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Background: High intake of folate may reduce risk for
colon cancer, but the dosage and duration relations and
the impact of dietary compared with supplementary
sources are not well understood.
Objective: To evaluate the relation between folate intake and incidence of colon cancer.
Design: Prospective cohort study.
Setting: 88 756 women from the Nurses' Health Study
who were free of cancer in 1980 and provided updated
assessments of diet, including multivitamin supplement
use, from 1980 to 1994.
Patients: 442 women with new cases of colon cancer.
Measurements: Multivariate relative risk (RR) and 95% CIs
for colon cancer in relation to energy-adjusted folate intake.
Results: Higher energy-adjusted folate intake in 1980
was related to a lower risk for colon cancer (RR, 0.69 [95%
CI, 0.52 to 0.93] for intake >400 /ig/d compared with
intake <200 ^g/d) after controlling for age; family history
of colorectal cancer; aspirin use; smoking; body mass; physical activity; and intakes of red meat, alcohol, methionine,
and fiber. When intake of vitamins A, C, D, and E and
intake of calcium were also controlled for, results were
similar. Women who used multivitamins containing folic
acid had no benefit with respect to colon cancer after 4
years of use (RR, 1.02) and had only nonsignificant risk
reductions after 5 to 9 (RR, 0.83) or 10 to 14 years of use
(RR, 0.80). After 15 years of use, however, risk was markedly lower (RR, 0.25 [CI, 0.13 to 0.51]), representing 15
instead of 68 new cases of colon cancer per 10 000 women
55 to 69 years of age. Folate from dietary sources alone
was related to a modest reduction in risk for colon cancer,
and the benefit of long-term multivitamin use was present
across all levels of dietary intakes.
Conclusions: Long-term use of multivitamins may substantially reduce risk for colon cancer. This effect may be
related to the folic acid contained in multivitamins.
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olate is essential for regenerating methionine,
the methyl donor for DNA methylation, and for
producing the purines and pyrimidines required for
DNA synthesis. Inadequate availability of folate
may contribute to aberrations in DNA methylation
and may lead to abnormalities in DNA synthesis or
repair, either of which may influence colon carcinogenesis. Epidemiologic evidence, including that
from two prospective studies done in men (1, 2),
suggests that inadequate intake of folate may increase risk for colon cancer (3). Prospective data on
women are limited, but one case-control study
found a lower risk for colon cancer among women
who used supplements that contained folic acid (4).
Whether intake from dietary sources higher than
that considered adequate to avoid deficiency confers
additional benefits is unknown. In addition, the temporal relation between folate status and incidence
of colon cancer is unclear. In this report, we examine the temporal and dosage relations between intake of folate, both from supplements and from
foods, and risk for colon cancer in women in the
Nurses' Health Study. We pay particular attention
to the problem of possible confounding by multivitamin use.

Methods
Study Sample

The Nurses' Health Study began in 1976 when
121 700 U.S. female registered nurses 30 to 55 years
of age completed a mailed questionnaire on risk
factors for cancer and coronary heart disease (5).
Every 2 years, we update information and ask
women to report newly diagnosed cases of cancer.
In 1980, we used a semiquantitative food-frequency
questionnaire to establish a "dietary cohort." For
this analysis, we excluded women with implausibly
high or low scores for total energy intake; those
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who left 10 or more items blank on the foodfrequency questionnaire; and those who reported
previous cancer (other than nonmelanoma skin cancer), ulcerative colitis, or a familial polyposis syndrome. We also excluded women who provided incomplete information on aspirin and multivitamin
use in 1980. After exclusions, 88 756 women formed
the analytic cohort.
Dietary Assessment

The 1980 semiquantitative food-frequency questionnaire (6, 7) included items on 61 foods and
beverages plus vitamin and mineral supplements.
Similar but expanded questionnaires were administered in 1984, 1986, and 1990. Current multivitamin
use was assessed in each biennial questionnaire
from 1980 to 1992. We also asked about the brands
and types of breakfast cereal and multivitamins typically used, and we asked women who were current
multivitamin users in 1980 to state how many years
they had been taking multivitamin supplements. For
each food listed, a commonly used unit or portion
size was specified. Each woman was asked how often over the past year, on average, she had consumed that amount of each food; she could choose
from nine possible responses. We computed nutrient intakes by multiplying the consumption frequency of each unit of every food by the nutrient
content of the specified portions by using composition values from U.S. Department of Agriculture
sources (8) supplemented with other data, including
data on specific brands and types of multivitamins
and breakfast cereal.
In addition to giving information on diet, participants provided information on age, weight, height,
smoking history, physical activity, aspirin use, colonoscopy or sigmoidoscopy, and parental history of
colorectal cancer.
Identification of Cases of Colon Cancer

When a woman (or next of kin for decedents)
reported a diagnosis of colon or rectal cancer, we
asked for permission to obtain hospital records and
pathology reports. The responses to the follow-up
questionnaires accounted for 96% of potential personyears through the end of the follow-up period (June
1994). Most deaths were reported by family members or the postal system in response to the followup questionnaires or were identified through the
National Death Index (9). A study physician who
was blinded to exposure information reviewed medical records and extracted pertinent data. We confirmed a total of 655 new cases of colorectal adenocarcinoma (excluding carcinoma in situ). Of
these, 442 were in the colon (218 in the proximal
colon [cecum to splenic flexure] and 224 in the
518

distal colon), 143 were in the rectum, and 70 were
at undetermined sites.
Data Analysis

We analyzed total, supplementary, and dietary
intake of folate in relation to risk for colon cancer.
Because risk factors for rectal cancers may differ,
we did not consider them in the major analyses but
report results for them separately. We conducted
additional analyses for total colon cancer, including
cases of colorectal cancer for which subsite information was unavailable (these cases may have included some cases of rectal cancer), colorectal cancer, proximal colon cancer, and distal colon cancer.
We first examined total and dietary intake of
folate in 1980 in relation to risk for colon cancer in
the period from 1980 to 1994. Then, to examine the
potential time lag between folate intake and risk for
colon cancer, we computed the time elapsed since
the start of use of multivitamin supplements containing folic acid and updated this variable every 2
years on the basis of the brand and type of multivitamins used and the frequency of multivitamin use
reported biennially from 1980 to 1992. For example,
if a woman began using multivitamin supplements
in 1976, she was considered a user of 4 years in
1980 and a user of 6 years in 1982. Before 1973, 100
fig of folic acid was the maximum dose allowed in
supplements according to U.S. Food and Drug Administration (FDA) regulations, and many supplement formulations at that time did not contain folic
acid. Thus, we considered 1973 (when doses of 400
fig were first allowed [10]) to be the earliest possible starting point. Although our analysis of duration
of use did not require that users report multivitamin
consumption on each questionnaire, multivitamin
use tended to be consistent. For example, 70% of
women who had 15 or more years of use reported
multivitamin use on most questionnaires, and 75%
of women using multivitamins in 1980 also took
multivitamins in 1992.
Our basic model included variables suspected to
be related to risk for colon cancer, including cigarette smoking before age 30 years; family history of
colorectal cancer; physical activity level; body mass
index (kg/m2); aspirin use; and intakes of red meat
(beef, pork, or lamb as a main dish), alcohol, and
fiber. Intakes of folate, methionine, and other nutrients were adjusted for total energy intake by using residual analysis (11). We used all variables as
assessed in 1980 with the exception of age, which
was updated biennially. In additional models, we
considered intake of total and saturated fat; intake
of calcium; intake of vitamins A, C, D, and E; postmenopausal estrogen use; and history of endoscopic
screening.
Women were followed from the month in 1980 in
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Table 1 . Age-Standardized Characteristics According to Folate Intake in 1980 in Participants in the Nurses' Health Study*
Characteristic

Folate Intake in 1980
<200 /ig/d

Participants, n
Mean age, y
Total folate, /xgt
Dietary folate, yjg
Aspirin use, %
Family history of colon cancer, %
Body mass index, kg/m2
Mean pack-years of smoking before age 30 years
Participants in top quartile of physical activity, %
Daily intake
Saturated fat, g
Cholesterol, mg
Dietary fiber, g
Alcohol, g
Methionine, g
Vitamin A, IU
Vitamin C, mg
Vitamin D, IU
Calcium, mg
Beef, pork, or lamb as a main dish, servings/wk

21 272
51.4
161
161
2.0
29.5
9.2
24.3
4.5
25.5

>400 /Lig/d

201-300 /ttg/d

301-400 /xg/d

28 773
52.7
253
253
1.6
24.5
8.2
24.1
4.6
25.6

12 857
53.4
342
329
9.1
40.4
12.4
23.1
3.1
25.0

25 854
52.9
676
334
86.3
34.7
10.4
23.8
4.3
24.8

26.7
340
22.0
7.9
2.00
17 126
397
194
755
2.4

25.7
349
18.3
7.0
1.97
17214
446
547
767
1.9

26.8
315
17.3
9.4
1.82
9410
380
160
694
2.1

31.3
316
11.3
9.5
1.78
7092
160
198
683
2.9

* All factors except age were standardized to the age distribution of the entire cohort.
t Folate and all nutrients were adjusted for total energy intake by using residual analysis.
* Percentage.

which they responded, and they accumulated persontime until the month of diagnosis, the month of
death from other causes, or June 1994. We used the
Mantel-Haenszel summary estimator to adjust for
age (across 5-year categories). For multivariate
analyses, we used pooled logistic regression, which
accounts for varying time to the outcome event (12)
and is asymptotically equivalent to a Cox regression
model with time-dependent covariates, given short
time intervals and a low probability of outcome
(13). A participant contributed up to seven observations based on seven 2-year periods from 1980 to
1994; if a woman received a diagnosis of colon
cancer or died of any cause, the subsequent 2-year
periods were censored. Each 2-year set of observations contributed by each participant was pooled in
the logistic regression analysis.
We tested for trends, controlling for multiple
covariates by modeling the specific exposure as a
continuous variable in a logistic model that included
the covariates. All reported P values are two-sided.
Results

We examined, by level of folate intake in 1980,
the distribution of various factors possibly related to
colon cancer (Table 1). The first three categories of
folate intake reflected primarily dietary sources,
whereas 86.3% of women with intake exceeding 400
jutg/d used multivitamin supplements. The group
with the second-highest intake, of which 9.1% took
supplements, had the highest frequency of aspirin
use, the lowest average body mass index, the lowest
frequency of cigarette use in young adulthood, and

the highest intake of dietary fiber. Alcohol use decreased with increasing folate intake. In multivariate
models, we adjusted for these factors in addition to
strong predictors of colon cancer (physical activity,
red meat, and methionine) in this population.
In 1986, we assessed erythrocyte folate level in
a subsample of 188 women. When we used the 1980
questionnaire to categorize folate intake, the mean
erythrocyte folate level was 302 ng/mL for folate intake of 200 /jtg/d or less (n = 37), 348 ng/mL
for intake of 201 to 300 /Ltg/d (n = 67); 346 ng/mL for
intake of 301 to 400 /utg/d (n = 41); and 387 ng/mL
for intake of more than 400 /ig/d (n = 43). The
lowest erythrocyte levels in these four intake categories were 168, 197, 209, and 217 ng/mL, respectively; all were within the normal range (normal
range > 150 ng/mL). The first three categories primarily represented dietary sources of folate; intake
of more than 400 /ig usually reflected supplement
use. Among multivitamin users, the daily supplementary dose of folic acid was 100 pig or more for
97% of users, 200 /xg or more for 87% of users, and
400 jLtg or more for 69% of users.
Higher total intake of folate in 1980 was related
to a lower risk for colon cancer (Table 2). The
age-adjusted and multivariate analyses (including
age; aspirin use; physical activity; body mass index;
pack-years of smoking before age 30 years; family
history of colorectal cancer; intake of beef, pork, or
lamb as a main dish; and intake of alcohol, fiber,
and methionine) yielded similar results. Results
were almost identical when we included 70 cases of
large-bowel cancer of unknown site (relative risk
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Table 2.

Relative Risk for Colon Cancer According t o Folate Intake from Dietary and Supplementary Sources in the
Nurses' Health Study (1980-1994)

Variable

P for Trend*

Folate Intake in 1980

Person-years
Cases, n
Relative riskt
Relative risk (95% CI)*

<200 /ig/d

201-300 /utg/d

301-400 /Lig/d

>400 jxg/d

291 318
114
1.0
1.0

394 161
158
0.92
0.92(0.70-1.19)

176 373
64
0.79
0.79(0.56-1.12)

353 540
106
0.67
0.69 (0.52-0.93)

0.01

* Test for trend based on folate as a continuous variable in the multivariate model,
t Age-adjusted relative risk for energy-adjusted folate intake.
* After controlling for age (5-year categories); aspirin use (yes/no); physical activity (quintiles); body mass index (five categories); pack-years of smoking before age 30 years (four
categories); family history of colorectal cancer (yes/no); intake of beef, pork, or lamb as a main dish (6 categories); and intake of alcohol (continuous), fiber (quintiles), and methionine
(quintiles).

[RR], 0.69 [95% CI, 0.52 to 0.91] for intake of more
than 400 /utg/d compared with intake of 200 /xg/d or
less; P for trend = 0.005). Further adjustment for
total and saturated fat intake, postmenopausal estrogen use, and history of endoscopic screening did
not change our results appreciably (data not shown).
We next examined nutrients other than folate
that are present in multivitamin supplements. In five
models that included age; folate intake; intake of
vitamins A, E, C, and D; and intake of calcium,
total folate intake remained inversely associated
with risk for colon cancer (P for trend for folate = 0.0006, 0.02, 0.02, 0.06, and 0.003, modeling
for vitamins A, E, C, and D and calcium, respectively). In contrast, after adjustment for folate intake, none of these nutrients was significantly related to risk for colon cancer (P = 0.15 for vitamin
A [positive trend], P > 0.2 for vitamin E, P > 0.2
for vitamin C, P > 0.2 for vitamin D, and P > 0.2
for calcium).
The relation between folate intake in 1980 and
subsequent risk for colon cancer varied by time; an
inverse association was limited primarily to the latter part of the follow-up period. For June 1980 to

Figure. Relative risk for colon cancer according to years since the
start of use of multivitamins containing folic acid in the Nurses'
Health Study (1980 to 1994). Age; aspirin use; physical activity; body
mass index; pack-years of smoking before age 30 years; family history of
colorectal cancer; intake of beef, pork, or lamb as a main dish; and intake of
alcohol, fiber, and methionine were controlled for. Vertical bars represent
95% CIs.
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May 1988 (214 cases), the multivariate relative risk
was 0.85 (CI, 0.56 to 1.30) for intake greater than
400 /xg/d compared with intake of 200 /utg/d or less
(P for trend > 0.2); for June 1988 to May 1994 (228
cases), the multivariate relative risk was 0.56 (CI,
0.37 to 0.84) (P for trend = 0.006). We further examined temporal relations by considering onset of
use of multivitamin supplements containing substantial amounts of folate; these data were based on
responses to the duration-of-use question in 1980
and was updated biennially. As the Figure shows,
women who used multivitamins had no benefit with
respect to colon cancer after 4 years of use (RR,
1.02 [CI, 0.75 to 1.35]) and had only nonsignificant
risk reductions after 5 to 9 years (RR, 0.83 [CI, 0.64
to 1.09]) and 10 to 14 years of use (RR, 0.80 [CI,
0.61 to 1.05]). After 15 years of use, however, risk
for colon cancer was markedly lower (RR, 0.25 [CI,
0.13 to 0.51]). Among supplement users only, the P
value for the trend of decreasing risk over time with
multivitamin use was 0.0003. Directly on the basis of
our data, we computed 68 new cases of colon cancer per 10 000 women 55 to 69 years of age over a
10-year period compared with 15 cases per 10 000
women 55 to 69 years of age who had used multivitamins for at least 15 years.
Because FDA regulations limited the amount of
folic acid contained in multivitamin supplements to
100 /tig before 1973, the longest possible duration of
use of supplements containing 400 jug of folic acid
by 1988 was 15 years. Thus, the category of 15 years
of use or more was limited to follow-up time after
1988. We therefore analyzed years since the start of
multivitamin use in the follow-up period 1988 to
1994 and found results nearly identical to those
found when we used the person-time of the entire
follow-up period (multivariate RR, 0.29 [CI, 0.15 to
0.56]; P < 0.001; P value for trend < 0.001).
The lower risk for colon cancer seen after 15
years of multivitamin use was observed for proximal
(multivariate RR, 0.16 [CI, 0.06 to 0.52]) and distal
(RR, 0.37 [CI, 0.15 to 0.90]) colon cancer. However,
long-term multivitamin use did not influence risk
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for rectal cancer (RR, 1.27 [CI, 0.67 to 2.46]). Because of the null association with rectal cancer, the
inverse association of total colorectal cancer with at
least 15 years of multivitamin use was attenuated
compared with the association of colon cancer alone
with at least 15 years of use statistically, but it
remained significant (RR, 0.53 [CI, 0.35 to 0.80];
P = 0.003).
For folate obtained from food only, a nonsignificant inverse association from 1988 to 1994 was
noted when long-term (>15 years) supplement users were excluded (Table 3). However, long-term
multivitamin use was associated with a substantially
lower risk for colon cancer across all levels of dietary folate. Women with low dietary folate intake
(<200 /utg/d) seemed to benefit most from supplementary folate (RR, 0.15). We used only the follow-up period 1988 to 1994 in this analysis because
supplement use of 15 years or more (as defined
here) could only begin in 1988, and our goal was to
keep the six categories of dietary folate by supplement use comparable (Table 3).
Because low methionine intake may increase folate requirements, we examined whether an interaction between methionine and folate was evident
with regard to risk for colon cancer. On the basis of
folate intake in 1980, the apparent benefit of folate
was limited to women in the lower half of methionine intake (Table 4). The P value for statistical
interaction between folate and methionine (assessed
by including the product of folate and methionine in
a model with these individual nutrients) was 0.005;
a similar interaction was noted between methionine
intake and dietary folate, excluding supplement users (P = 0.02). Among women with low methionine
intake, a significant inverse association between colon cancer and dietary folate was noted (P for
trend = 0.04).
Discussion

Our results indicate that using multivitamin supplements for 15 or more years may decrease risk for
colon cancer by about 75%; the data are consistent
T a b l e 3.

with the hypothesis that folate intake is the principal nutritional factor associated with risk reduction.
The CIs are also consistent with a substantially
weaker benefit. A reduction of 20% was suggested
after 5 years, but a larger study is needed to confirm
this finding. Controlling for various known and suspected risk factors for colon cancer did not alter
this relation. An unconsidered correlate of folate
intake could have accounted for our findings, but
most of the covariates associated with "health-seeking
behavior" that we examined did not have a simple
linear correlation with folate intake. Although the
prevalence of presumably health-seeking behaviors
(lower body mass index, lower prevalence of smoking, lower intake of saturated fat, and higher intakes
of fiber and aspirin) corresponded more closely to
dietary folate intake (up to 400 jLtg/d, mostly from
fruits and vegetables), the lowest risk for colon cancer was seen among women taking multivitamin
supplements (Table 1).
Because the highest folate intakes were due primarily to multivitamin supplement use, a component of multivitamin use other than folate may have
accounted for our findings. However, because other
nutrients in multivitamins that may be protective
tended to come from diverse dietary sources, these
could be distinguished from folate by using multivariate models. For example, vitamin D and folic
acid are both present in most brands of multivitamin supplements, but dietary sources of these nutrients differ. When folate and vitamin D were modeled together, an inverse association with colon
cancer existed for folate (RR, 0.75 [CI, 0.53 to
1.05]; P for trend = 0.06) but not for vitamin D
(RR, 0.86 [CI, 0.60 to 1.28]; P for trend > 0.2).
Moreover, the trend toward protection was seen
over the entire range of folate intake (Table 2),
whereas supplement users were mostly in the top
category; this finding suggests that both dietary and
supplemental intakes were beneficial.
Our findings support recent studies that have
examined folate in relation to risk for colon cancer.
Four case-control studies have found a higher risk

Relative Risk for Colon Cancer According t o Duration of Use of Multivitamin Supplements Containing Folic Acid
and Energy-Adjusted Dietary Folate Intake in the Nurses' Health Study (1988-1994)

Variable

Nonusers or women using supplements for < 15 years
Cases/per:son-years
Relative ri:sk (95% CI)*
Women usirig supplements for > 15 years
Cases/per:son-years
Relative ri:sk ( 9 5 % CI)*

Dietary Folate Intake in 1980
<200*i,g/d

201-300 /ag/d

>300 ^g/d

67/143 155
1.0

99/203 410
0.96 (0.70-1.32)

53/119 952
0.82 (0.56-1.20)

1/13 502
0.15 (0.02-1.02)

6/25 860
0.44(0.19-1.02)

2/17 510
0.21 (0.05-0.84)

* After contro lling for age; aspirin use; physical activity; body mass index; pack-years of smoking before age 30 years; family history of colorectal cancer; intake of beef, pork, or lamb
as a main diish; and intake of alcohol and methionine.
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Table 4.

Relative Risk for Colon Cancer According to Intakes of Total Folate and Methionine in 1980 in the Nurses'
Health Study
P for Trend*

kein 1980

Methionine intake <1.8 g/d
Cases/person-years
Relative risk (95% Cl)t
Methionine intake >1.8 g/d
Cases/person-years
Relative risk (95% Cl)t

<200 ixg/6

201-300 txg/d

301-400 /ig/d

>400 /xg/d

84/184 496
1.0

89/214 526
0.81 (0.59-1.11)

26/84 503
0.57 (0.36-0.90)

42/174 528
0.48(0.33-0.71)

<0.001

30/102 027
0.57 (0.37-0.87)

68/181 415
0.66 (0.47-0.92)

39/93 874
0.70(0.47-1.06)

64/180 023
0.62 (0.44-0.88)

>0.2

* Test for trend based on separate models stratified by methionine level.
t After controlling for age; aspirin use; physical activity; body mass index; pack years of smoking before age 30 years; family history of colorectal cancer; intake of beef, pork, or lamb
as a main dish; and intake of alcohol and fiber.

for colon cancer among persons with low folate
intake (14-17). Evidence from four prospective
studies provides relevant information: Three of
these studies (1, 2), including our current study,
support an inverse association between higher folate
intake and lower risk for cancer, and the other (18),
which did not have comprehensive dietary data,
showed an inverse association between plasma folate levels and risk for colon cancer. One casecontrol study found that folic acid from multivitamin supplements was associated with half the risk
for colon cancer (4). In the Health Professionals
Follow-up Study, men who used supplements for
more than 10 years had a moderately reduced risk
for colon cancer (multivariate RR, 0.74 [CI, 0.47 to
1.17]), particularly distal colon cancer (RR, 0.62
[CI, 0.32 to 1.31]). Low dietary or erythrocyte folate
levels have also been associated with an increased
risk for colon adenomas (19-24).
Approximately one quarter of Americans began
consuming an additional 400 jig of folic acid daily
from vitamin supplements or fortified breakfast cereals in 1973 (when use of this amount of folic acid
was first allowed) or soon thereafter (10). Of note,
an unexplained sharp reduction in colorectal cancer
incidence occurred in white persons in the United
States in the late 1980s (25). In our cohort, risk for
colon cancer decreased in the latter half of the
1980s among women who had been using supplements with folic acid since 1973. Some have speculated that increased use of sigmoidoscopy and fecal
occult blood tests (triggering colonoscopy and leading to removal of precancerous lesions) played a
role in this decline in colon cancer incidence (25).
In our population, however, the percentage of
women who had had endoscopy by 1988 was identical (18.9%) for both long-term (>15 years) supplement users and other women. Moreover, the reduction in risk was, if anything, stronger for
proximal cancers, whereas a benefit from sigmoidoscope screening should be largely limited to the
distal colon. The potential role of folic acid status in
altering population rates of colon cancer warrants
522

further study. In addition, the effect of this secular
reduction in colon cancer rates, which may be related to multivitamin supplement use, needs to be
considered when results from studies of other etiologic factors (for example, aspirin use [26]) conducted in the United States in the 1980s are interpreted.
At the time of this study, the recommended daily
allowance of folate for women was 180 /txg (27);
recently, this was increased to 400 /xg. Folate supplementation was beneficial for women with relatively high dietary intake of folate (>300 juig/d). Few
women were likely to have frank folate deficiency;
none of the 188 women in our sample was clinically
deficient. As seems to be the case for prevention of
neural tube defects (28), folate levels higher than
those needed to prevent anemia may be required to
minimize risk for colon cancer. Of concern, the
prevalence of folate deficiency is higher in the general population (29-31); 88% of the population
have folate intake less than 400 jmg/d (27), although
folate status should improve because of the current
fortification of cereal-grain products (32).
The inverse association between colon cancer
and folate was stronger with supplemental folate
than with dietary folate. This may reflect the high
level of folic acid in a typical supplement (400 /utg)
and the high bioavailability of supplementary folate
(folic acid or pteroyl-monoglutamic acid). In contrast, polyglutamyl folate from foods must be deconjugated to the monoglutamyl form in the intestine
before absorption and thus has substantially lower
bioavailability (33). In a recent small intervention
study in women, erythrocyte folate levels increased
significantly over 3 months in response to 400 /ig of
folic acid from supplements or fortified foods but
not from an additional 400 i±g of dietary folate (34).
Thus, although foods naturally high in folate may
provide other beneficial micronutrients, consumption of these foods is probably less effective than
use of supplements and fortified foods in enhancing
folate status.
The mechanisms whereby folate may reduce car-
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cinogenesis are unclear. Different endogenous forms
of folate, 5-methyl tetrahydrofolate and 5,10-methylene tetrahydrofolate, are essential for DNA methylation and DNA synthesis, respectively. When levels
of 5,10-methylene tetrahydrofolate are low, misincorporation of uracil for thymidine may occur during DNA synthesis (35), possibly increasing spontaneous mutation rates (36), sensitivity to DNAdamaging agents (37), frequency of chromosomal
aberrations (38, 39), and errors in DNA replication
(39-41). In a recent study (42), folate deficiency
was related to the massive incorporation of uracil
into human DNA and to increased chromosomal
breaks, and these processes returned to normal
when participants received folic acid supplementation. When methionine intake is low, levels of Sadenosylmethionine decrease; this stimulates the enzyme methylene tetrahydrofolate reductase (MTHFR)
to convert 5,10-methylene tetrahydrofolate to 5-methyl
tetrahydrofolate, which is required for methionine
synthesis. If compensatory production of methionine
is hindered by an insufficient 5-methyl tetrahydrofolate level, the methyl supply for DNA methylation
may be inadequate. Hypomethylation of DNA is one
of the earliest events in colon carcinogenesis (43-48),
although whether DNA methylation directly influences the process remains unproven. Recent findings in two cohorts (18, 49) show that homozygotes
bearing a polymorphism of the MTHFR gene
(677C—»T; alanine-to-valine), which correlates with
reduced enzyme activity (50, 51), have a lower risk
for colon cancer, possibly because low activity of
this enzyme maintains high cellular levels of 5,10methylene tetrahydrofolate. This relation between a
functional polymorphism of this folate-metabolizing
gene and risk for colon cancer provides independent
evidence of a role of folate that cannot be attributed to confounding by a correlate of folate intake.
Strengths of our study include its prospective design, repeated assessments of diet and multivitamin
use, validation of folate intake with a biochemical
marker, detailed data on many potential confounders, and high follow-up response rate. Nevertheless,
because this was an observational rather than a
randomized study, we cannot definitively attribute
our results to folate. However, several of our findings suggest that folate is the relevant nutrient;
these findings include 1) the fact that that dietary
and supplementary folate combined to produce an
inverse linear dose-response relation with colon
cancer; 2) the lack of confounding from considered
variables; 3) the biologically predicted interaction
with methionine intake; and 4) the strength of the
association, particularly with long-term multivitamin
use. Residual confounding from imperfect measurement of the considered variables is plausible but
unlikely, given the similar results of the age-ad-

justed and the multivariate models (Table 2). The
most plausible alternative explanation of our findings (other than causality) is uncontrolled confounding from a nutrient or nutrients in multivitamin
supplements. The strong evidence of benefit from
multivitamins, whether or not it is ultimately attributable to folic acid, is of interest in itself. Definitive
proof of a benefit of folic acid may require a randomized, double-blind clinical trial.
Another limitation of our study is that folate
intake is assessed with error. Although folate intake
based on questionnaire responses predicts erythrocyte folate levels, some degree of measurement error is inevitable. When reporting errors are independent of outcome, as they are likely to be in our
study because of its prospective design, their tendency is to bias results toward the null. Thus, measurement error is unlikely to account for the inverse
association but may artifactually narrow the observed CI (52).
A further limitation is our inability to assess folic
acid obtained from multivitamins before 1973; this
inability compelled us to assume that exposure to
folic acid from multivitamins was initiated in 1973
even among women who were using multivitamins
before this year. This assumption seems reasonable
because the allowable limit of folic acid was only
100 jug and numerous multivitamin formulations before 1973 did not include folic acid. The major
impact of any inaccuracies induced by this assumption would be that we may have underestimated the
induction period between onset of multivitamin use
and reduced risk for colon cancer. For example, a
woman who began using multivitamins in 1968 may
have derived some benefit from that point on, but
we would have started counting her multivitamin
exposure at 1973 rather than 1968, essentially ignoring the 5 additional years of exposure.
Folate has been shown to protect against neural
tube defects and possibly cardiovascular disease by
decreasing homocysteine levels (53). A previous report from the Nurses' Health Study (54) indicated
that folate and multivitamin use were related to
lower risk for coronary heart disease. Further study
and resolution of the relation between folic acid
intake and risk for colon cancer would contribute to
the ongoing debate over the value of increasing
folate intake in the general population.
From Brigham and Women's Hospital, Harvard Medical School,
and Harvard School of Public Health, Boston, Massachusetts.
Acknowledgments: The authors thank the participants in the
Nurses' Health Study for their dedication and commitment. They
also thank Gary Chase, Karen Corsano, Lisa Dunn, Barbara
Egan, Stefanie Parker, Mark Shneyder, Lori Ward, and Kathleen
Markham for their expert and unfailing assistance.

1 October 1998 • Annals of Internal Medicine • Volume 129 • Number 7

Downloaded From: http://annals.org/ by a University of California San Diego User on 12/21/2016

523

Grant Support: In part by research grant CA 40356 from the
National Institutes of Health.
Requests for Reprints: Edward Giovannucci, MD, ScD, Channing
Laboratory, 181 Longwood Avenue, Boston, MA 02115.
Current Author Addresses: Drs. Giovannucci, Stampfer, Colditz,
Hunter, Fuchs, Rosner, Speizer, and Willett: Channing Laboratory, 181 Longwood Avenue, Boston, MA 02115.

References
1. Glynn SA, Albanes D, Pietinen P. Brown CC, Rautalahti M f Tangrea JA,
et al. Colorectal cancer and folate status: a nested case-control study among
male smokers. Cancer Epidemiol Biomarkers Prev. 1996;5:487-94.
2. Giovannucci E, Rimm EB, Ascherio A, Stampfer MJ, Colditz GA, Willett
WC. Alcohol, low-methionine-low-folate diets, and risk of colon cancer in
men. J Natl Cancer Inst. 1995;87:265-73.
3. Glynn S, Albanes D. Folate and cancer: a review of the literature. Nutr
Cancer. 1994;22:101-19.
4. White E, Shannon JS, Patterson RE. Relationship between vitamin and
calcium supplement use and colon cancer. Cancer Epidemiol Biomarkers Prev.
1997;6:769-74.
5. Willett WC, Stampfer MJ, Colditz GA, Rosner BA, Hennekens CH,
Speizer FE. Dietary fat and the risk of breast cancer. N Engl J Med. 1987;
316:22-8.
6. Willett WC, Sampson L, Stampfer MJ, Rosner B, Bain C, Witschi J, et
al. Reproducibility and validity of a semiquantitative food frequency questionnaire. Am J Epidemiol. 1985;122:51-65.
7. Colditz GA, Willett WC, Stampfer MJ, Sampson L, Rosner B, Hennekens CH, et al. The influence of age, relative weight, smoking, and alcohol
intake on the reproducibility of a dietary questionnaire. Int J Epidemiol. 1987;
16:392-8.
8. U.S. Department of Agriculture. Composition of foods—raw, processed,
and prepared, 1963-1988. Agricultural Handbook No. 8 Series. Washington,
DC: Department of Agriculture, US Gov Pr Office; 1989.
9. Stampfer MJ, Willett WC, Speizer FE, Dysert DC, Lipnick R, Rosner B,
et al. Test of the National Death Index. Am J Epidemiol. 1984;119:837-9.
10. U.S. Food and Drug Administration. Statement of general policy or interpretation. Subchapter B-food and food products, part 121-food additives.
Federal Register. 1973;38:20725-6.
11. Willett WC, Stampfer MJ. Total energy intake: implications for epidemiologic analyses. Am J Epidemiol. 1986;124:17-27.
12. Cupples LA, D'Agostino RB, Anderson K, Kannel WB. Comparison of
baseline and repeated measure covariate techniques in the Framingham Heart
Study. Stat Med. 1988;7:205-22.
13. D'Agostino RB, Lee ML, Belanger AJ, Cupples LA, Anderson K, Kannel
WB. Relation of pooled logistic regression to time dependent Cox regression
analysis: the Framingham Heart Study. Stat Med. 1990;9:1501-15.
14. Benito E, Stiggelbout A, Bosch FX, Obrador A, Kaldor J, Mulet M, et
al. Nutritional factors in colorectal cancer risk: a case-control study in Majorca. Int J Cancer. 1991;49:161-7.
15. Meyer F, White E. Alcohol and nutrients in relation to colon cancer in
middle-aged adults. Am J Epidemiol. 1993;138:225-36.
16. Ferraroni M, La Vecchia C, D'Avanzo B, Negri E, Franceschi S, Decarli
A. Selected micronutrient intake and the risk of colorectal cancer. Br J Cancer.
1994;70:1150-5.
17. Freudenheim JL, Graham S, Marshall JR, Haughey BP, Cholewinski S,
Wilkinson G. Folate intake and carcinogenesis of the colon and rectum. Int
J Epidemiol. 1991;20:368-74.
18. Ma J, Stampfer M, Giovannucci E, Artigas C, Hunter DJ, Fuchs C, et al.
Methylenetetrahydrofolate reductase polymorphism, dietary interactions, and
risk of colorectal cancer. Cancer Res. 1997;57:1098-102.
19. Bird CL, Swendseid ME, Witte JS, Shikany JM, Hunt IF, Frankl HD, et
al. Red cell and plasma folate, folate consumption, and the risk of colorectal
adenomatous polyps. Cancer Epidemiol Biomarkers Prev. 1995;4:709-14.
20. Tseng M, Murray SC, Kupper LL, Sandler RS. Micronutrients and the risk
of colorectal adenomas. Am J Epidemiol. 1996;144:1005-14.
21. Giovannucci E, Stampfer MJ, Colditz GA, Rimm EB, Trichopolous D,
Rosner BA, et al. Folate, methionine, and alcohol intake and risk of colorectal adenoma. J Natl Cancer Inst. 1993;85:875-84.
22. Benito E, Cabeza E, Moreno V, Obrador A, Bosch FX. Diet and colorectal
adenomas: a case-control study in Majorca. Int J Cancer. 1993;55:213-9.
23. Paspatis GA, Kalafatis E, Oros L, Xourgias V, Koutsioumpa P, Karamanolis D. Folate status and adenomatous colonic polyps. A colonoscopically
controlled study. Dis Colon Rectum. 1995;38:64-7.
24. Baron JA, Sandler RS, Haile RW, Mandel JS, Mott LA, Greenberg ER.
Folate intake, alcohol consumption, cigarette smoking, and risk of colorectal
adenomas. J Natl Cancer Inst. 1998;90:57-62.

524

25. Chu KC, Tarone RE, Chow W H , Hankey BF, Ries LA. Temporal patterns
in colorectal cancer incidence, survival, and mortality from 1950 through
1990. J Natl Cancer Inst. 1994;86:997-1006.
26. Sturmer T, Glynn RJ, Lee I M , Manson JE, Buring JE, Hennekens CH.
Aspirin use and colorectal cancer: post-trial follow-up data from the Physicians' Health Study. Ann Intern Med. 1998;128:713-20.
27. Subar AF, Block G, James LD. Folate intake and food sources in the US
population. Am J Clin Nutr. 1989;50:508-16.
28. Kirke PN, Molloy A M , Daly LE, Burke H, Weir DG, Scott JM. Maternal
plasma folate and vitamin B12 are independent risk factors for neural tube
defects. Q J Med. 1993;86:703-8.
29. Bailey L, Wagner P, Christakis G, Davis C. Folacin and iron status of
adolescents from low-income rural households. Nutr Res. 1982;2:397-407.
30. Senti FR, Pilsch SM. Analysis of folate data from the second National Health
and Nutrition Examination Survey (NHANES II). J Nutr. 1985;115:1398-402.
31. Sauberlich H. Evaluation of folate nutrition in population groups. In: Picciano
MF, Stokstad EL, Gregory JF 3d, eds. Folic Acid Metabolism in Health and
Disease. New York: Wiley-Liss; 1990:211-35.
32. Prevention of neural tube defects: results of the Medical Research Council
Vitamin Study. MRC Vitamin Study Research Group. Lancet. 1991;338:131-7.
33. Gregory JF 3d. Bioavailability of folate. Eur J Clin Nutr. 1997;51(Suppl 1):
S54-9.
34. Cuskelly GJ, McNulty H, Scott JM. Effect of increasing dietary folate on
red-cell folate: implications for prevention of neural tube defects. Lancet.
1996;347:657-9.
35. Wickramasinghe S, Fida S. Bone marrow cells from vitamin B12- and folatedeficient patients misincorporate uracil into DNA. Blood. 1994;83:1656-61.
36. Weinberg G, Ullman B, Martin DW Jr. Mutator phenotypes in mammalian
cell mutants with distinct biochemical defects and abnormal deoxyribonucleoside triphosphate pools. Proc Natl Acad Sci U S A . 1981;78:2447-51.
37. Meuth M. Role of deoxynucleoside triphosphate pools in the cytotoxic and
mutagenic effects of DNA alkylating agents. Somatic Cell Genet. 1981;7:89102.
38. Sutherland GR. The role of nucleotides in human fragile site expression.
Mutat Res. 1988;200:207-13.
39. Fenech M, Rinaldi J. The relationship between micronuclei in human lymphocytes and plasma levels of vitamin C, vitamin E, vitamin B12, and folic acid.
Carcinogenesis. 1994;15:1405-11.
40. Hunting DJ, Dresler SL. Dependence of u.v.-induced DNA excision repair on
deoxyribonucleoside triphosphate concentrations in permeable human fibroblasts: a model for the inhibition of repair by hydroxyurea. Carcinogenesis.
1985;6:1525-8.
4 1 . James SJ, Basnakian AG, Miller BJ. In vitro folate deficiency induces deoxynucleotide pool imbalance, apoptosis, and mutagenesis in Chinese hamster ovary cells. Cancer Res. 1994;54:5075-80.
42. Blount BC, Mack M M , Wehr CM, MacGregor JT, Hiatt RA, Wang G, et
al. Folate deficiency causes uracil misincorporation into human DNA and
chromosome breakage: implications for cancer and neuronal damage. Proc
Natl Acad Sci U S A . 1997;94:3290-5.
43. Cravo M, Fidalgo P, Pereira A, Gouveia-Oliveira A, Chaves P, Selhub J,
et al. DNA methylation as an intermediate biomarker in colorectal cancer:
modulation by folic acid supplementation. Eur J Cancer Prev. 1994;3:473-9.
44. Feinberg AP, Vogelstein B. Hypomethylation distinguishes genes of some
human cancers from their normal counterparts. Nature. 1983;301:89-92.
45. Goelz SE, Vogelstein B, Hamilton SR, Feinberg AP. Hypomethylation of
DNA from benign and malignant human colon neoplasms. Science. 1985;
228:187-90.
46. Feinberg AP, Gehrke CW, Kuo KC, Ehrlich M. Reduced genomic 5-methylcytosine content in human colonic neoplasia. Cancer Res. 1988;48:1159-61.
47. Issa JP, Vertino PM, Wu J, Sazawal S, Celano P. Nelkin BD, et al.
Increased cytosine DNA-methyltransferase activity during colon cancer progression. J Natl Cancer Inst. 1993;85:1235-40.
48. Makos M, Nelkin BD, Lerman M l , Latif F, Zbar B, Baylin SB. Distinct
hypermethylation patterns occur at altered chromosome loci in human lung
and colon cancer. Proc Natl Acad Sci U S A . 1992;89:1929-33.
49. Chen J, Giovannucci E, Kelsey K, Rimm EB, Stampfer MJ, Colditz GA,
et al. A methylenetetrahydrofolate reductase polymorphism and the risk of
colorectal cancer. Cancer Res. 1996;56:4862-4.
50. Frosst P, Blom HJ, Milos R, Goyette P, Sheppard CA, Matthews RG, et
al. A candidate genetic risk factor for vascular disease: a common mutation in
methylenetetrahydrofolate reductase [Letter]. Nat Genet. 1995;10:111-3.
51. Goyette P, Sumner J, Milos R, Duncan A M , Rosenblatt DS, Matthews
RG, et al. Human methylenetetrahydrofolate reductase: isolation of cDNA,
mapping and mutation identification. Nat Genet. 1994;7:195-200.
52. Rosner B, Spiegelman D, Willett WC. Correction of logistic regression
relative risk estimates and confidence intervals for measurement error: the
case of multiple covariates measured with error. Am J Epidemiol. 1990; 132:
734-45.
53. Oakley GP Jr. Let's increase folic acid fortification and include vitamin B-12
[Editorial]. Am J Clin Nutr. 1997;65:1889-90.
54. Rimm EB, Willett WC, Hu FB, Sampson L, Colditz GA, Manson JE, et al.
Folate and vitamin B6 from diet and supplements in relation to risk of coronary heart disease among women. JAMA. 1998;279:359-64.

1 October 1998 • Annals of Internal Medicine • Volume 129 • Number 7

Downloaded From: http://annals.org/ by a University of California San Diego User on 12/21/2016

