
Frequent consumption of milk, yogurt, cold breakfast cereals,
peppers, and cruciferous vegetables and intakes of dietary folate
and riboflavin but not vitamins B-12 and B-6 are inversely
associated with serum total homocysteine concentrations in the US
population1,2

Vijay Ganji and Mohammad R Kafai

ABSTRACT
Background: Elevated circulating total homocysteine (tHcy) is an
independent risk factor for vascular diseases.
Objective: We investigated the relation between dietary intakes and
serum tHcy in the US population.
Design: Data from the third National Health and Nutrition Exami-
nation Survey (1988–1994) were used to investigate the associations
between food consumption frequency and dietary B vitamin intakes
and serum tHcy in 5996 persons.
Results: Multivariate-adjusted tHcy concentrations were �15.2%
higher in subjects who never consumed milk than in those who
consumed milk �30 times/mo, �6.4% higher in subjects who never
consumed yogurt than in those who consumed yogurt �15 times/
mo, �7.4% higher in subjects who never consumed cold breakfast
cereals than in those who consumed cold breakfast cereals �30
times/mo, �6.3% higher in subjects who never consumed peppers
(includes red, yellow, green, and hot chili peppers) than in those who
consumed peppers �30 times/mo, and �16.5% higher in subjects
who never consumed cruciferous vegetables than in those who con-
sumed cruciferous vegetables �30 times/mo. Consumption of citrus
fruit and juices, cheese, meats, coffee, or tea had no significant
association with tHcy. Folate (� � �0.0017, P for trend � 0.004)
and riboflavin (� � �0.2851, P for trend � 0.027), but not vitamin
B-6 (� � 0.0505, P for trend � 0.70) and cobalamin (� � �0.0035,
P for trend � 0.58), were inversely related to serum tHcy after
adjustment for confounders.
Conclusions: In this population-based study, milk, yogurt, cold
breakfast cereals, peppers, and cruciferous vegetables were in-
versely related to serum tHcy. This association may be explained by
increased intakes of folate and riboflavin. Am J Clin Nutr 2004;
80:1500–7.
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INTRODUCTION

Homocysteine (Hcy) is a nonprotein-forming amino acid
formed from methionine in the demethylation reaction. Several

studies have shown that elevated total homocysteine (tHcy) con-
centrations in blood is associated with an increased risk of car-
diovascular diseases (1) and decreased cognitive function (2). A
10% increase in circulating Hcy increases the risk of heart dis-
eases by 10–15% (3). The mechanisms that may explain the
association between tHcy and heart disease include toxic effects
on endothelial cells, increased smooth cell proliferation, LDL
oxidation, and thrombus formation (4–6).

Hcy metabolism is regulated by various enzymes and B vita-
mins. Methylene tetrahydrofolate reductase, a flavin adenine
dinucleotide (coenzyme of riboflavin) dependent enzyme, cata-
lyzes N5-N10 methylene tetrahydrofolate to N5-methyl tetrahy-
drofolate. N5-Methyl tetrahydrofolate is required for remethyla-
tion of Hcy to methionine by a vitamin B-12–dependent enzyme,
methionine synthase (7). Flavin mononucleotide, a riboflavin
coenzyme, is required for B-6 phosphate oxidase, which converts
vitamin B-6 to its coenzyme form, pyridoxal phosphate (PLP)
(8). PLP-dependent enzymes such as cystathionine-�-synthase
and �-cystathionase are needed for transsulfuration of Hcy to
cysteine (9). Genetic abnormalities in enzymes (10–12) and de-
ficiencies of B vitamins (13–15) involved in methionine metab-
olism lead to elevated tHcy. Low blood concentrations of folate
and vitamins B-12 and B-6 are associated with elevated circu-
lating tHcy (12, 16, 17). The association between circulating
riboflavin concentration and serum tHcy has received little at-
tention.

Despite the clear association between B vitamins and circu-
lating tHcy concentrations, the relation between diet and tHcy is
poorly understood. Most studies have focused on the association
between individual nutrients, such as folate and tHcy (16, 18–
20). A few studies reported an inverse relation between vegetable
and fruit consumption and circulating tHcy concentrations (21–
24). No information is available regarding the relation between
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tHcy concentration and intake of a specific type of vegetable.
Very little is reported on the relation between tHcy and intakes of
protein-rich foods, riboflavin, and vitamin B-6. The relation be-
tween food patterns and intakes of B vitamins and circulating
tHcy has not been studied in a nationally representative sample.
Therefore, we investigated the associations between frequency
of consumption of various foods and dietary intakes of folate,
riboflavin, vitamin B-12, and vitamin B-6 and serum tHcy con-
centration in a nationally representative sample survey of US
residents.

SUBJECTS AND METHODS

Survey design and sample

The third National Health and Examination Survey
(NHANES III) is a complex, stratified, probability sample sur-
vey of noninstitutionalized US residents aged �2 mo in 2 phases
from 1988 to 1994. The first phase of the survey was conducted
in 1988–1991 at 44 locations; the second phase of the survey was
conducted in 1991–1994 at 45 locations. In NAHNES III, young
children, older persons, non-Hispanic blacks, and Mexican
Americans were oversampled. The data used in this study were
derived from the databases released for public use by the Na-
tional Technical Information Service, Springfield, VA (25–27).
The detailed description of the survey methods and analytic
guidelines were reported elsewhere (28). The survey included
39 695 subjects. Of this number, 33 994 subjects were inter-
viewed in their homes; 30 818 were examined in mobile clinics
and 493 in their homes. NHANES III included 1614 subjects with
diabetes, 338 pregnant women, and 100 lactating women. Serum
tHcy concentrations were measured in 8585 participants aged
�12 y. Therefore, the subjects for this study were drawn from
this sample. Participants with diabetes, who were pregnant or
lactating, or who had missing or incomplete data for dietary
intakes and confounding variables were excluded. Also, we ex-
cluded participants aged �90 y because all participants aged
�89 y were reported as being 90 y of age to protect the confi-
dentiality of these persons. This allowed us to use age as a con-
tinuous variable in the analysis. After the aforementioned criteria
were applied, the current study was based on a total of 5996
subjects (2753 men and 3243 women; weighted sample size �
61 934 853).

Measurements

Depending on the age of the participant, data were collected on
demographics, socioeconomic status, physical and health con-
ditions, lifestyle behaviors, biochemical measurements of blood
and urine, anthropometric measurements, and dietary intakes.
Blood was collected by venipuncture in the mobile clinics ac-
cording to standard protocol (29). Of the 5996 participants, 3523
(�59%) subjects fasted for �9 h, 1987 (�33%) subjects fasted
for 5 to �9 h, and 486 (�8%) subjects fasted for �5 h. The
duration of fasting had no measurable effect on serum tHcy (30).
Serum was separated by centrifugation (1115 � g for 15 min at
room temperature) after blood samples were held at room tem-
perature for 30–60 min. Sera were frozen at �20 °C and trans-
ported on dry ice to the Centers for Disease Control and Preven-
tion for priority analysis. After priority analysis, surplus sera
were stored at �70 °C for 8 mo to 3 y. Serum tHcy concentrations
were measured in these surplus sera in phase 2 of NAHANES III

(1991–1994) at the US Department of Agriculture Human Nu-
trition Research Center on Aging after approval by the New
England Medical Center Human Investigations Review Com-
mittee. Serum tHcy concentrations were measured with the
HPLC method (31).

Dietary assessment

Food intake data were obtained through administration of an
80-item qualitative food-frequency questionnaire (FFQ) to sur-
vey participants. Food-frequency data were collected as part of
the household interview. Depending on the respondent’s lan-
guage preference, the FFQ was administered either in English or
in Spanish by trained interviewers. Before intake collection, the
FFQ was pretested and modified to be culturally appropriate for
non-Hispanic whites, non-Hispanic blacks, and Mexican Amer-
icans. Participants were asked how often they ate or drank a
particular food or drink over the past month. Food intakes were
reported as the number of times consumed per day, per week, or
per month or never. Food-frequency-consumption data were
standardized as times per month with the use of the conversion
factors 4.3 wk/mo and 30.4 d/mo rounded to the nearest whole
number. For this study purpose, reported foods were categorized
into 25 food groups. These food groups were milk (milk to drink
or on cereal), yogurt (including frozen yogurt), cheeses (all
types), meats (beef, pork, poultry, and organ and processed
meats), seafood (fish and shellfish), eggs, cold and hot breakfast
cereals, rice, pasta, breads (all breads, rolls, bagels, muffins,
crackers, and tortillas), citrus (oranges, grapefruit, and tanger-
ines) and noncitrus fruit and juices, starches (all potatoes, yams,
and squash), peppers (green, red, yellow, and hot chili peppers),
cruciferous (broccoli, Brussels sprouts, and cauliflower) and
other vegetables, legumes (beans, lentils, peanuts, and garbanzo,
black, and pinto beans), cola beverages (both diet and regular),
fruit-flavored beverages, coffee, tea, desserts (cakes, cookies,
pies, pastries, chocolate candies, etc), ice creams (including ice
milk and milk shakes), and fats (margarine, butter, oil and vin-
egar, mayonnaise, and salad dressings).

In addition to FFQ, dietary intakes were collected through
administration of 24-h food recalls. Food-recall data were col-
lected by using an automated, microcomputer-based dietary in-
terview and coding system known as Dietary Data Collection.
Dietary interviews were conducted in English and Spanish, de-
pending on the participant’s preference, in a private room to
ensure confidentiality. Participants reported all food and bever-
ages consumed, except for plain water, for the previous 24-h time
period (midnight to midnight). The nutrient intakes did not in-
clude nutrients from supplements, antacids, medications, and salt
and seasonings added to prepared foods at the table. The nutrient
composition of the foods reported on the food recalls was based
on the US Department of Agriculture Survey Nutrient Databases
(32). These databases contained food-composition values that
were appropriate for the time period during which the data were
collected. Many quality-control measures were used to ensure
the accuracy of the food recalls. A detailed description of the
dietary intake methods was published elsewhere (28). In the
current study, we analyzed the relation between serum tHcy
concentration and nutrient intake values for folic acid, riboflavin,
and vitamins B-12 and B-6 because these vitamins are involved
in the regulation of Hcy metabolism.
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Statistical analyses

To account for the complex survey design, we used SUDAAN
statistical software (SUDAAN for WINDOWS, version 8.0.2;
Research Triangle Institute, Research Triangle Park, NC).
Means and SEs were estimated by using sample weights. Sample
weights incorporate the differential probabilities of selection and
include adjustments for noncoverage and nonresponse bias. A
detailed description of the nonresponse adjustment and sur-
vey coverage was published elsewhere (28). SAS (SAS for
WINDOWS, version 8.0; SAS Institute Inc, Cary, NC) in con-
junction with SUDAAN was used to analyze the data files.

Because intakes of various foods or dietary nutrients might be
correlated with each other, and therefore might potentially con-
found each other in the analysis, we tested for colinearity with the
use of multivariate models. We found no colinearity among the
food groups or among the B vitamins under consideration. After
removing the nonsignificant food groups and dietary B vitamins
in a stepwise fashion from the multivariate models, we calculated
variance inflation factors. The variance inflation factors for all of
the food groups ranged from 1.08 for yogurt to 1.18 for peppers;
the values were 2.36 and 2.56 for folic acid and riboflavin, re-
spectively. Colinearity is a concern if the variance inflation factor
is �10 (33).

Differences in the frequency of food consumption and intakes
of B vitamins between males and females were assessed with a
two-tailed t test. The frequency of consumption of food or food
groups was classified into 4 categories, ie, 0, 1–15, 16–30, and
�30 times/mo. Dietary intakes of folic acid, riboflavin, and vi-
tamins B-12 and B-6 were categorized into quartiles. Regression
models adjusted for age and sex (male and female) and for mul-
tivariates [age, sex (male and female), race-ethnicity (non-
Hispanic white, non-Hispanic black, and Mexican American),
vitamin and mineral supplement use (yes or no), alcohol con-
sumption (alcohol intake was calculated by combining intake of
beers, wines, and hard liquors), serum cotinine (a measure of
smoking), body mass index (weight in kg/ht in m2), and serum
creatinine] were used to determine the effect of each food or food
group variable or intake of B vitamin on serum tHcy.

We used 2 separate multivariate models; one was based on
frequency of food consumption data and the other on dietary
intakes of B vitamins. Sex- and age-adjusted and multivariate-
adjusted means and SEs were generated with analysis of covari-
ance. Mean comparisons were performed with the Tukey-
Cramer multiple-comparison test among categories within a
food group or dietary B vitamin intake variable if that variable
was found significant in the analysis of covariance for the Wald
F statistic. Additionally, age- and sex-adjusted and multivariate-
adjusted regression analyses were performed for serum tHcy
concentration as a dependant variable with food-frequency data
(times/mo) or intakes of B vitamins as independent continuous
variables. In all analyses, a P � 0.05 was considered statistically
significant.

RESULTS

Of the 5996 subjects, �46% were males (n � 2753), �54%
were females (n � 3243), �39% were non-Hispanic whites (n �
2308), �32% were non-Hispanic blacks (n � 1951), and �29%
were Mexican Americans (n � 1737). Data on the subjects’
characteristics are given in Table 1. The age of the female sub-
jects was slightly but significantly higher than the age of the male

subjects (P � 0.001). Males and females did not differ signifi-
cantly in BMI. Serum cotinine and creatinine and alcohol intake
were significantly higher in males than in females. Men and
women differed significantly in the frequency of consumption of
certain foods. For example, men consumed milk, cheese, meats,
seafood, eggs, breads, peppers, legumes, cola beverages, coffee,
and ice cream more frequently than did women; women con-
sumed yogurt, hot breakfast cereals, citrus and noncitrus fruit and
juices, cruciferous vegetables, and fruit-flavored beverages more
frequently than did men. Dietary intakes of folic acid, riboflavin,

TABLE 1
Characteristics of the study population by sex in the third National Health
and Nutrition Examination Survey1

Characteristic
Male

(n � 2753)
Female

(n � 3243)

Race-ethnicity (n)
Non-Hispanic white 972 1336
Non-Hispanic black 859 1092
Mexican American 922 815

Vitamin and mineral supplement use (n)
Yes 907 1364
No 1846 1879

Age (y) 38.4 � 0.42,3 41.1 � 0.4
BMI (kg/m2) 26.3 � 0.2 25.8 � 0.2
Serum cotinine (�mol/L) 2.5 � 0.33 0.9 � 0.1
Serum creatinine (�mol/L) 103.2 � 0.43 85.7 � 0.3
Alcohol intake (times/mo) 10.2 � 0.53 6.5 � 0.3
Frequency of food consumption (times/mo)

Milk 15.9 � 0.73 14.7 � 0.5
Yogurt 4.0 � 0.33 4.4 � 0.2
Cheeses 9.7 � 0.33 8.4 � 0.2
Meats 29.7 � 0.63 24.4 � 0.5
Seafood 4.6 � 0.13 4.3 � 0.1
Eggs 5.1 � 0.23 4.1 � 0.1
Cold breakfast cereals 8.7 � 0.3 8.6 � 0.3
Hot breakfast cereals 4.1 � 0.23 4.5 � 0.2
Rice 4.6 � 0.2 4.6 � 0.1
Pasta 2.9 � 0.1 2.9 � 0.1
Breads 32.4 � 0.83 30.4 � 0.6
Citrus fruit and juices 12.4 � 0.53 14.0 � 0.5
Noncitrus fruit and juices 15.6 � 0.63 20.3 � 0.6
Starches 11.4 � 0.3 10.7 � 0.2
Peppers4 5.7 � 0.23 5.0 � 0.2
Cruciferous vegetables 6.2 � 0.23 7.7 � 0.2
Other vegetables 32.3 � 0.8 38.4 � 0.8
Legumes 8.4 � 0.33 6.8 � 0.2
Cola beverages 20.3 � 0.83 16.5 � 0.6
Fruit-flavored beverages 8.2 � 0.53 8.7 � 0.5
Coffee 32.6 � 1.63 31.0 � 1.3
Tea 11.5 � 0.7 12.3 � 0.7
Desserts 11.2 � 0.4 10.3 � 0.3
Ice cream 4.4 � 0.23 3.7 � 0.1
Fats 25.7 � 0.8 27.3 � 0.6

Dietary intakes of B vitamins
Folic acid (�g) 274.2 � 6.03 191.0 � 3.8
Vitamin B-12 (�g) 4.6 � 0.133 2.6 � 0.07
Vitamin B-6 (mg) 2.0 � 0.043 1.3 � 0.02
Riboflavin (mg) 2.2 � 0.043 1.4 � 0.02

1 n � 5996; weighted sample size (n) � 61 934 853.
2 Geometric x� � SE (all such values).
3 Significantly different from females, P � 0.05 (two-tailed t test).
4 Includes green, red, yellow, and hot chili peppers.
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and vitamins B-12 and B-6 were significantly higher in males
than in females (P � 0.0001).

The association between frequency of consumption of various
food and food groups and serum tHcy is presented in Table 2. In
the multivariate-adjusted regression analysis, the frequency of
consumption of milk (� � �0.0129, P for linear trend � 0.0029),
yogurt (� � �0.0238, P for linear trend � 0.0218), cold break-
fast cereals (� � 0.0411, P for linear trend � 0.0001), peppers
(� � �0.0175, P for linear trend � 0.0208), and cruciferous
vegetables (� � �0.0212, P for linear trend � 0.0058) was
inversely associated with serum tHcy.

Multivariate-adjusted serum tHcy concentrations were
�15.2% higher in subjects who never consumed milk than in
those who consumed milk �30 times/mo, �6.4% higher in sub-
jects who never consumed yogurt than in those who consumed
yogurt �15 times/mo, �7.4% higher in subjects who never con-
sumed cold breakfast cereals than in those who consumed cold
breakfast cereals �30 times/mo, �6.3% higher in subjects who
never consumed peppers than in those who consumed peppers
�30 times/mo, and �16.5% higher in subjects who never con-
sumed cruciferous vegetables than in those who consumed cru-
ciferous vegetables �30 times/mo.

In the age- and sex-adjusted regression analysis, cola beverage
consumption was positively associated with serum tHcy (� �
0.0088, P for linear trend � 0.033). However, this association
disappeared when the model adjusted for confounding variables
in the multivariate regression analysis. The association between
citrus fruit and juices and serum tHcy was not significant in the
multivariate analyses. When citrus and noncitrus fruit were
tested as one combined variable, the association with serum tHcy
remained null (data not shown). Also, there was no association
between serum tHcy and frequency of consumption of cheeses,
seafood, eggs, hot breakfast cereals, rice, pasta, breads, starches,
other vegetables (nonpepper and noncruciferous), legumes,
fruit-flavored beverages, tea, desserts, ice cream, and fats (data
not shown).

The associations between serum tHcy and dietary intakes of
folic acid, riboflavin, and vitamins B-12 and B-6 are presented in
Table 3. We observed an inverse association between folic acid
(multivariate-adjusted � � �0.0017, P for linear trend �
0.0044) and riboflavin (multivariate-adjusted � � �0.2851, P
for linear trend � 0.0272) and serum tHcy. Multivariate-adjusted
serum tHcy concentrations were �12.0% lower in the 4th quar-
tile than in the 1st quartile of folic acid intake and �8.3% lower
in the 4th quartile than in the 1st quartile of riboflavin intake. In
the age- and sex- and multivariate-adjusted analyses, no associ-
ation was observed between serum tHcy and intakes of vitamins
B-12 and B-6 in both categorical and continuous forms.

DISCUSSION

In this cross-sectional study, we found that milk, yogurt, cold
breakfast cereals, peppers, and cruciferous vegetables were sig-
nificant determinants of serum tHcy after various potential con-
founding variables were taken into consideration. To our knowl-
edge, this is the first study that reports an inverse association
between serum tHcy and the consumption of dairy products,
peppers, and cruciferous vegetables. In addition, intakes of folic
acid and riboflavin but not of vitamins B-12 and B-6 were sig-
nificant determinants of serum tHcy concentrations.

Among all food groups examined, cold breakfast cereals
showed the strongest association with serum tHcy (multivariate
adjusted � � �0.0411; P for linear trend � 0.0001). In a separate
analysis, when adjusted for dietary folate, the inverse association
between cold breakfast cereal and tHcy was no longer present
(P � 0.1810). This suggests that dietary folate is driving the
association between cold breakfast cereals and tHcy. Our obser-
vations support the findings by Malinow et al (23), who reported
that the daily consumption of breakfast cereal containing 499 and
665 �g folic acid/serving reduced tHcy concentrations by 11%
and 14%, respectively. Fortified breakfast cereal is a major con-
tributor of dietary folate in the United States (21). Consumption
of fortified breakfast cereal increased dietary folate by �298 �g
and serum folate by �21 nmol/L (34). Decreased serum tHcy
with fortified cereal consumption can mainly be attributable to
the highly bioavailable folic acid in the breakfast cereal. Break-
fast cereals are fortified with oxidized monoglutamyl folate,
which has a higher bioavailability than does the naturally occur-
ring reduced polyglutamyl folate in foods (35).

In this study, subjects who never consumed milk had serum
tHcy concentrations that were �1.4 �mol/L higher than those of
subjects who consumed milk �1 time/d. Because people often
consume cold breakfast cereal with milk, we specifically tested
the colinearity between these 2 foods. We found no colinearity
between milk and cold breakfast cereal (variance inflation
factor � 1.1). Thus, the inverse association between milk and
serum tHcy was not confounded by the usage pattern of cold
breakfast cereal. Milk is known for its high content of riboflavin
(�0.4 mg/cup, or 244 g) (36). Milk is a major contributor of
riboflavin in the Western diet (37). As discussed earlier, ribofla-
vin coenzymes are needed for both the remethylation and trans-
sulfuration of Hcy. Although the role for riboflavin in Hcy me-
tabolism is recognized, the association between dietary
riboflavin and tHcy has received little attention. However, there
is support for our findings. In the Framingham Study population,
Jacques et al (16) reported an inverse association between di-
etary riboflavin and tHcy (P � 0.003). Recently, Moat et al (38)
reported an inverse relation between riboflavin status and tHcy.
Considering the inverse association between dietary riboflavin
and tHcy and the lack of colinearity between milk and cold
breakfast cereal, we suspected that the inverse association of
tHcy with milk was likely due to its riboflavin content. This
assumption is further strengthened by the fact that we found no
association between cheese consumption and serum tHcy. Al-
though cheese is a good source of several nutrients, it is a poor
source of riboflavin because this water-soluble vitamin is largely
lost in whey during cheese preparation.

Despite the fact that citrus fruit and juices are good sources of
folate, we found no association between these foods and serum
tHcy. Earlier, Tucker et al (21) reported no association between
tHcy and orange juice despite a much greater folate intake with
orange juice. In their study, folate intake was 354 �g in persons
who consumed orange juice 6.6 times/wk compared with 285 �g
in those who consumed orange juice 0.3 times/wk. This differ-
ence in folate intake resulted a change of only �1.4 nmol/L in
serum folate with no significant change in tHcy. In our study, the
average frequency of consumption of citrus fruit and juices was
�0.5 time/d (geometric x� � 13.2 times/mo). It is likely that the
lack of association was due to low intakes of citrus fruit and
juices, which led to lower dietary folate intakes and insufficient
increases in plasma folate, and thus no association with tHcy.
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TABLE 2
Serum total homocysteine (tHcy) concentrations by the frequency of consumption of various foods and food groups in the third National Health and
Nutrition Examination Survey1

Food and food group1

Sex- and age-adjusted analysis2 Multivariate-adjusted analysis2,3

Serum tHcy4 � � SE5 P for �6 Serum tHcy4 � � SE5 P for �6

�mol/L �mol/L
Milk

0 times/mo (n � 1066) 10.5 � 0.4a

�0.0152 � 0.004 0.0003

10.6 � 0.4a

�0.0129 � 0.004 0.00291–15 times/mo (n � 2390) 10.2 � 0.2a 10.2 � 0.2a

16–30 times/mo (n � 2039) 9.5 � 0.2b 9.5 � 0.1b

�30 times/mo (n � 501) 9.1 � 0.2b 9.2 � 0.2b

Yogurt
0 times/mo (n � 4148) 10.0 � 0.1a

�0.0374 � 0.011 0.0004

10.0 � 0.1
�0.0238 � 0.010 0.02181–15 times/mo (n � 1627) 9.7 � 0.2a,b 9.7 � 0.2

�15 times/mo (n � 221)7 9.2 � 0.3b 9.4 � 0.3
Meats

0–15 times/mo (n � 977)7 10.0 � 0.3
0.0017 � 0.006 0.7638

10.1 � 0.3
�0.0036 � 0.006 0.519816–30 times/mo (n � 2156) 9.8 � 0.2 9.9 � 0.2

�30 times/mo (n � 2863) 9.8 � 0.2 9.8 � 0.2
Cold breakfast cereals

0 times/mo (n � 1780) 10.3 � 0.2a

�0.0461 � 0.007 �0.0001

10.2 � 0.2a

�0.0411 � 0.007 �0.00011–15 times/mo (n � 2964) 10.0 � 0.1a 9.9 � 0.1a

16–30 times/mo (n � 1088) 9.2 � 0.2b 9.3 � 0.2b

�30 times/mo (n � 164) 9.2 � 0.4a,b 9.5 � 0.4a,b

Citrus fruit and juices
0 times/mo (n � 710) 9.9 � 0.4

�0.0037 � 0.004 0.3693

9.9 � 0.4

�0.0009 � 0.004 0.81761–15 times/mo (n � 2270) 9.9 � 0.2 9.9 � 0.2
16–30 times/mo (n � 1383) 9.6 � 0.2 9.7 � 0.1
�30 times/mo (n � 1633) 9.9 � 0.2 10.0 � 0.2

Peppers
0 times/mo (n � 2293) 10.1 � 0.2a

�0.0197 � 0.007 0.0053

10.1 � 0.2

�0.0175 � 0.008 0.02081–15 times/mo (n � 2582) 9.8 � 0.1a,b 9.8 � 0.1
16–30 times/mo (n � 651) 9.3 � 0.2b 9.4 � 0.2
�30 times/mo (n � 470) 9.3 � 0.3a,b 9.5 � 0.3

Cruciferous vegetables
0 times/mo (n � 893) 10.6 � 0.3a

�0.0251 � 0.008 0.0029

10.6 � 0.3a

�0.0212 � 0.008 0.00581–15 times/mo (n � 4029) 9.9 � 0.1b 9.9 � 0.1b

16–30 times/mo (n � 834) 9.3 � 0.2c 9.4 � 0.2b

�30 times/mo (n � 240) 9.1 � 0.4b,c 9.1 � 0.4b

Cola beverages
0 times/mo (n � 980) 9.7 � 0.2

0.0088 � 0.004 0.0329

9.8 � 0.3

0.0077 � 0.004 0.05591–15 times/mo (n � 2252) 9.7 � 0.1 9.7 � 0.1
16–30 times/mo (n � 1859) 9.8 � 0.2 9.8 � 0.2
�30 times/mo (n � 905) 10.3 � 0.2 10.2 � 0.2

Coffee
0 times/mo (n � 2470) 9.8 � 0.2

�0.0004 � 0.002 0.8420

9.9 � 0.2

�0.0007 � 0.002 0.72101–15 times/mo (n � 778) 10.5 � 0.4 10.4 � 0.3
16–30 times/mo (n � 1785) 9.7 � 0.2 9.6 � 0.2
�30 times/mo (n � 963) 9.8 � 0.2 9.8 � 0.2

1 Subjects (n � 5996) were categorized by the frequency of consumption of foods or food groups (times/mo).
2 The association between tHcy and the frequency of consumption of cheeses, seafood, eggs, hot breakfast cereals, rice, pasta, breads, starches, legumes,

fruit-flavored beverages, tea, desserts, ice cream, and fats was not significant in both analysis of covariance (ANCOVA) and regression models. The noncitrus
fruit variable was significant only in the sex- and age-adjusted analysis, and the other vegetable variable was significant only in the multivariate-adjusted
ANCOVA (data not shown).

3 Adjusted for age, sex (male and female), race-ethnicity (non-Hispanic white, non-Hispanic black, and Mexican American), vitamin and supplement use
(yes or no), alcohol intake, smoking (serum cotinine), BMI, and serum creatinine.

4 Values are adjusted x� � SE. Mean comparisons were performed with the Tukey-Cramer test within the food and food group variable if that variable was
found significant in the ANCOVA for the Wald F test (P � 0.05). Means with different superscript letters are significantly different from each other within
the food and food group variable, P � 0.05 (Tukey-Cramer multiple-comparison test).

5 Regression coefficients � SE (regression analysis).
6 Effect of entire food and food group variable in the linear regression model (Wald F test).
7 Because of the small sample size, 2 groups were collapsed into 1 group.
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Another possible explanation is that the poor availability of folate
from citrus fruit and juices. Before dietary polyglutamate folate
is absorbed, it must be hydrolyzed into monoglutamate folate by
intestinal conjugase. It has been shown that organic acids such as
citric acid from citrus fruit or juices inhibit intestinal conjugase
by lowering the luminal pH (39).

Because vegetables differ in B vitamin content, it is not sur-
prising that the inverse association between tHcy and vegetables
was not uniform across the range of vegetables. We found an
inverse association only between the frequency of consumption
of pepper and cruciferous vegetables and serum tHcy. To our
knowledge only one population-based study looked at the asso-
ciation between vegetables and tHcy (21). Using data from the
Framingham Study, investigators reported that the consumption
of leafy vegetables, including broccoli (average 6.6 compared
with 0.3 times/wk), was associated with higher plasma folate and
lower tHcy concentrations (21). Dietary guidelines recommend
that Americans increase their vegetable consumption from a
variety of sources (40). One of the many benefits of vegetable
consumption is the increase in intakes of folate and other B
vitamins. Although different vegetables have different B vitamin
contents, pepper and cruciferous vegetables are generally good
sources of folate and other B vitamins. An inverse association
between the frequency of consumption of these vegetables and
serum tHcy is more likely due to the Hcy-lowering B vitamins

present in these vegetables. However, it is also possible that other
components in vegetables may affect tHcy.

Because methionine was positively related to circulating tHcy
(41) and was abundant in animal foods (42), we anticipated a
positive association between meats, seafood, and eggs and serum
tHcy. The lack of association between these foods and serum
tHcy is consistent with the observations made by Haulrik et al
(42). Besides being abundant in methionine, meats, seafood, and
eggs are good sources of riboflavin and vitamins B-6 and B-12.
Although speculative, the lack of association between protein-
rich foods and serum tHcy may be due to opposite effects of
methionine, riboflavin, and vitamins B-6 and B-12 on Hcy me-
tabolism. The lack of relation between the consumption of coffee
and serum tHcy agrees with the finding of the Atherosclerosis
Risk in Communities study (43) and contradicts with the Horda-
land Homocysteine Study (44). In a controlled study, coffee was
found to raise circulating tHcy concentrations when subjects
drank 1 L (�10–15 cups) paper-filtered coffee containing
�1100 mg caffeine (45). In our study, the reported average
frequency of coffee intake was �1 time/d (geometric x� � 31.8
times/mo). The lack of association between tHcy and coffee can
be explained by lower intakes of coffee in our study.

Although PLP is required for the transsulfuration of Hcy to
cysteine, we found no association between dietary vitamin B-6
and tHcy. Data on vitamin B-6 and tHcy have been equivocal (16,

TABLE 3
Serum total homocysteine (tHcy) concentrations by dietary intakes of folic acid, vitamins B-12 and B-6, and riboflavin in the third National Health and
Nutrition Examination Survey1

Vitamin

Sex- and age-adjusted analysis Multivariate-adjusted analysis2

Serum tHcy3 � � SE4 P for �5 Serum tHcy3 � � SE4 P for �5

�mol/L �mol/L
Folic acid (�g)

�149.3 (n � 1651) 10.5 � 0.2a

�0.0019 � 0.001 0.0051

10.3 � 0.2a

�0.0017 � 0.001 0.0044149.2 to �232.4 (n � 1447) 10.4 � 0.3a 10.4 � 0.3a

232.4 to �364.5 (n � 1465) 9.7 � 0.2b 9.6 � 0.2b

�364.5 (n � 1433) 9.0 � 0.2c 9.2 � 0.2b

Vitamin B-12 (�g)
�2.05 (n � 1595) 10.2 � 0.2

�0.0028 � 0.007 0.6988

10.1 � 0.2

�0.0035 � 0.006 0.58352.05 to �3.64 (n � 1534) 10.0 � 0.2 10.0 � 0.2
3.64 to �6.19 (n � 1480) 9.6 � 0.2 9.7 � 0.2
�6.19 (n � 1387) 9.7 � 0.2 9.6 � 0.2

Vitamin B-6 (mg)
�1.13 (n � 1564) 9.8 � 0.3

�0.0077 � 0.139 0.9557

9.8 � 0.3

0.0505 � 0.131 0.70031.13 to �1.73 (n � 1588) 10.0 � 0.2 10.0 � 0.2
1.73 to �2.5 (n � 1481) 9.8 � 0.2 9.8 � 0.2
�2.51 (n � 1363) 9.8 � 0.2 9.9 � 0.2

Riboflavin (mg)
�1.24 (n � 1760) 10.4 � 0.3

�0.3122 � 0.128 0.0150

10.4 � 0.3

�0.2851 � 0.129 0.02721.24 to �1.81 (n � 1598) 9.8 � 0.2 9.8 � 0.2
1.81 to �2.61 (n � 1371) 9.7 � 0.2 9.6 � 0.2
�2.61 (n � 1267) 9.6 � 0.2 9.6 � 0.2

1 n � 5996. Intakes of dietary vitamins were categorized into quartiles.
2 Adjusted for age, sex (male and female), race-ethnicity (non-Hispanic white, non-Hispanic black, and Mexican American), vitamin and supplement use

(yes or no), alcohol intake, smoking (serum cotinine), BMI, and serum creatinine.
3 Adjusted x� � SE. Mean comparisons were performed with the Tukey-Cramer test within the dietary vitamin intake variable if that variable was found

significant in the analysis of covariance for the Wald F test (P � 0.05). Means with different superscript letters are significantly different from each other within
the dietary intake variable, P � 0.05 (Tukey-Cramer multiple-comparison test).

4 Regression coefficient � SE (regression analysis).
5 Effect of entire dietary vitamin intake variable in the linear regression model (Wald F test).
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20, 46–48). Studies have shown that vitamin B-6 had no asso-
ciation with tHcy (20), an inverse association with tHcy in a
cross-sectional setting (16), and a tHcy-lowering effect in
riboflavin- and folate-replete subjects (46) after the ingestion of
a large dose (47) and after a methionine load (48). Our finding of
a null association between dietary vitamin B-12 and tHcy agrees
with the finding of the Framingham Offspring study (16) and
Dutch cohort studies (20). The lack of association between vita-
min B-12 and serum tHcy might be related to folate status (49).
The average folate intake in this study was 228.7 �g, which is
lower than the current recommendation of 400 �g. Although
folate intake in NHANES III was underestimated (50), dietary
folate intakes in the United States were substantially lower in the
prefolate fortification period than after folate fortification (50,
51). Quinlivan and Gregory (51) reported that sequential supple-
ments of 100, 200, and 400 �g folic acid/d diminished its asso-
ciation with tHcy but strengthened the association between tHcy
and vitamin B-12. Thus, one might expect either a weak associ-
ation or a lack of association between tHcy and vitamin B-12
when folate intakes are low.

It is important to note that the food-frequency consumption
data we used in this study was qualitative in nature and that the
portion sizes were not determined; hence, the quantification of
nutrients was not possible. Alternatively, the nutrient values for
B vitamins were derived from 24-h food recalls. The strength of
this study was that tHcy concentrations were adjusted for various
confounding variables. Hence, the observed variation in tHcy
may be related to differences in dietary intakes. It is not clearly
understood whether elevated circulating tHcy is the cause for the
development of vascular disease or is a marker for vascular
disease. However, evidence from this study lends support to the
importance of including dairy products, cold breakfast cereals,
and vegetables (especially peppers and cruciferous vegetables)
in one’s diet to maintain healthy tHcy concentrations. An in-
creased consumption of these foods will likely improve the in-
takes of several nutrients and result in Americans meeting their
dietary recommendations.

VG was responsible for the study design and for writing the manuscript.
MRK was responsible for data management and statistical analyses. The
authors received no financial support for this project and had no conflicts of
interest.
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