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ABSTRACT

Dietary consumption of the carotenoid lycopene (mostly from tomato
products) has been associated with a lower risk of prostate cancer. Evi-
dence relating other carotenoids, tocopherols, and retinol to prostate
cancer risk has been equivocal. This prospective study was designed to
examine the relationship between plasma concentrations of several major
antioxidants and risk of prostate cancer.

We conducted a nested case-control study using plasma samples ob-
tained in 1982 from healthy men enrolled in the Physicians’ Health Study,
a randomized, placebo-controlled trial of aspirin andb-carotene. Subjects
included 578 men who developed prostate cancer within 13 years of
follow-up and 1294 age- and smoking status-matched controls. We quan-
tified the five major plasma carotenoid peaks (a- and b-carotene,b-cryp-
toxanthin, lutein, and lycopene) plus a- and g-tocopherol and retinol
using high-performance liquid chromatography. Results for plasma
b-carotene are reported separately. Odds ratios (ORs), 95% confidence
intervals (CIs), and Ps for trend were calculated for each quintile of
plasma antioxidant using logistic regression models that allowed for ad-
justment of potential confounders and estimation of effect modification by
assignment to either activeb-carotene or placebo in the trial.

Lycopene was the only antioxidant found at significantly lower mean
levels in cases than in matched controls (P 5 0.04 for all cases). The ORs
for all prostate cancers declined slightly with increasing quintile of plasma
lycopene (5th quintile OR5 0.75, 95% CI 5 0.54–1.06;P, trend 5 0.12);
there was a stronger inverse association for aggressive prostate cancers
(5th quintile OR 5 0.56, 95% CI 5 0.34–0.91;P, trend 5 0.05). In the
placebo group, plasma lycopene was very strongly related to lower pros-
tate cancer risk (5th quintile OR 5 0.40; P, trend 5 0.006 for aggressive
cancer), whereas there was no evidence for a trend among those assigned
to b-carotene supplements. However, in theb-carotene group, prostate
cancer risk was reduced in each lycopene quintile relative to men with low
lycopene and placebo. The only other notable association was a reduced
risk of aggressive cancer with highera-tocopherol levels that was not
statistically significant. None of the associations for lycopene were con-
founded by age, smoking, body mass index, exercise, alcohol, multivitamin
use, or plasma total cholesterol level.

These results concur with a recent prospective dietary analysis, which
identified lycopene as the carotenoid with the clearest inverse relation to
the development of prostate cancer. The inverse association was particu-
larly apparent for aggressive cancer and for men not consumingb-caro-
tene supplements. For men with low lycopene,b-carotene supplements
were associated with risk reductions comparable to those observed with
high lycopene. These data provide further evidence that increased con-

sumption of tomato products and other lycopene-containing foods might
reduce the occurrence or progression of prostate cancer.

INTRODUCTION

The remarkable variation in prostate cancer incidence and mortality
across geographic and ethnic groups and the changes in risk observed
among migrants have accelerated the search for dietary factors that
affect prostate cancer development. Micronutrients such as antioxi-
dants and retinol are logical candidates for study because of their
ability to inhibit carcinogenesis in a variety of experimental systems.
Previous epidemiological studies, however, have not shown a sub-
stantial association between prostate cancer risk and total intake of
fruits and vegetables (1). Prior observational studies and randomized
trials of b-carotene supplements have also failed to reveal consistent
evidence for an overall protective effect against prostate cancer (2).
Recently, however, in a large prospective cohort study, we found that
consumption of lycopene, a non-provitamin A carotenoid, was in-
versely related to prostate cancer risk, especially for aggressive dis-
ease (3). Because tomato-based foods provide nearly all of the lyco-
pene in the United States diet, this finding is consistent with an earlier
cohort study that identified tomatoes as one of several specific food
items related to lower prostate cancer risk (4). A previous study of
circulating lycopene levels in relation to prostate cancer reported a
50% lower risk for the highestversusthe lowest quartile of serum
lycopene, but this nonsignificant result was based on only 103 case-
control pairs and could have been attributed to chance (5).

Lycopene is the predominant circulating carotenoid in most Amer-
icans and ranks highest among major natural carotenoids in its capacity
for quenching singlet oxygen and scavenging free radicals (6). Lipid-
soluble antioxidants such as the carotenoids and tocopherols could, in
theory, reduce cancer risk by protecting targets such as DNA and mem-
brane lipids from oxidation. However, recent evidence suggests that other
mechanisms, such as modulation of intercellular communication via gap
junctions or alterations in intracellular signaling pathways, could also
contribute to their anticarcinogenic potential (7).

Here, we describe the results of a nested case-control analysis of
plasma antioxidant concentrations and subsequent development of
prostate cancer in a cohort of United States physicians participating in
a long-term randomized trial of aspirin andb-carotene. We specifi-
cally examined plasma concentrations, prior to randomization, of all
five major types of carotenoid (including lycopene), two major types
of tocopherol (a- andg-tocopherol), and retinol. Because the random-
ized trial intervention includedb-carotene, results concerning baseline
b-carotene levels are reported elsewhere, along with results on the
effects of randomized assignment to activeb-carotene supplements.3
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MATERIALS AND METHODS

Study Population. The Physicians’ Health Study was a randomized, dou-
ble-blind, placebo-controlled trial of aspirin andb-carotene among 22,071
United States male physicians, ages 40–84 years, that began in 1982. The Human
Subjects Committee at Brigham and Women’s Hospital approved the study in
accordance with assurances filed with the Department of Health and Human
Services; all participants provided informed consent. Men were excluded if they
reported a prior history of myocardial infarction, stroke, transient ischemic attacks,
unstable angina, cancer (except for nonmelanoma skin cancer), current renal or
liver disease, peptic ulcer or gout, contraindications to the use of aspirin, or current
use of other platelet-active agents or vitamin A supplements. The aspirin compo-
nent of the trial was terminated in January 1988 due to a 44% reduction in
myocardial infarction in the aspirin group, and theb-carotene component of the
study, which involved assignment to either 50 mg of naturally derivedb-carotene
every other day or placebo, was terminated in December 1995 (8).

Study participants completed two mailed questionnaires before being as-
signed to exposure groups. Additional questionnaires were mailed at 6 months,
12 months, and annually thereafter. Before randomization, we sent kits to all
participants with instructions to have their blood drawn into vacutainer tubes
containing EDTA. The participants fractionated the blood by centrifugation
and returned the samples (by overnight courier) in plastic cryopreservation
vials. No special precautions were taken to shield samples from light during
collection or processing. Each kit included a cold pack to keep specimens cool
until receipt at our laboratory the following morning, when they were divided
into aliquots and stored at282°C. Degradation of carotenoids, retinol, and
tocopherols was reported to be nondetectable in plasma stored at270°C for up
to 51.5 months (9). During storage, precautions were taken so that no speci-
mens thawed or warmed substantially. We received specimens from 14,916
(68%) of the randomly assigned physicians;.70% of the specimens were
received between September and November 1982.

Selection of Case Patients and Controls.When participants reported a
diagnosis of cancer, we requested medical records (including pathology re-
ports), which were reviewed by study physicians from the End Points Com-
mittee. Of the confirmed prostate cancer cases, 578 had samples sufficient for
analysis. The absence of plasma samples for some study participants is
unlikely to have introduced selection bias because it is implausible that
physicians who did or did not provide an adequate sample would differ in the
relation between baseline plasma antioxidant levels and subsequent diagnosis
of prostate cancer. Case patients with and without adequate plasma did not
differ materially in terms of baseline demographic or lifestyle characteristics.
For each case patient, one to four control participants were selected who had
plasma available, had not had a previous prostatectomy, and had not reported
a diagnosis of prostate cancer up to the date the case patient was diagnosed.
Controls were matched on smoking status and age within 1 year, except for two
case patients over age 80, for whom age was matched within 2 years. Of the
578 cases, 176 had one matched control, 95 had two, 300 had three, and 7 had
four. After 13 years of follow-up,.99% of surviving participants were still
reporting morbidity events; vital status was ascertained for 100%.

Laboratory Assays. Frozen plasma samples were delivered to the Micro-
Nutrient Analysis Laboratory in the Department of Nutrition at the Harvard School
of Public Health. Each case and matching control samples were assayed in the
same batch to minimize interassay variability and aliquots from a pool of quality
control plasma were inserted randomly. Laboratory personnel were unable to
distinguish case, control, or quality control samples. Thawed samples were treated
with ethanol to precipitate proteins, internal standards were added, and multiple
hexane extractions were performed to remove lipid extractable analytes. The
extracted samples were then dried and reconstituted with a 3:1:1 mixture of
acetonitrile:ethanol:dioxane to a total volume of 250ml. Each group of 20
unknown samples was combined with 1 blank sample, 1 internal quality control
serum pool sample, 2 method blanks, and 2 internal standard blanks. The system
is validated against serum samples from the National Institute of Standards and
Technology two to three times annually. Measurement of carotenoids, retinols, and
tocopherols was achieved by high-performance liquid chromatography. Mean
intra-assay coefficients of variation based on the blinded quality control samples
ranged from 7.6% fora-carotene to 11.9% fora-tocopherol.

Medical Record Review. Because aggressive prostate cancer has different
epidemiological features than less aggressive disease and because previous
findings for lycopene suggested a specific relationship to aggressive disease,

we classified each case according to its demonstrated aggressiveness at the
diagnosis. Physician members of the study staff, unaware of the antioxidant assay
results, reviewed the medical records for each confirmed case to determine the
tumor stage at diagnosis, tumor grade, and Gleason score. Stage was recorded
according to the modified Whitmore-Jewett classification scheme (10). If multiple
tissue samples were examined, the highest reported grade and Gleason score were
recorded. Cases without pathological staging were classified as indeterminate
stage unless there was clinical evidence of distant metastases. Aggressive cases
were defined as those diagnosed either at stage C or D (extraprostatic) plus those
diagnosed at stage A, stage B, or indeterminate stage with either poor histological
grade or Gleason score of$7. Among 578 total cases analyzed, 259 were
classified as having aggressive disease. Patients with localized prostate cancers
having poor histological features experience increased mortality; thus, categoriza-
tion of these cancers as aggressive is appropriate.

Data Analysis. To compare antioxidant levels in casesversusmatched
controls, we computed pairedt test statistics using log-transformed values.
Correlations between antioxidant levels were evaluated using both Spearman
and Pearson correlation coefficients. We used the cutoff points from the
control subjects to assign study participants to a quintile for each antioxidant.
To estimate relative risks by level of plasma antioxidant, we computed ORs4

and 95% CIs using conditional logistic regression models with the lowest
quintile as the referent category (11). Tests for trend were performed by testing
model coefficients for antioxidant level coded as a continuous variable with
values equal to the median for each quintile. Additional covariates such as
baseline body mass index, exercise frequency, alcohol consumption, plasma
total cholesterol concentration, and multivitamin use were added to the models
to test for confounding of the antioxidant associations. We refit models within
subgroups defined by tumor aggressiveness and follow-up length. We divided
follow-up into two roughly equal segments, with the cutoff point at 6 years.
Detailed comparison of casesversusmatched controls for each follow-up year,
plus testing of other follow-up cutoff points in the models, revealed no
meaningful differences in results according to selection of the cutoff point. To
assess effect modification, we fit regression models within subgroups of
case-control sets defined by age and smoking status. We also evaluated
whether any of the associations we observed for baseline antioxidant levels
were affected by assignment to either activeb-carotene or placebo. Effect
modification byb-carotene assignment was assessed by comparing ORs de-
termined separately by unconditional logistic regression within the active
supplement and placebo groups and by fitting conditional logistic regression
models with multiplicative interaction terms involvingb-carotene assignment
and baseline antioxidant level.

RESULTS

Selected characteristics of the 578 prostate cancer cases and 1294
controls at baseline are compared in Table 1. The relatively young age
of the cases, compared to prostate cancer cases in the general popu-
lation, reflects the younger age distribution of the Physicians’ Health
Study cohort. Fifty-nine % of the cases were described as confined to

4 The abbreviations used are: OR, odds ratio; CI, confidence interval.

Table 1 Selected baseline characteristics of prostate cancer cases and controls: the
Physicians’ Health Study

Cases
(n 5 578)

Controls
(n 5 1294)

Mean age (yr)a 60.7 61.5
Stage at diagnosis (%)

Localized 60.9
Regional 18.4
Distant 12.0
Unknown 8.7

Cigarette smokers (%)a

Current 8.3 9.1
Former 45.9 46.4

Alcohol use once or more than once a day (%) 32.9 32.0
Exercise more than once a week (%) 57.0 53.2
Mean body mass index 24.9 24.7
a Controls were matched to cases on age and smoking history.
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the prostate at diagnosis, based on surgical exploration. Among the
controls, we found a moderate degree of correlation between plasma
antioxidant concentrations. For example, correlations (Spearmanr)
with b-carotene ranged from 0.70 fora-carotene to20.01 for g-to-
copherol; for lycopene, correlations ranged from 0.43 withb-carotene
to 0.17 withg-tocopherol. Body mass index was inversely correlated
(weakly) with each carotenoid except lycopene. Lycopene concentra-
tions were lower among older participants: the geometric mean con-
centration was 424 ng/ml in control men under age 60 and 358 ng/ml
in men more than 60 years old. Plasma levels of carotenoids were
generally lower in men who reported more frequent alcohol intake and
little or no exercise; these relationships were less striking for lycopene
than other carotenoids. Carotenoid levels had significant but modest
associations with plasma total cholesterol (r 5 0.23 and 0.15 for
lycopene andb-carotene, respectively), presumably because carote-
noids are primarily transported by lipoproteins in blood.

Table 2 shows the median levels of 8 plasma antioxidants in cases
and controls, for all cancers and aggressive cancers only. Considering
all cases, geometric mean lycopene levels were 4.8% lower in cases
than controls (P 5 0.04). Among aggressive cases, the case-control
difference in geometric mean lycopene was greater (7.5%,P 5 0.05).
The only other notable association we observed in this matched set
analysis was a higher geometric mean plasma retinol for all cases
compared to controls (P 5 0.02). However, this association was
entirely confined to nonaggressive cases.

Table 3 presents the ORs and 95% CIs by quintile of plasma
antioxidant concentration. For all cases, we found slight inverse
associations with higher levels of plasma lycopene anda-carotene.
We observed a positive association with higher levels of plasma
retinol. When only aggressive cancers were considered, however, the
inverse association became stronger for lycopene (for the highest
versuslowest quintile OR5 0.56; 95% CI5 0.34–0.91) and essen-

Table 2 Matched set comparison of plasma antioxidant levels in prostate cancer cases versus controls: all cases and aggressive cases only

Median plasma levela (ng/ml)

All cases (n 5 578 sets) Aggressive cancer (n 5 259 sets)

Cases Controls Pb Cases Controls P

a-Carotene 55.8 57.4 0.46 57.9 57.4 0.89
b-Cryptoxanthin 60.7 65.4 0.07 60.1 66.0 0.15
Lutein 102.4 103.0 0.80 98.0 97.0 0.74
Lycopene 369.2 388.0 0.04 356.3 385.0 0.05
a-Tocopherol 10,809 11,068 0.56 10,020 11,160 0.17
g-Tocopherol 1,659 1,703 0.50 1,570 1,700 0.26
Retinol 580.3 565.6 0.02 570.4 565.1 0.66

a Antioxidant concentrations were log-transformed for parametric statistical testing.
b P are based on pairedt test for nonindependent samples.

Table 3 Unadjusted ORsa for prostate cancer by control quintileb of plasma antioxidant concentration: all cases and aggressive cases only

OR (95% CI)

All cases, by quintile (n 5 578 sets) Aggressive cases, by quintile (n 5 259 sets)

1 2 3 4 5 P, trend 1 2 3 4 5 P, trend

a-Carotene 1.00 1.11 0.97 1.14 0.77 0.09 1.00 1.31 1.02 1.25 1.02 0.82
(0.81–1.54) (0.70–1.35) (0.82–1.58) (0.54–1.10) (0.80–2.15) (0.62–1.70) (0.77–2.04) (0.61–1.72)

b-Cryptoxanthin 1.00 0.85 0.87 0.88 0.80 0.29 1.00 0.68 0.63 0.86 0.70 0.54
(0.61–1.18) (0.62–1.21) (0.64–1.21) (0.57–1.11) (0.41–1.14) (0.38–1.03) (0.53–1.39) (0.42–1.16)

Lutein 1.00 1.01 1.08 1.09 1.10 0.63 1.00 1.36 1.29 1.39 1.28 0.60
(0.72–1.42) (0.77–1.51) (0.78–1.52) (0.73–1.65) (0.82–2.26) (0.77–2.18) (0.85–2.28) (0.66–2.47)

Lycopene 1.00 0.89 0.90 0.87 0.75 0.12 1.00 0.64 0.71 0.70 0.56c 0.05
(0.64–1.23) (0.65–1.24) (0.63–1.19) (0.54–1.06) (0.40–1.03) (0.44–1.15) (0.44–1.10) (0.34–0.92)

a-Tocopherol 1.00 1.04 1.09 1.17 1.06 0.70 1.00 0.97 0.81 1.02 0.64 0.11
(0.75–1.43) (0.78–1.51) (0.85–1.62) (0.76–1.48) (0.61–1.54) (0.50–1.32) (0.63–1.66) (0.38–1.07)

a-Tocopherol 1.00 0.91 0.90 0.87 0.98 0.89 1.00 0.91 0.83 0.79 1.00 0.96
(0.67–1.23) (0.65–1.24) (0.64–1.19) (0.71–1.35) (0.58–1.42) (0.51–1.33) (0.49–1.29) (0.62–1.60)

Retinol 1.00 1.08 1.37 1.21 1.56 0.02 1.00 1.38 1.44 1.26 1.27 0.64
(0.76–1.53) (0.97–1.92) (0.84–1.74) (1.07–2.27) (0.84–2.27) (0.86–2.40) (0.74–2.15) (0.73–2.23)

a Cases and controls were matched on age, follow-up time at risk, and smoking status. ORs adjusted for exercise frequency, body mass index, plasma totalcholesterol, alcohol, and
multivitamin supplement use were similar to the unadjusted estimates.

b Quintile cutoff points (in ng/ml) were as follows:a-carotene, 34.6, 50.4, 67.8, and 103.3;b-cryptoxanthin, 36.9, 53.5, 75.2, and 111.4; lutein, 60.8, 79.3, 101.8, and 147.0;
lycopene, 261.7, 353.6, 442.9, and 580.1;a-tocopherol, 8,564, 10,204, 11,887, and 14,441;g-tocopherol, 1,254, 1,627, 1,990, and 2,530; retinol, 450.0, 523.5, 587.1, and 679.9.

c P 5 0.02.

Table 4 ORs and 95% CIs for prostate cancer according to plasma lycopene at baseline and random assignment to activeb-carotene supplements or placebo

Plasma
lycopene
quintile

All cases (n 5 578 sets) Aggressive cases (n 5 259 sets)

Placebo b-Carotene Placebo b-Carotene

OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Q1 (low) 1.00 0.57 0.37–0.88 1.00 0.69 0.37–1.27
Q2 0.72 0.46–1.12 0.61 0.39–0.97 0.72 0.38–1.36 0.32 0.15–0.68
Q3 0.70 0.45–1.09 0.65 0.42–1.02 0.59 0.29–1.16 0.56 0.29–1.09
Q4 0.58 0.37–0.89 0.75 0.49–1.15 0.45 0.23–0.86 0.72 0.38–1.37
Q5 0.59 0.37–0.94 0.55 0.35–0.87 0.40 0.19–0.84 0.48 0.24–0.94
P, trend 0.01 0.006
P, interaction 0.04 0.05
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tially disappeared for botha-carotene and retinol. There was also
some evidence for reduced risk of aggressive prostate cancer associ-
ated with the highest quintile ofa-tocopherol (OR5 0.64; 95%
CI 5 0.38–1.07). Simultaneous adjustment for body mass index,
exercise frequency, alcohol intake, plasma total cholesterol, and use of
multivitamin supplements had no effect on the OR estimates; there-
fore, these variables were omitted from the final models.

Using both multiplicative interaction terms and subgroup analyses,
we explored the possibility that the associations we observed between
baseline antioxidant levels and prostate cancer risk could have varied
according to assignment to either theb-carotene or placebo group.
The results for lycopene, as shown in Table 4, indicate distinct inverse
trends in risk for all prostate cancers (P 5 0.01) and aggressive
cancers (P 5 0.006) in the placebo group, and no evidence for a
reduction in risk with higher lycopene in the group randomly assigned
to b-carotene. However, compared to men with the lowest lycopene in
the placebo group, assignment tob-carotene was associated with a
reduction in risk at all lycopene levels. Results were the same when
adjusted for potential confounders. For compounds other than lyco-
pene, the relationship of baseline plasma levels to prostate cancer risk
did not vary in a substantial or consistent manner between groups
according to randomized assignment. When subjects were stratified
by b-carotene assignment, the significant inverse association with
plasma lycopene in the placebo group was apparent during both the
early (#6 years) and late (.6 years) follow-up periods. In the active
b-carotene group, there was no trend with plasma lycopene during
either follow-up period.

Plasma lycopene tended to be lower in older men, but we found no
evidence that the reduced risk associated with plasma lycopene level
varied across age groups. Variation in the risk by smoking status was
difficult to assess due to the small number of subjects who were
current smokers at baseline. Formal tests for interaction were not
significant; however, among the small subgroup of current smokers
(n 5 48 sets for all prostate cancers), the ORs for successive quintiles
of lycopene were 1.0, 0.8, 0.5, 0.4, and 0.4;P, trend5 0.03. We found
no significant effect modification for other antioxidants according to
age or smoking, although for plasmaa-tocopherol, the previously
mentioned inverse association with aggressive cancer was slightly
stronger among current/ex-smokers (5th quintile OR5 0.51; 95%
CI 5 0.26–0.98) than among never smokers (5th quintile OR5 0.84;
95% CI 5 0.36–1.94).

DISCUSSION

In this prospective analysis of plasma antioxidant levels, lycopene
was the only compound that appeared to have a significant and
internally consistent association with development of prostate cancer.
It is important to note that our study was conducted among partici-
pants in a randomized trial involvingb-carotene supplements and that
the relationship of plasma lycopene level to prostate cancer risk
clearly appeared to depend on whetherb-carotene supplements were
consumed. The inverse association between lycopene and risk was
confined to men not randomly assigned to takeb-carotene supple-
ments. Moreover, although lycopene might be the most important
dietary carotenoid in this context, our results indicate that for men in
the highest risk category due to low lycopene levels, a risk reduction
similar to that obtained with high lycopene level might be achieved
with a high-doseb-carotene supplement. In fact, the average risk
reduction (relative to the group with lowest lycopene and placebo) for
all prostate cancers across all lycopene quintiles in theb-carotene
group was 37.3%, very close to the 41% risk reduction observed for
placebo group men with the highest lycopene. Taken together, these
less-than-additive joint effects are consistent with the hypothesis that

there is a ceiling on the benefit gained by consumption of these
carotenoids and that this ceiling might be reached either through high
dietary lycopene intake or regular use ofb-carotene supplements that
raise plasmab-carotene to very high levels. This interpretation lends
indirect support for antioxidant activity as the mechanism of action
because of evidence cited earlier that lycopene shares antioxidant
properties withb-carotene but has higher antioxidant potency and
capacity based onin vitro and in vivo studies. The potential impor-
tance of diverse antioxidants in prostate cancer development is further
supported by recent results indicating decreased prostate cancer inci-
dence among men with increased exposure to selenium and vitamin E
supplements (12–14).

Our results for plasma lycopene levels are strikingly similar to
those we obtained in a recent analysis of dietary intake and prostate
cancer occurrence during 6 years of follow-up in the Health Profes-
sionals Follow-up Study (3). In that study, the relative risk of prostate
cancer (excluding stage A1) for men in the highest quintile of total
lycopene intake compared to the lowest was 0.79 (95% CI5 0.64–
0.99). The relative risk of advanced prostate cancer (stage C or D) was
0.57, close to that obtained here, for men with the highest lycopene
score, which was based on plasma levels predicted by dietary intake.
The strongest inverse associations were observed in men who fre-
quently consumed cooked tomato products, such as tomato sauce;
heating tomatoes in oil enhances the bioavailability of lycopene (15).

An anticarcinogenic role for lycopene in the prostate is biologically
plausible for several reasons. In cell-free systems, lycopene is more
efficient at quenching singlet oxygen and scavenging free radicals
than any other commonly consumed carotenoid and ranks higher than
other carotenoids tested in prevention of singlet-oxygen induced dam-
age in cultured human lymphoid cells (16–18). Oxidative damage,
either to DNA or membranes, might play a role in the development of
prostate and other cancers (19, 20). However, carotenoids and lyco-
pene in particular have biological effects apart from antioxidant
activity that could be relevant. In cultured cells, these effects include
an increase in intercellular communication via gap junctions (21), in-
creased differentiation (22), and altered phosphorylation of regulatory
proteins (23). Whatever the mechanism, it is apparent that lycopene is
capable of suppressing the growth of human cancer cellsin vitro and of
inhibiting both spontaneous and induced tumor development in animal
models. Levyet al. (24) reported that lycopene was far more efficient
than eithera- or b-carotene at inhibiting both the basal and insulin-like
growth factor type I-induced proliferation of human endometrial, breast,
and lung cancer cell lines. Lycopene significantly reduced the occurrence
of spontaneous mammary tumors in mice fed a lycopene-enriched diet
(25) and, in contrast tob-carotene, reduced mammary tumor formation in
DMBA-treated mice when it was injected i.p. (26).

The effects of lycopene and similar compounds on cancer devel-
opment are likely to depend to some degree on factors that control
local tissue concentrations. Unlike most other carotenoids, lycopene
cannot be converted to vitamin A; other metabolic pathways notwith-
standing, this could leave more of it available for action at the tissue level.
Lycopene concentrations vary greatly among tissues, with the highest
concentrations observed in the adrenal gland and testes (27). Lycopene is
also highly concentrated in the prostate and, in some men, is present at
levels comparable to those that are biologically activein vitro (28). The
possible functional significance of lycopene’s affinity for hormonally
regulated tissues is intriguing but has not yet been explored.

Apart from the cohort analysis by Giovannucciet al. (3), several
other epidemiological studies suggest that lycopene could have an
important effect on prostate cancer risk. Lycopene has been inversely
associated with risk for several cancers of the digestive tract (29–31),
and lycopene intake is high among Southern Europeans, whose pros-
tate cancer risk is relatively low, and low among African-Americans,
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who are at relatively high risk (3). A prospective cohort study of
elderly Massachusetts residents found that regular tomato consump-
tion was associated with a 50% reduction in mortality from cancer at
all sites, with no association for other carotenoid-rich foods (32). Most
studies of diet and prostate cancer have not addressed lycopene intake,
but tomatoes were one of only four specific food items associated with
significantly reduced prostate cancer risk in a prospective study of
Seventh-Day Adventist men (4). A nonsignificant inverse association
for tomato intake was observed in a Minnesota case-control study
(33), whereas another, in Hawaii, failed to find any such association
(34). Two previous studies have assessed plasma lycopene in relation
to prostate cancer risk; both used prediagnostic samples (5, 35). The
first study found a 6.2% lower median lycopene level in cases com-
pared to controls, and OR5 0.50 (95% CI5 0.20–1.29) for the
highestversuslowest lycopene quartile. The inverse association for
lycopene in this study by Hsinget al. (5) was stronger for men under
age 70 at diagnosis (4th quartile OR5 0.35), a subgroup roughly
comparable to the cases in our study, who had a mean age at diagnosis
of ;67 years. The second plasma study, conducted in a Japanese-
American population in Hawaii, failed to detect any association be-
tween lycopene concentrations and prostate cancer (35). This study
was relatively small (142 cases), but more importantly, the plasma
lycopene levels were very low: the median plasma concentration
among controls was only 134 ng/ml, compared to 320 ng/ml in the
population studied by Hsinget al. (5) and 392 ng/ml in our study
population. Moreover, 28% of the cases were diagnosed incidentally
during surgery for benign prostatic hyperplasia, and only 14 occurred
within the first 5 years of follow-up, when risk estimates would be less
attenuated.

Intake of pro-vitamin A compounds, particularlyb-carotene, has
been studied extensively in relation to prostate cancer risk. Overall,
the results from case-control and cohort studies have been inconclu-
sive, with a fairly equal number of studies indicating positive and
inverse associations (2). Moreover, neither the Physicians’ Health
Study3 nor the Alpha-Tocopherol, Beta-Carotene Cancer Prevention
Study (13) found an overall lower incidence of prostate cancer among
men randomly assigned to ab-carotene supplement compared to those
assigned to placebo. In preliminary results from the Physician’s
Health Study, among men in the lowest quartile for plasmab-carotene
at baseline, those assigned to activeb-carotene had a significantly
lower incidence of prostate cancer. However, among those with high
baseline plasmab-carotene, those assigned tob-carotene had a com-
parable but nonsignificant increase in incidence.3 Hsinget al. (5) and
Nomuraet al. (35) found no relationship between serumb-carotene
levels and subsequent prostate cancer.

An elevated risk of prostate cancer in men with higher intake of
retinol, such as we observed for plasma retinol and all prostate
cancers, was observed previously (3, 36–39). However, in our data,
the association was entirely confined to nonaggressive tumors. Fur-
thermore, other epidemiological studies of retinol intake report either
no association or an inverse association in older men only (40–43),
whereas the positive association in our data for retinol was only
apparent in younger men (,62 years of age at baseline). Finally, our
null results for plasma retinol agree with those of Nomuraet al. (35)
but are at odds with earlier studies of serum retinol, which found an
inverse association with prostate cancer risk (5, 44, 45). The possible
degradation of retinol on exposure to light and the lack of a strong
correlation between dietary and blood levels of retinol further com-
plicate interpretation of these inconsistencies in the retinol-prostate
cancer literature.

We found weak evidence for a lower risk of aggressive prostate
cancer among men in the highest quintile fora-tocopherol
(OR 5 0.64; 95% CI5 0.38–1.07). Three prospective studies have

examined the relation of serum tocopherol levels to prostate cancer
risk, and all reported null associations (5, 13, 46). However, in the
Alpha-Tocopherol, Beta-Carotene trial, conducted in male Finnish
smokers, investigators reported a 32% lower incidence of prostate
cancer over a median follow-up of 6.1 years among men randomly
assigned to a daily supplement of 50 mg ofa-tocopherol (13). This
dose was;5 times greater than mean dietary intake in the cohort. Our
results, which suggest a stronger inverse association fora-tocopherol
level and aggressive cancer among current and ex-smokers, offer
some support for a possible interaction between smoking and vitamin
E at higher dose levels. The effects of tocopherols on prostate cancer
growth, particularly at dosages produced by diet supplementation,
clearly require further investigation. Although some studies have
reported a reduction in plasmaa-tocopherol in humans and animals
receivingb-carotene supplements (47, 48), we found no evidence for
this effect in this analysis or an earlier substudy (49).

The strengths of this study include a large study size, collection of
blood samples before diagnosis, and unbiased selection of control sub-
jects. In addition, we were able to adjust associations for several potential
confounders and found no evidence that the observed results were due to
the effects of age, body mass index, exercise frequency, alcohol intake,
smoking, multivitamin use, or plasma cholesterol level. The ability to
evaluate the influence of plasma cholesterol was important because
lycopene is transported by lipoproteins in the blood, which could affect its
bioavailability. A difference in lycopene levels between cases and con-
trols in the earlier, as opposed to later, follow-up years could have
occurred if the presence of an undiagnosed prostate cancer caused a
reduction in plasma lycopene, perhaps by altering intake or lycopene
metabolism. However, among men not assigned tob-carotene supple-
ments, reduced risk of prostate cancer was associated with elevated
plasma lycopene during each segment of follow-up time.

The chief limitation of this study lies in the availability of a single
baseline plasma sample to characterize long-term levels of circulating
lycopene. Presumably, the baseline lycopene value gives an increas-
ingly poor indication of true lycopene level as follow-up length
increases and individual lycopene intakes change. Because this mis-
classification of true lycopene status is independent of disease status,
estimates of an association between lycopene and prostate cancer risk
will attenuate as follow-up length increases. In a small substudy of
Physicians’ Health Study participants, we found that the correlation
between two plasma lycopene levels, measured an average of 10 years
apart, was substantial but imperfect (r 5 0.58). We do not have
sufficient data for estimating dietary lycopene in this cohort. From
controlled feeding studies, we know that plasma lycopene levels rise
within 1 day following a lycopene-rich meal, peak within 24–48 h in
the lipoprotein fraction and then decline with a plasma half-life of 2–3
days (7). Therefore, to the extent that a single plasma measure reflects
short-term rather than usual lycopene level, our results could under-
estimate the actual association between lycopene and prostate cancer.

Our results are consistent with a strong prior hypothesis regarding
lycopene and agree closely with our earlier findings, but nevertheless,
we believe these results should be interpreted cautiously. Chance
cannot be eliminated as an explanation, nor can any observational
study demonstrate that lycopene itself, rather than some other com-
pound or factor related to tomato consumption, is responsible for a
reduction in prostate cancer risk. Apart from the need for confirmatory
epidemiological analyses, many questions regarding the link between
lycopene and prostate cancer remain ripe for investigation. The ab-
sorption and bioavailability of lycopene appear to be complex pro-
cesses involving food processing, concurrent dietary lipid intake,
cooking method, and, perhaps, levels of lipoproteins (50). Therefore,
the relation of diet to blood levels has not been clarified, nor has the
relation of blood levels to those in the prostate itself. The presence of
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both cis and trans isomers of lycopene in the prostate has been
established, but the biological significance of the various isomers is
still unknown (28). If our findings are confirmed in other observa-
tional studies, randomized trials should be considered. Meanwhile,
these results provide new evidence that increased consumption of
tomato products, as part of a diet generally rich in fruits and vegeta-
bles, might reduce prostate cancer risk.
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