years are

Study, 1992-1993

Proportion with
Hyperhomocysteinemia (%)

Table 28.1 Characteristics of the Plasma Total Homocysteine Distribution in the Hordaland Homocysteine

Percentiles of the Plasma
Total Homocysteine (umol/L) Distributions

Number Mild Intermediate  Severe
of (15-29.99  (30-99.99 (=100 50th
Subjects  pmol/L) pmol/L) umol/L) 2.5th 5th  (median) 95th 97.5th  99th
All 18,044 8.5 0.80 0.017 6.2 6.7 10.2 17.1 20.3 28.3
Women
40-42y 6,485 4.3 0.52 0 5.6 6.0 8.9 14.8 17.7 24.5
43-64y 347 5.2 1.15 0 5.8 6.5 9.5 16.5 19.4 a
6567y 2,639 11.6 0.80 0 6.8 7.3 10.8 17.7 20.8 26.7
Men
40-42 y 6,110 8.1 0.98 0.016 7.0 7.5 10.5 17.0 20.9 29.9
43-64y 336 8.0 1.19 0 7.3 7.7 11.0 17.9 21.4 a
65-67y 2,127 18.9 1.03 0.094 8.0 8.4 12.1 19.7 23.3 331

2 Number of observations too low to allow precise estimate of 99th percentile.
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given in Table 28.1 and show that concentrations
increase with age and are higher in men than in
women. Mild hyperhomocysteinemia was present in
8.5% of the subjects, intermediate hyperhomocys-
teinemia in 0.8%, and severe in 0.02%. Whereas the
prevalence of mild hyperhomocysteinemia was higher
in men than in women, and more than twice as high in
those 65 to 67 years old compared with those 40 to 42
years old, the prevalence of intermediate hyperhomo-
cysteinemia showed a weaker relation to gender and
almost no relation to age. Detailed data on the distrib-
ution of total homocysteine have also been reported
from the Third US National Health and Nutrition
Examination Survey (43) and in a large study of
American schoolchildren (69).

Lifestyle Factors and Total Homocysteine Levels

This section concerns the epidemiological evidence
regarding the associations between lifestyle factors and
serum/plasma total homocysteine levels. Results are pre-
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sented separately for each factor. The review of homo-
cysteine and diet is confined to studies that estimated
intake of nutrients, foods, or food groups and does not
include vitamin trials or correlation studies based on
blood levels of vitamins or nutrients only, which are pre-
sented in other chapters. Table 28.2 lists the design fea-
tures of large cross-sectional and other studies that have
reported on lifestyle factors and homocysteine.

Smoking

A rationale for assessing the relationship between
smoking and total homocysteine levels is provided by
the association between B-vitamin status and smoking
(68, 72, 94). Some (6, 10, 19, 28, 54, 57, 66, 69, 80,
82, 85, 87, 91), but not all (1, 3, 4, 13, 26, 29, 32, 52,
71), studies have shown an association between smok-
ing and homocysteine. Only a few of these studies
have accounted for potential confounding by folate
intake, age, gender, and other factors that are associ-
ated with both homocysteine and smoking.

Study Description

Table 28.2. Studies of Total Homocysteine and Lifestyle Factors

The Atherosclerosis Risk in Communities Study. The cohort
was established in 1987-1989 to investigate atherosclerotic
disease in middle-aged individuals. The study recruited
15,792 men and women from four US communities. Diet
was assessed by a 66-food item, semiquantitative food
frequency questionnaire (98). Total homocysteine was
measured in subsamples in connection with a case-control
and a case-cohort study.

The Boston Area Health Study. A case-control study
included 340 cases of first myocardial infarction in
1982-1983 and 339 matched controls. Homocysteine and
related metabolites were determined in 130 cases and 118
matched controls in 1993. Diet was assessed by a 116-item
food frequency questionnaire (98).

The Caerphilly cobort. The cohort of 2,512 participants was
established in 1979-1983 by inviting all men of Caerphilly
and surrounding villages in South Wales. Willing subjects
were seen again in 5 years, and the cohort was augmented

with men who had moved to the area, totaling 2,398 men in

1988. A detailed food frequency questionnaire (100) was
used.
The Child and Adolescent Trial for Cardiovascular Health.

The cohort of 5,016 children was established in 1991-1992

from 96 public elementary schools in four US states. Total
homocysteine was measured in a subsample of children.

European Atherosclerosis Research Study II. The study
recruited male university students in 1993 whose fathers
had suffered myocardial infarction before the age of 55,
along with age-matched control subjects.

Key
n? Characteristics  Key Variables  References
318> M+F Diet 82
537¢ 45-64y Smoking 26
Nutrient intakes 62
Coffee
1182 M+F Diet 93
<76y Nutrient intakes
2290 M Diet 91
adults Smoking
Alcohol
Nutrient intakes
3,524 M+E Smoking 69
13-14y Vitamins
788 M Smoking 32
22-25y Alcohol

Physical activity
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Key

Study Description n? Characteristics  Key Variables  References

Children with familial bypercholesterolemia study. Children 154 ~ M+F Diet 89
with familial hypercholesterolemia were studied and diet 7-17y Nutrient intakes
assessed with a 190-food item quantitative food frequency FH
questionnaire (27).

The Framingham Heart Study. The cohort consisted initially 1,160 M+F Diet 78
(1948-1950) of 5,209 men and women aged 30-62 years in 67-96y Nutrient intakes 90
Massachusetts. The participants were examined biennially.

In 1988-1989, new blood samples were drawn and diet was
assessed in 887 individuals by a 126-item food frequency
questionnaire (77).

As part of a case-control study of premature coronary artery 108 M Smoking 71
disease, control subjects were recruited by random selection 30-50 Alcohol
from telephone numbers in Georgia. Diet was assessed Physical activity
by a food-frequency questionnaire (7). Diet

The Hordaland Homocysteine Study. The cohort was 18,044 M+F Agelgender 66
established in 1992-1993 as part of a population-based 40-67 y Smoking 34
cardiovascular screening in the county of Hordaland, Coffee 75
Norway. Diet was assessed by questions on frequency of Alcohol 64
use of 41 food items/food groups. Physical activity 95

: Diet 65

A sample of 380 men and 204 women was selected among 584  M+F Smoking 52

white-collar employees of Hydro-Quebec in Montréal. 23-59y Alcohol
Physical activity
Diet

The Malme study recruited a population-based sample of 244  M+F Vitamins 13
adults in the southern Swedish cities of Malme and Lund. 35-95y Smoking

The UK National Diet and Nutrition Survey. Participants, 972  M+F Diet 3
aged 65 years and over, were recruited in 1994-1995 from 65 yand older  Smoking
randomly selected postal code sectors with substratification Nutrient intakes
by age and gender. Homocysteine was measured in a
subgroup who gave diet information (4-day weighted
dietary record with data on supplemental vitamin intake).

The National Health and Nutrition Examination Survey III. 8,585 M+F Age/gender 28
During 19881994, nationally representative information 12 y and older ~ Race/ethnicity 43
was obtained on health and nutritional status from about Educational level
40,000 individuals in the United States. Homocysteine was Smoking
measured in surplus sera obtained from a subset in a later
phase.

The New Mexico Aging Process Study. Participants were 88 M+F - Diet 48
selected from the study cohort. Food frequency information 68-96y Nutrient intakes
was assessed by a slight modification of the Health Habits
and History Questionnaire (8).

The North Sea Study. A cross-sectional study of oil , 310 M Diet 70
production platform workers in the Norwegian sector of the 21-59y Nutrient intakes
North Sea assessed diet by the 24-hour recall method and . Smoking
a questionnaire on frequency of intake both during the
periods the the men lived at home and on the platform. -

The Ontario Study. Adolescent females were recruited from 229 F Diet 29
various sources to study relations between B-vitamin/ 14-20y Nutrient intakes
homocysteine status and use of oral contraceptives, Smoking
alcohol, and smoking. Diet was assessed using a 3-day Alcohol
weighed food record.

The Oslo Hyperlipidemic Smokers Trial. Male hyperlipidemic 42Xx2 M Diet 15
smokers were recruited to a randomized double-blind 40-60y Nutrient intakes

(Continues)
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Table 28.2. (Continued)

Study Description n?

Key
Characteristics

Key Variables  References

factorial intervention trial with ®-3 fatty acids and anti-
oxidants (vitamin E,C, B-carotene and coenzyme Q10).
Diet was assessed with a self-administered, quantitative,
food frequency questionnaire (27). Total homocysteine was

Smokers
Hyperlipidemia

measured before and after 6 weeks of intervention.

male physicians were recruited for a randomized 2 x 2
factorial trial with aspirin and B-carotene. Lifestyle

by a limited food-frequency questionnaire focusing on
vitamin A and carotene. Plasma samples were obtained

were determined in subsamples in connection with
case-control studies.

who were approached for a trial of antioxidant
vitamin supplements. Diet history was obtained with
the 1992 version of the Health Habits and History
Questionnaire, a semiquantitative food frequency
questionnaire (8).

The Physicians’ Health Study. During 1982-84, 22,071 US

assessment included information on vitamin supplements
and breakfast cereals. Use of other dietary items was assessed

from 14,916 of the participants and homocysteine levels

The Vitamin, Teachers, and Longevity Study. The pilot study
enrolled 297 men and women from 4,774 retired teachers

2906 M
427°  40-84y

Diet 83
Smoking 92
Nutrient intakes 54
Alcohol

260  M+F
Retired teachers

Diet 86
Nutrient intakes
Coffee

a Number of homocysteine measurements.

b Number of controls in case-control study.

¢ Size of cohort sample from a case-cohort study.

M, male; F, female; y, years; FH, familial hypercholesterolemia.

The first large study to address these issues was the
Hordaland Homocysteine Study, where the relation
between cigarette smoking and total homocysteine
was studied in 16,176 men and women aged 40 to 67
years (66). There was a strong and graded association
between the daily number of cigarettes smoked and
homocysteine levels. The association was stronger in
women than in men and stronger among elderly sub-
jects. Former smokers had homocysteine levels similar
to those of persons who never smoked. The age- and
gender-adjusted estimated difference in mean total
homocysteine between heavy smokers (220 ciga-
rettes/day) and those who never smoked was 1.9
umol/L. Further adjustment for intake of fruit and
vegetables, use of vitamin supplements, and other pos-
sible confounders attenuated the estimated difference
to 1.7 wmol/L (p-trend <0.001) (66).

A multiple regression analysis based on 293 cases of
myocardial infarction and 290 control cases within the
Physicians® Health Study showed a similar association
between smoking and homocysteine (54). The contrast
between current smokers and nonsmokers was 2.3
umol/L before and 1.9 pumol/L after adjustment for
multivitamin use and plasma folate status.

A third study was a population-based survey car-
ried out in indigenous Australians (80). In this study of
365 men and women, the crude mean difference in
total homocysteine levels between current smokers
and those who never smoked was 1.5 pmol/L. The
mean total homocysteine level of ex-smokers was
intermediate. The smoking-homocysteine relation was
strengthened by adjustment for age, sex, levels of
folate and cobalamin, and other determinants of
homocysteine.

In summary, although a relationship between smok-
ing and homocysteine levels is not a consistent finding
across studies, it is well supported by a series of inves-
tigations. Several detailed analyses have shown that
smoking may be associated with a 1.5 to 2.0 pmol/L
elevation of homocysteine levels. This is compatible
with reports of low folate, vitamin B, and cobalamin
status in smokers compared with nonsmokers (68, 72,
94). Because smokers usually eat less fruit and vegeta-
bles and use fewer vitamin supplements than do non-
smokers (5, 51, 61, 101), confounding with folate
intake is likely to contribute to at least part of the
smoking-homocysteine association. However, since
the association remained in the studies after adjusting
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for these factors, a diet-indépendent smoking effect on
total homocysteine may exist.

Coffee Consumption

An unexpected finding in the Hordaland Homocysteine
Study (64) was a strong, graded relation between the
number of cups of coffee consumed per day and plasma
total homocysteine. The participants were characterized
by a high intake of predominantly filtered coffee. An
age-gender adjusted difference of 2.5 pmol/L was
observed between consumers of nine or more cups of
coffee per day (974 individuals, or 6%) and subjects not
drinking coffee. The association was observed among
nonsmokers as well as smokers and remained strong
after additional adjustments for smoking and intake of
fruit, vegetables, and vitamin supplements (adjusted dif-
ference 1.7 umol/L, p-trend < 0.005).

The coffee-homocysteine relationship was investi-
gated in two other populations. In 537 participants of
the Atherosclerosis Risk in Communities Study cohort,
no association between coffee consumption and total
homocysteine was found (62). In contrast, a significant
trend (p = 0.01) of increasing homocysteine levels with
coffee consumption was reported in a study of 260
retired schoolteachers in Baltimore (86). In a regression
model accounting for folate intake, dietary protein,
and serum creatinine, the contrast between the users of

. 3 to 9 cups/day and nonusers of coffee was 1.3 wmol/L.
Like the participants of the Atherosclerosis Risk in
Communities Study, these individuals were character-
ized by a lower consumption of coffee than the
Hordaland cohort members.

In conclusion, two studies have found that high con-
sumption of coffee is associated with a 1.3 to 1.7
umol/L elevation in homocysteine after adjustment for
folate and other lifestyle factors (64, 86). Although cof-
fee use and smoking are highly correlated (42, 64), the
latter is not an important confounder, because in the
Hordaland Study, the association was also observed in
nonsmokers, and very few of the Baltimore study (86)
subjects smoked. However, as coffee drinking is nega-

tively associated with intake of fruit and vegetables and

vitamin supplements (5, 42, 64), residual confounding
by folate intake cannot be ruled out.

Alcohol Consumption

The relationship between alcohol consumption and

homocysteine levels was first studied in alcohol
abusers. Total homocysteine levels were 10.5 to 11
pmol/L higher in 42 alcoholics hospitalized for alcohol
detoxification than in 16 abstinent alcohol-dependent
individuals or 23 control subjects (41). The findings
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were similar in a study of 32 chronic alcoholics and 31
healthy volunteers where mean levels were about 10
umol/L higher in the former group (p for difference in
means < 0.001) (20). The latter study found lower
homocysteine levels in beer drinkers than in wine/spir-
its consumers (mean of 13.8 umol/L vs 21.2 umol/L, p
= 0.05). B-vitamin status was assessed, and, whereas
red blood cell folate and serum vitamin B¢ levels were
lower in alcoholics than in control subjects, serum
folate and cobalamin levels were higher (20).

The large population-based Caerphilly cohort
showed a highly significant but decreasing trend in
total homocysteine levels as alcohol consumption
increased (91). After adjustment for age, social class,
body mass index, smoking, total energy intake, and
prevalent heart disease, mean homocysteine level was
1.8 umol/L higher in alcohol abstainers than in men in
the highest quartile of alcohol intake (p-trend <
0.0005). Standardization for folate intake, which was
0.13 mg/day lower among abstainers than among
those in the upper intake quartile, greatly diminished
the alcohol-homocysteine relationship. The authors
attributed the association to the folate content of beer
(0.09 mg/L), which was the predominant alcoholic
beverage consumed by the cohort members.

The Hordaland Study found weak and quite com-
plex associations between alcohol consumption and
homocysteine levels (95). Overall, a shallow U-shaped
relation was seen with a maximum homocysteine dif-
ference of 0.5 umol/L between nondrinkers and con-
sumers of 7 to 13 drinks of alcohol per week. After
additional adjustment for smoking and intake of fruit
and vegetables, the U-shape disappeared and homo-
cysteine was 0.7 umol/L lower in the maximum alco-
hol intake group (= 14 drinks per week) than among
nondrinkers (p-trend < 0.0001). The inverse relation-
ship between alcohol use and homocysteine was signif-
icantly stronger among smokers than nonsmokers.

A Canadian study of young women found 13%
higher total homocysteine concentrations among alco-
hol users (29). Other studies have reported either a
weak positive (26, 92) or no association (32, 52, 82)
between alcohol intake and homocysteine levels.

To summarize, the conflicting results among studies
(inyérse, no, U-shaped, or positive associations) indi-
cate that the relationship between alcohol consump-

/tion and total homocysteine is complex. Two small

studies have shown that homocysteine levels are
higher in chronic alcohol abusers than in control sub-
jects (20, 41). Beer contains folate and two studies
have shown that beer consumption is associated with
lower homocysteine levels (20, 91). The latter observa-
tion is supported by a Dutch study showing a positive
association between alcohol intake and serum folate
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levels (16). Future studies need to carefully assess the
potential confounding by folate intake and nutritional
deficiencies that may accompany alcohol abuse.

B-Vitamin Intake (see also Chapters 23-25)

The vitamins folate, B¢ and cobalamin play a key role
in homocysteine regulation and metabolism. Most
studies with diet information have quantified the asso-
ciations between total homocysteine levels and the
estimated intakes of these vitamins.

Among 1,160 participants, aged 67 to 96 years, in
the Framingham study, plasma levels of folate, vitamin
Be, and cobalamin showed significant inverse relation-
ships with total homocysteine (78). On the other hand,
the estimated intakes of folate and vitamin Bg, but not
cobalamin, were inversely associated with homocys-
teine. The analyses of the relation between the intake
of each vitamin and homocysteine were adjusted for
the intakes of the other two of the key B vitamins.
After additional adjustment for age and sex, differ-
ences in mean homocysteine levels between the lower
and upper intake deciles were 3.3 umol/L for both
folate and vitamin Bg.

Another thorough analysis was done within the
Caerphilly cohort (91). After adjustment for age,
social class, body mass index, smoking, total energy
intake, and heart disease, differences in total homocys-
teine between lower and upper quintiles of folate,
cobalamin, and vitamin B4 intakes were 3.1, 1.8, and
2.5 umol/L, respectively, all with highly significant
trends (p < 0.0005).

Associations between total homocysteine levels and
B-vitamin intakes have also been studied in a control
group from the Atherosclerosis Risk in Communities
Study cohort (82). Among nonusers of vitamin supple-
ments, the difference in homocysteine (after adjustment
for age, gender, and smoking) between the lower and
upper intake tertiles was 0.9 umol/L for folate (p =
0.04), 1.0 pmol/L for vitamin Bg (p = 0.02), 1.4 umol/L
for cobalamin (p < 0.01), 1.1 pmol/L for vitamin By (p
=0.01), and 2.1 umol/L for vitamin B, (p < 0.01).

The UK National Diet and Nutrition Survey
reported on a nationally representative sample of 972
elderly men and women (3). In a multiple regression
model with nutrient intakes, age, gender, and domicile
category (whether or not institutionalized), significant
inverse relationships were found between total homo-
cysteine and both folate and vitamin By intake. The
magnitude of the relationship was reported only for
folate. The adjusted difference between lower and
upper intake deciles was about 4.4 pmol/L after
adjustment for confounders including creatinine and
cobalamin levels (3).

In the Hordaland study, folate and cobalamin
scores were constructed from data on the frequency of

use of foods and vitamin supplements. Both combined
food and supplement intake scores were significantly
and inversely correlated with plasma homocysteine (r
= —0.20 for the folate score, and r = -0.12 for the
cobalamin score). Homocysteine differences between
the lowest and highest decile of the folate score were
1.7 and 1.8 pmol/L in 40- to 42-year-old men and
women, respectively, and 2.4 and 2.7 pmol/L, respec-
tively, in men and women aged 65 to 67 years (65).
The difference in total homocysteine between the
extreme deciles of the cobalamin score was 0.8 to 2.3
pmol/L in the four main age-gender groups (65).

A laboratory-based study of 95 elderly individuals
with abnormal or marginal cobalamin status and 78
control subjects included estimation of cobalamin
intake using food frequency questionnaires (40).
Although the study failed to show a significant associ-
ation between cobalamin intake and serum homocys-
teine levels, the difference in total homocysteine was
2.5 umol/L between the lower and upper quintiles of
cobalamin intake.

Unadjusted analyses in 271 controls in the
Physicians’ Health Study (83) showed significant nega-
tive correlations ranging from —0.27 to —0.36 between
homocysteine and the estimated intakes of vitamins
By, By, Bs, cobalamin, folate, and niacin (all p <
0.001). Among 118 control subjects in a Boston area
case-control study, homocysteine showed a weaker
relationship with folate intake and no association with
vitamin Bg and cobalamin intakes (93). A study of 154
children with familial hypercholesterolemia found
homocysteine to be inversely associated with folate
intake (r = —0.23, p = 0.007) (89).

In summary, the observed differences in total homo-
cysteine between contrasting intakes of the key B vita-
mins, folate, Bg, and cobalamin, range from 1 to 4
pmol/L and are strongest for folate and weakest for
cobalamin. The homocysteine-lowering effects of
folate and cobalamin, but not vitamin Bg, have been
established in intervention trials (39). Intakes of the
vitamins By, By, and niacin have also been shown to

~correlate with homocysteine levels (82, 83). Strong

correlations between intakes of the various B vitamins
(47, 93) should be taken into account when consider-
ing homocysteine associations with B vitamins other
than folate and cobalamin.

Intake of Non-B Vitamins and Other Nutrients

Several studies have reported inverse association
between homocysteine levels and intakes of vitamin A
(15, 82, 83), vitamin C (15, 83, 89), and vitamin E
(83). No associations between the intakes of any of
these vitamins and homocysteine were seen in another
study (71). Two studies have reported an inverse asso-
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ciation between phosphorus intake and homocysteine
levels (3, 82). We are aware of only single reports of
associations between homocysteine levels and intakes
of calcium (82), magnesium (3), and sodium (3). The
reported association with calcium was inverse, and the
positive associations between homocysteine and mag-
nesium and sodium were adjusted for folate intake.

Intake of non-B vitamins and other nutrients may
correlate with the intakes of folate and cobalamin,
which have an established homocysteine lowering
effect. Most studies did not account for this possible
confounding, and the results have not been supported
by intervention studies. Neither a trial with antioxi-
dants (vitamin E, vitamin C, B-carotene, and coen-
zyme Q10) (15) nor a trial with high-dose vitamin C
(9) showed any effect on homocysteine levels.

Protein Intake

Homocysteine in humans is formed from the essential
amino acid methionine (23), and methionine or a pro-
tein-rich meal causes an acute increase in total homo-
cysteine (33). Therefore, it was suspected that a diet
rich in protein or methionine would be associated with
elevated homocysteine levels.

The most careful study on long-term dietary protein
intake and total homocysteine reported a strong
inverse relation between energy-adjusted protein

_intake and homocysteine levels (86). The difference in
total homocysteine levels between the lower and upper
quintiles of protein intake was about 3.1 umol/L (p =
0.008) after adjustment for energy-adjusted dietary
folate intake, use of vitamin supplements, serum crea-
tinine, dietary energy, and coffee use.

Other studies have also showed an inverse associa-
tion between the usual dietary intake of protein or
methionine and homocysteine levels. Among 49 indi-
viduals not taking B-vitamin supplements, an inverse
association between protein intake and homocysteine
existed that was nonsignificant overall (r = -0.23, p =
0.13) but highly significant among women (r = -0.45,
p < 0.01) (48). A negative association between dietary
methionine intake and homocysteine was also seen
among 118 control subjects in a Boston area case-con-
trol study of myocardial infarction (93). The correla-
tion between homocysteine levels and methionine
intake was -0.27 (p = 0.003) before and -0.22 (p =
0.01) after adjustment for intake of vitamin B, cobal-
amin, and folate. Homocysteine levels also decreased
across groups with increasing methionine and protein
intake in'nonusers of vitamin supplements among con-
trol subjects in the Atherosclerosis Risk in
Communities Study (82). For both estimated methion-
ine and total protein intake, homocysteine was 0.8
pmol/L lower in the upper compared with the lower
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tertile (p = 0.07 for both comparisons after adjustment
for age, race, gender, and cigarette smoking). Finally,
intake of protein was inversely associated with homo-
cysteine levels among 108 population-based control
subjects in a case-control study of premature coronary
artery disease (r = -0.20, p = 0.03) (71).

In summary, several studies have reported an
inverse relation between dietary intake of protein and
homocysteine levels. Whether dietary protein induces
a more efficient homocysteine metabolism or the asso-
ciation is due to confounding with other homocys-
teine-lowering factors is not clear (86).

Consumption of Individual Food ltems

Relatively few studies have addressed the relationships
between the consumption of individual food items and
total homocysteine levels. Such studies are important
because the bioavailability of folate (2, 30) and, there-
fore, the homocysteine response, may vary substan-
tially depending on the food source of folate.

Relations between food items and homocysteine
were studied among 885 elderly subjects in the
Framingham Heart Study (90). In this study, the three
major sources of folate were cold cereals, multivita-
mins, and orange juice, each contributing 13.3%,
12.8% and 12.4%, respectively, of the total folate
intake. The strongest associations with homocysteine
were found for breakfast cereals and fruit and vegeta-
bles. Differences in mean homocysteine levels between
the lower and upper intake quintiles (adjusted for age,
sex, energy intake, and vitamin supplement use) were
1.4 umol/L for breakfast cereals and 1.1 umol/L for
fruit and vegetables. Despite being a major source of
dietary folate and significantly associated with plasma
folate, consumption of orange juice was not associated
with differences in homocysteine levels (78).

In a control set of the Atherosclerosis Risk in
Communities study, the strongest associations with
homocysteine were found for cereals and milk (82).
Among nonusers of vitamin supplements, the differ-
ence between the lower and upper intake tertiles was
1.3 umol/L (p < 0.01) for cold cereals and 1.4 umol/L
(p < 0.01) for milk. These analyses were adjusted for
age, race, gender, and cigarette smoking,.

The relationship between diet and homocysteine was
studied in 310 oil workers in the North Sea (70). A mul-
tiple regression analysis showed that intake of bread (p
=0.01) and vegetables (p = 0.04) was negatively associ-
ated with total homocysteine, but intake of fat (p =
0.05) was positively correlated. After adjustment for
age and smoking, differences in mean homocysteine lev-
els between the no-intake group and the group with
intake above the median were 1.0 pmol/L (p = 0.10) for
bread, 0.7 umol/L (p =-0.04) for skimmed milk, and 2.5
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Fig. 28.1. The density distribution of plasma total homocys-
teine (tHcy) according to contrasting lifestyle groups in 40- to
42-year-old women (top) and men (bottom). The distributions
of homocysteine (continuous curves) are shown in the main part
of each figure and the same data are presented as box plots at
the top of the figure. The curve in boldface represents nonsmok-
ers with high folate intakes and consumption of <1 cup of cof-
fee/day, whereas the thin line represents smokers drinking 25
cups of coffee/day and with low folate intakes. Each box plot
shows the 25th to the 75th percentile interval, the vertical line
inside the box is the median value, and the horizontal line indi-
cates the 2.5th and 97.5th percentile interval. (Reproduced from
Nygard et al. [65], with permission.)

pmol/L for vegetables (p = 0.008). The UK National
~ Diet and Nutrition Survey observed significant, inverse
associations between total homocysteine and consump-
tion of breakfast cereals and liver but did not report the
magnitude of the relationships (3).

The impact on homocysteine levels of the compul-
sory folate fortification of enriched grain products that
started in the United States in 1997 was assessed in the
Framingham Offspring Study (44). Among nonusers
of B-vitamin supplements, mean homocysteine levels
were 0.7 umol/L (p < 0.001) lower after folate fortifi-
cation, whereas among supplement users an increase
of 0.6 umol/L (p = 0.006) was observed.

To summarize, individual food items associated
with homocysteine levels include breakfast cereals,
fruit and vegetables, milk, liver, and bread. These
foods are all important sources of folate (16, 90), and
differences in homocysteine levels between low and
high intakes ranged from 0.7 to 2.5 pmol/L. Orange
juice is an example of a folate-rich food item that
seems not to be associated with lower homocysteine
levels. This may be related to poor bioavailability of.
folate in orange juice resulting from inhibition of
folate deconjugation by organic acids (31). The
strongest and most consistent association with homo-
cysteine was found for breakfast cereals, which are
commonly fortified with folate and other B-vitamins
in the countries where the studies were conducted.
Furthermore, a randomized, blinded trial of fortified
cereals has shown that daily portions of cereals con-
taining 0.13, 0.50, or 0.67 mg of folic acid taken for 5
weeks reduced homocysteine levels by 0.5 (p = 0.24),
1.7 (p < 0.001), and 2.8 umol/L (p = 0.001), respec-
tively (56).

Use of Multivitamins

Multivitamins often contain all three key B vitamins
involved in homocysteine metabolism (vitamin Bg,
cobalamin, and folic acid), along with several other B
vitamins and vitamins A, C, D, and E. The composi-
tion and doses show considerable variation among
products and countries, often as a consequence of leg-
islation regulating the maximum doses of individual
vitamins. For example, in the United States, the folate
content of multivitamins is usually 0.4 to 0.8 mg,
whereas in Norway, multivitamins contain no or, at
most, 0.1 to 0.2 mg of folic acid.

In the Framingham Study, the strongest association
between homocysteine and any single dietary compo-
nent was reported for vitamin supplements containing
folic acid. After adjustment for age, gender, and total
energy intake, the difference in mean homocysteine
levels between nonusers and users was 2.7 umol/L (p <
0.0001) (90). In a Swedish population-based sample of
244 men and women, homocysteine levels were 3.0
umol/L lower among 31 regular users of multivitamins
(with folic acid) than among nonusers (13). In the
New Mexico Aging Process Study, the difference in
homocysteine levels between nonusers and users of vit-
amin supplements containing vitamin Bg, cobalamin,
and folate was 1.7 pmol/L (48). The Atherosclerosis
Risk in Communities study observed homocysteine
levels about 1.5 umol/L lower in users of vitamin sup-
plements than in nonusers (82). In the main age and
gender groups of the Hordaland Study, mean homo-
cysteine levels were 1.5 to 2.2 umol/L lower in
nonusers compared with daily users of multivitamin
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supplements (65). The difference was larger in 65 to
67 year olds (2.0 in men and 2.2 pmol/L in ‘women)
than in the 40 to 42 year olds (1.5 umol/L in both men
and women) (65).

To summarize the data from observational studies,
multivitamin supplement users have a mean total
homocysteine level that is 1.5 to 3.0 pmol/L lower
than among nonusers. This difference- is slightly
smaller than the typical reduction from 12 umol/L to 8
to 9 umol/L estimated from the combined evidence of
placebo-controlled trials of folic acid alone or com-
bined with other B vitamins (39).

Fish Oil Intake

A small, cross-over trial first suggested that fish oil
may lower homocysteine levels in hyperhomocysteine-
mic men (67). Another small, cross-over trial reported
a significant 10% decrease in homocysteine levels after
administration of a mixture of fish oil and evening
primrose oil (36). However, the participants also
received folic acid and vitamin Bg. There was no dif-
ference in homocysteine levels between Greenland
Inuits, who have higher intakes of fish oil, and Danes
on a standard Western diet (60). A Norwegian trial in
hyperlipidemic smokers found no effect of interven-
tion with omega-3 fatty acids on homocysteine levels
(15) despite an inverse, pretreatment association
between omega-3 fatty acids in serum phospholipids
and homocysteine levels (r = -0.37, p < 0.05). Thus,
the current evidence for an effect of fish oil on homo-
cysteine levels is limited and has not been supported by
later research.

Weight Reduction

A mean increase of 0.8 umol/L (p < 0.0001) in homo-
cysteine levels was observed during a 3-week period
with moderate weight reduction in 11 subjects. The
same authors later showed that supplementation with
B-vitamins prevented such an increase (37, 38). This
evidence for a relationship between weight loss and
homocysteine must be regarded as preliminary.

Physical Activity

The relationship between leisure-time physical activity,
assessed by a four-category question, and homocys-
teine was studied in the Hordaland Homocysteine
Study (66). A 1.2 umol/L. contrast between the no-
activity and heavy-training groups was observed (p-
trend < 0.001; adjusted for age and gender). This
difference was reduced to 0.4 pumol/L. (p-trend <
0.001) after additional adjustment for smoking, intake
of fruit and vegetables, and vitamin supplements.
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However, two other studies found no relation between
physical activity and homocysteine (32, 52). Likewise,
no significant relation was found between the maxi-
mum oxygen uptake capacity, a more objective mea-
sure of fitness, and homocysteine levels in a controlled
study of 20 healthy men (99).

Lifestyle Patterns and the
Homocysteine Distribution

The Hordaland Study compared homocysteine levels in
individuals with contrasting lifestyle patterns. The
homocysteine differences between individuals charac-
terized by low folate intake, smoking, and high coffee
consumption, on the one hand, and nonsmoking indi-
viduals with a high folate intake and low coffee con-
sumption, on the other, ranged from 3.2 to 4.8 umol/L
in the four main gender and age groups {(65). Similarly,
among the elderly Framingham subjects, combining
intake of the three main B vitamins—folate, cobalamin,
and Bg—produced a contrast of 5.3 umol/L between
the low and high B-vitamin intake groups (78).

The large sample size of the Hordaland study has
permitted study of lifestyle-associated differences in
the shape of the homocysteine distribution. Figure
28.1 shows the distribution of homocysteine levels
among 40- to 42-year-old subjects who smoked and
who had high consumption of coffee and low folate
intake. For such individuals, the distribution was
skewed with a long tail toward high values (Figure
28.1; thin line). In contrast, in nonsmoking subjects
with high folate intake and low or no coffee consump-
tion, the homocysteine distribution not only was
shifted toward lower values but was almost symmetri-
cal with a much smaller upper tail (thick line).

Age, gender, and the major lifestyle determinants of
homocysteine also show different associations with
very low or very high homocysteine values (64, 75).
Based on data from the Hordaland study, Figure 28.2
shows the associations between extreme values of
homocysteine and age, gender, smoking, coffee con-
sumption, and use of vitamin supplements. Only ciga-
rette smoking and nonuse of vitamin supplements
showed a relationship with intermediate hyperhomo-
cysteinemia, whereas these two factors plus old age and
male gender were associated with mild hyperhomocys-
teinemia. The figure also shows the relationships
between these five factors and low (5.5 to 6.9 umol/L)
and very low homocysteine levels (< 5.5 pumol/L).
These two low ranges of homocysteine values were
chosen to contain similar proportions of the popula-
tion values as mild and intermediate hyperhomocys-
teinemia, respectively. All five factors were inversely
associated with the likelihood of having a low or very
low homocysteine value. It is also noteworthy that
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Fig. 28.2. Odds ratios (with 95% confidence limits) of having
a high or low value of total homocysteine (tHcy), comparing
contrasting categories of cigarette smoking (210/day vs. never
smoked), use of vitamin supplements (no use vs. frequent use),
coffee consumption (=5 cups/day vs. no use), age (65 to 67 years
vs. 40 to 42 years), and gender {men vs. women). Four defini-
tions of high and low total homocysteine levels are used: inter-
mediate (30 to 99.99 umol/L) and mild hyperhomocysteinemia
(15 to 29.99 umol/L), and low (5.50 to 6.99 pmol/L) and very
low (3.6 to 5.49 umol/L) homocysteine levels, with 0.8%, 8%,
7%; and 0.7% of the population belonging to each of these four
homocysteine groups, respectively. The estimated odds ratios
are from logistic regression models with all factors present.
These odds ratios are also denoted as tails odds ratios as they
estimate the risk of having a very low (being in the lower tail of
the distribution) or very high homocysteine value (being in the
upper tail of the homocysteine distribution).

both old age and male gender decreased the likelihood
of having a low homocysteine value more strongly than
they increased the risk of hyperhomocysteinemia.

As to the lifestyle factors, the extremes of coffee use
and cigarette smoking were associated with about the
same contrast in mean homocysteine levels (64, 66).
However, coffee use was associated only with a
decreased probability of having a low value and not
with high homocysteine values. On the other hand,
heavy smoking was associated with both a decreased
likelihood of having a low homocysteine value and an
increased risk of hyperhomocysteinemia. Nonuse of

vitamin supplements showed a pattern similar to ciga-
rette smoking. Smoking and nonuse of vitamins were
more strongly associated with intermediate than with
mild hyperhomocysteinemia, and more strongly with
very low (< 5.5 umol/L) than with low (5.5 to 6.99
umol/L) homocysteine values. The implications of
these differential associations with low and high
homocysteine values are unclear, but they suggest dif-
ferent underlying biological mechanisms for the vari-
ous factors. Furthermore, if hyperhomocysteinemia
causes disease, and the lifestyle associations are causal,
these results suggest that the effect of coffee on homo-
cysteine levels may be more benign than that of smok-
ing or low vitamin status.

The 677C—T MTHFR Polymorphism and Lifestyle

The 677C—T polymorphism in the MTHFR gene (see
Chapter 22} has been studied extensively in relation to
homocysteine and folate levels, and to diseases associ-
ated with them (14, 49, 53, 79, 81). The homozygous
TT genotype is generally associated with reduced
MTHEFR enzyme activity and with about 25% higher
total homocysteine levels than the more common CC
genotype (14). Subjects with the TT genotype are sus-
ceptible to hyperhomocysteinemia under conditions of
impaired folate status (14, 34, 56). They also attain
particularly high homocysteine levels during renal fail-
ure (24, 25) -and after intake of some drugs (35, 88).
Notably, elevated homocysteine levels in subjects with
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the TT genotype are folate-responsive and are effi-
ciently reduced by folate supplementation (34, 56).

In the Hordaland study, 73% of the 67 individuals
found to have hyperhomocysteinemia > 40 pumol/L
were of the TT genotype, compared with only 10% of
control subjects (33). However, the individuals with
high homocysteine levels also had a different lifestyle,
characterized by a higher proportion of current smok-
ers (59% vs. 29% in control subjects) and less use of
vitamin supplements (2% daily use vs. 13% in control
subjects). These observations suggest that smoking
may contribute to intermediate hyperhomocysteine-
mia in individuals with TT genotype. No studies have
yet addressed the issue of differential effects by the
MTHEFR genotype on homocysteine response to smok-
ing or other nondietary lifestyle factors.

Causality, Confounding, and Consequences
Diet, Other Lifestyle Factors, and Homocysteine

As discussed in Chapters 23 and 24, folate and cobal-
amin treatment lowers homocysteine levels. A meta-
analysis of 12 randomized trials of B-vitamin therapy
showed that, on average, folic acid lowers homocys-
teine levels by 25% and that cobalamin has an addi-
tional homocysteine lowering effect of about 7% (39).
The observed associations between homocysteine and
intake of individual food items that are important
sources of folate (fruit, vegetables, liver, milk, bread)
are likely to be causal. However, this has been proven
and quantified only for fortified breakfast cereals (55).
Because of strong interrelations among age, gender,
dietary patterns, smoking, coffee use, alcohol con-
sumption, and physical activity (5, 42, 51, 61, 64,
101), efficient analytical adjustment for age, gender,
and folate intake is of paramount importance to avoid
confounding in the assessment of lifestyle determi-
nants of homocysteine. Such adjustment is dependent
on precise measurement of the confounders, which
poses no problem with age and gender. The accurate
quantification of folate intake, however, is problem-
atic. Sources of error-include both imperfect dietary
assessment using food frequency questionnaires or
other methods (97) and lack of standardized and pre-
cise food composition tables for folate (22). -
Identification of nutritional factors that affect
homocysteine levels is further complicated by the pres-
ence of strong correlations between the dietary intake
of many nutrients (17, 47, 82, 86). For example, food
items that provide folate frequently contain vitamin Bg
and cobalamin (47). Folate-rich vegetables are also
rich in the vitamins A and C and in dietary fiber. Use
of multivitamin preparations will further complicate
the identification of the vitamins that are responsible
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for the homocysteine reduction. The difficulty in dis-
criminating between different nutrients was well illus-
trated in an Australian case-control study of neural
tube defects and nutrient intake in early pregnancy.
Before folate was included as an adjustment variable
in the analyses, equally strong, inverse, and statisti-
cally significant relationships with neural tube defects
were found for intakes of fiber, calcium, vitamin C,
and carotene (12). Thus, correlations with folate may
explain the relatively strong associations between
intakes of vitamin Bg and vitamin C and homocysteine
levels that until now have been unsupported by inter-
vention trials (9, 15, 39).

Reliable answers to these questions may be
obtained only by manipulation of each potential
homocysteine-lowering factor in controlled trials.
Such studies are complex and expensive but could be
carried out for coffee, selected food items, and vita-
mins. Valuable insight into the role of smoking on
homocysteine levels could be obtained by monitoring
subjects in smoking cessation programs.

Clinical Implications

Contrasting levels of the various lifestyle factors are
associated with 0.5 to 3 umol/L differences in homo-
cysteine levels; the differences are smallest for physical
activity, higher for coffee and smoking, and highest for
use of vitamin supplements or foods fortified with
folic acid (e.g., breakfast cereals). The combination of
extreme settings of several of these factors may be
associated with 4 to 5 pmol/L group differences in
homocysteine levels, which may be of considerable
clinical relevance. Among patients with coronary heart
disease, ‘subjects with a homocysteine level of 15
umol/L have an estimated 60% higher overall mortal-
ity compared with those with a level of 10 umol/L
(63). Similar differences in risk have been reported
from meta-analyses on homocysteine and ischemic
heart disease, where the combined evidence suggests a
highly significant 60% to 90% risk enhancement per 5
umol/L homocysteine increase (11, 21, 96). When only
prospective nested case-control studies were consid-
ered, the corresponding risk increase was 30% (95%
confidence interval: 10% to 50%) (21). Results from
ongoing clinical trials with homocysteine-lowering vit-
amin therapy in secondary prevention of heart disease
(18) will provide valuable new information on the
clinical importance of B vitamins and homocysteine.
This knowledge is crucial to understanding the rele-
vance of the lifestyle-homocysteine relationships.
Homocysteine levels have also been reported to be
associated with an increased risk of Alzheimer’s dis-
ease (19, 58), pregnancy complications (50, 73, 74),
congenital malformations (59, 84), and colon cancer
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(45); there are ongoing intervention trials with folate
in subjects with colorectal adenomas (46). Depending
on the still unclarified role of homocysteine in these
diseases, the observed lifestyle-homocysteine relation-
ships may contribute to the understanding of the etiol-
ogy and to possible prevention of some of these
clinical conditions.
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