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Abstract
Oxidative stress may enhance prostatic carcinogenesis. A
polymorphism [valine (V) ! alanine (A)] of manganese
superoxide dismutase (MnSOD), the primary antioxidant
enzyme in mitochondria, has been recently associated with
prostate cancer. We examined the relationship between
prostate cancer and the MnSOD polymorphism and its
interactions with baseline plasma antioxidant levels
(selenium, lycopene, and a -tocopherol) and h -carotene
treatment among 567 cases and 764 controls nested in the
prospective Physicians’ Health Study. We found little overall
association between MnSOD polymorphism and prostate
cancer risk; however, this polymorphism significantly modified risk of prostate cancer associated with prediagnostic
plasma antioxidants (P interaction <_ 0.05). Among men with the
AA genotype, high selenium level (4th versus 1st quartile) was
associated with a relative risk (RR) of 0.3 [95% confidence
interval (CI), 0.2-0.7] for total prostate cancer; for clinically
aggressive prostate cancer, the RR was 0.2 (95% CI, 0.1-0.5). In
contrast, among men with the VV/VA genotype, the RRs were
0.6 (0.4-1.0) and 0.7 (0.4-1.2) for total and clinically aggressive
prostate cancer. These patterns were similar for lycopene and
a -tocopherol and were particularly strong when these antioxidants and selenium were combined; men with the AA
genotype had a 10-fold gradient in risk for aggressive prostate
cancer across quartiles of antioxidant status. Men with AA
genotype who were randomly assigned to h -carotene treatment (versus placebo) had a RR of 0.6 (95% CI, 0.2-0.9;
P interaction = 0.03) for fatal prostate cancer, but no significant
association was observed in men with the VV/VA genotype.
Both endogenous and exogenous antioxidants play an
important and interdependent role in preventing clinically
significant prostate cancer. (Cancer Res 2005; 65(6): 2498-504)

Introduction
Oxidative damage caused by reactive oxygen species and other
free radicals is involved in prostatic carcinogenesis (1). Manganese
superoxide dismutase (MnSOD) is the primary antioxidant in the
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mitochondria. This enzyme converts reactive oxygen species to
oxygen and hydrogen peroxide, and the latter is catalyzed into
water by catalase and glutathione peroxidase, a selenium enzyme.
Laboratory evidence indicates that MnSOD functions as a tumor
suppressor, possibly by modulating apoptotic and proliferation
pathways in situ (2, 3).
A polymorphism encoding for either valine (V) or alanine (A) at
codon 16 in the mitochondrial targeting sequence of the human
MnSOD gene was previously described (4). The allele frequency for
A is 12% among Japanese (4), whereas it is more common (41-55%)
in the Caucasian population (5). Although the function of this
polymorphism requires further elucidation, it is suggested that this
polymorphism alters the secondary structure of the protein, and
hence may affect the efficiency of mitochondrial transport of
MnSOD (4). Sutton et al. (6) recently showed that A-MnSOD allows
more efficient MnSOD import into the mitochondrial matrix and
generates more active MnSOD compared with the V-variant,
suggesting that AA homozygous subjects may have higher MnSOD
activity than VV subjects.
According to these observations, one might predict that having
the AA genotype is beneficial; however, several studies have
suggested increased cancer risk associated with the AA genotype,
particularly among individuals with heavy oxidative stress or with
poor dietary antioxidant status. In a cohort of Finnish male heavy
smokers (7), men homozygous for the A allele had a 70% increase
in total prostate cancer risk and a 3-fold increase in risk of highgrade tumors (Gleason score of 8-10) compared with those with the
MnSOD VV or VA genotype. Five studies examined the influence of
this polymorphism on breast cancer incidence (5, 8–11) and two
indicated a moderate elevation (1.5-4.3-fold) in risk among women
homozygous for the A allele (5, 8). In particular, Ambrosone et al.
(5) found that breast cancer risk was elevated among premenopausal women with the AA genotype who had low consumption of
dietary antioxidants; similar findings were reported in a study by
Cai et al. (11) in Shanghai, China. Tamimi et al. (10) observed an
overall null association with breast cancer, but among current
heavy smokers, women with the AA (versus VV) genotype had a >4fold increased risk [odds ratio (OR), 4.53; 95% confidence interval
(CI), 0.89-23.16]. Studies of other cancer sites have been
inconsistent (12–14) and no study has evaluated the interaction
between this polymorphism and plasma antioxidant status.
Therefore, we conducted this nested case-control study within
the Physicians’ Health Study to investigate the association between
MnSOD polymorphism and risk of prostate cancer. We previously
found lower risks of total or high-stage (C and D) prostate cancer
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among men with higher baseline dietary or biomarker levels of the
antioxidants, selenium (15, 16), lycopene (17, 18), or vitamin E
(17, 19). Also, a randomized, double-blind clinical trial showed that
selenium supplementation significantly lowered the incidence of
prostate cancer (20, 21). Given the key role of selenium as
a component of glutathione peroxidase in the MnSOD antioxidative pathway, we specifically evaluated the interaction
between the MnSOD polymorphism and status of the exogenous
dietary antioxidants—selenium, lycopene, a-tocopherol, and
g-tocopherol—in modifying prostate cancer carcinogenesis. We
also assessed whether the MnSOD polymorphism modifies the
relationship between h-carotene assignment and prostate cancer
risk in the randomized Physicians’ Health Study trial.

Materials and Methods
Study Population. The Physicians’ Health Study was a randomized,
double-blind, placebo-controlled trial of 325 mg aspirin and 50 mg
h-carotene, every other day, among 22,071 healthy U.S. male physicians,
ages 40 to 84 years, that began in 1982. Men were excluded at baseline if
they had a history of myocardial infarction, stroke, transient ischemic
attack, or unstable angina; cancer (except for nonmelanoma skin cancer);
current renal or liver disease, peptic ulcer, gout; or current use of plateletactive agents, vitamin A, or h-carotene supplements. Men provided medical
information via mailed-in questionnaires, and 14,916 (68%) provided blood
before randomization (22, 23). The participants were predominately
Caucasian (93%). Through 1995, follow-up was over 99% complete; vital
status was ascertained for 100% by 2002. The aspirin arm was terminated at
the end of the fifth year due to a reduction in the risk of myocardial
infarction, and h-carotene component of the trial continued until 1995.
Study physicians, unaware of the questionnaire or assay data, verified the
reports of prostate cancer by participants and reviewed medical records
and pathological reports to determine the tumor Gleason score, grade, and
stage according to the modified Whitmore-Jewett classification scheme
(24). Cases without pathologic staging were classified as indeterminate
stage unless there was clinical evidence of distant metastases.
Prostate cancer cases for the current study were drawn from
participants who provided blood specimens at baseline. For each case,
we selected one to two controls at random from those who had provided
blood, had not had a prostatectomy, and had not reported a diagnosis of
prostate cancer at the time the diagnosis was reported by the case subject.
Controls were individually matched to cases by age (F1 year for men ages
V55 years and F5 years for men ages >55 years) and smoking status (never,
former, or current).
Laboratory Assessment. MnSOD (V ! A) polymorphism was
successfully genotyped for 567 cases and 764 controls, representing 92%
of the eligible subjects. Genomic DNA (40 ng) was extracted from
peripheral blood and was amplified using 17 pmol primers (5V-GTAGCACCAGCACTAGCAGCAT-3Vand 5V-GCGTTGATGTGAGGTTCCAG-3V) in PCR
buffer (Qiagen, Chatsworth, CA). PCR had an initial denaturing temperature
of 94jC (1 minute) followed by 30 cycles of denaturing (94jC, 1 minute),
annealing (61jC, 30 seconds), and extension (72jC, 45 seconds). A 7-minute
extension at 72jC followed the final cycle. PCR product was digested with
BsaWI (60jC, 1 hour; New England BioLabs, Beverly, MA). Digested
products were visualized on a 2% agarose gel stained with ethidium
bromide. Fragment patterns specific for three MnSOD genotypes were VV
(GTT; 351 bp, 87 bp), VA (GTT/GCT; 438 bp, 351 bp, 87 bp), and AA
(GCT; 438 bp). The laboratory personnel were unaware of case-control
status. To assess genotyping reproducibility, they repeated a random 10%
selection of the samples; all genotypes matched initial designated
genotypes.
Plasma levels of carotenoids (a- and h-carotene, h-cryptoxanthin, lutein,
and lycopene), vitamin E (a- and g-tocopherol), retinol, and selenium were
measured as previously described (16, 17). Mean intra-assay coefficients of
variation for these antioxidants ranged from 6.4% for selenium to 11.9% for
a-tocopherol.
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Statistical Analysis. To examine the association of the MnSOD
polymorphism with prostate cancer risk, we compared allele and genotype
frequencies between cases and controls using the m 2 test. We
subsequently assessed the association for total prostate cancer and
refitted models for nonaggressive and aggressive prostate cancer,
respectively. Men diagnosed with stage C or D, high-grade prostate
cancer (Gleason score of 7-10), and those who died from prostate cancer
during the follow-up were categorized as having aggressive disease; among
the rest, those diagnosed with stage A or B and low-grade prostate cancer
(Gleason score of 2-6) were categorized as having nonaggressive disease.
Cases (n = 11) with unknown disease status were excluded from the
subgroup analyses.
We evaluated the potential interactions between MnSOD polymorphism
and baseline plasma antioxidant levels, including selenium, vitamin E (a- and
g-tocopherol), carotenoids (lycopene, a- and h-carotene, h-cryptoxanthin,
lutein), and retinol in relation to prostate cancer risk. In addition, we
investigated the interaction of MnSOD polymorphism with randomization to
either h-carotene or placebo at baseline. Because of meaningful patterns
observed from the interaction models for selenium, a-tocopherol and
lycopene and our previous findings of significant inverse associations
between each of these antioxidants and prostate cancer risk independently in
two cohorts (15–19); as a secondary analysis, we derived an antioxidant score
to assess the association of combined plasma antioxidant status with
prostate cancer risk.
For all analyses, we first examined the association for MnSOD genotypes
VA and AA, using VV as the reference. Because the results for the VV and VA
genotypes were similar, the two were collapsed into a single reference
group. Relative risks (RR) and 95% CI were calculated for total,
nonaggressive, and aggressive prostate cancer using unconditional logistic
regression; we included all controls in subgroup analyses stratified by
disease status to maximize statistical power. All models were adjusted for
age at baseline, smoking status, and duration of follow-up, the matching
factors for control selection. The duration of follow-up was calculated in
years between baseline and diagnosis for cases and the duration for a
control was the same as the matched case.
We assigned each study participant to a quartile according to cutpoints
(batch-specific cutpoints for carotenoids, vitamin E, and retinol) from the
control subjects. An antioxidant score (range 3-12, low to high) was
derived for each man according to the sum of his quartile levels of
selenium, a-tocopherol, and lycopene. Based on this derived score, we
categorized all men into four groups with antioxidant scores of 3 to 5,
6 to 7, 8 to 9, and 10 to 12. To test the interaction between MnSOD
polymorphism and prediagnostic antioxidant status, we tested models
with and without the product term of the MnSOD genotype with the
quartile median level of an antioxidant ( for plasma levels of individual
antioxidants), with the antioxidant score ( for overall plasma levels of
antioxidants), or h-carotene treatment (yes or no).
Overall, we had 567 cases and 764 controls to examine the association
between MnSOD polymorphism and risk of prostate cancer and the
interaction with h-carotene assignment. According to the data availability
of plasma antioxidants, the sample sizes for the interaction models were
slightly reduced for individual antioxidants (511 cases and 423 controls for
selenium; 541 cases and 642 controls for others) and the analysis for the
antioxidant combination included 496 cases and 402 controls. Men with
and without data on prediagnostic plasma antioxidant levels did not
significantly differ in terms of baseline characteristics; we observed similar
associations between MnSOD polymorphism and prostate cancer risk
among men with and those without data on plasma antioxidant levels. All
statistical analyses were conducted by using SAS (version 8.12, SAS Institute
Inc., Cary, NC); all P values are two-sided.

Results
Table 1 presents the characteristics of prostate cancer cases and
controls. Of men diagnosed with incident prostate cancer, 281 had
nonaggressive disease and 275 had aggressive disease. The average
interval from baseline in 1982 (when the blood was collected) to
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Table 1. Baseline characteristics of prostate cancer case and control subjects enrolled in the Physicians’ Health Study
Characteristic

Cases (n = 567)

Controls (n = 764)

Mean age at baseline F SD (y)*
Mean age at diagnosis F SD (y)
Smoking status (%)*
Current
Former
c
Disease status (%)
Nonaggressive prostate cancer
Aggressive prostate cancer
Unknown
MnSOD allele (%)
Valine (V)
Alanine (A)
MnSOD polymorphism (%)
MnSOD VV
MnSOD VA
MnSOD AA
b
Plasma antioxidant levels
a-Carotene (ng/mL)
h-Carotene (ng/mL)
h-cryptoxanthin (ng/mL)
Lutein (ng/mL)
Lycopene (ng/mL)
a-Tocopherol (ng/mL)
g-Tocopherol (ng/mL)
Retinol (ng/mL)
Selenium (ppm)
Receive h-carotene assignment (%)

60.7 F 7.6
68.5 F 6.7

60.8 F 7.6

8.1
46.0

8.4
46.6

49.6
48.5
1.9
48.7
51.3

49.7
50.3

132 (23.3)
288 (50.8)
147 (25.9)

190 (24.9)
379 (49.6)
195 (25.5)

55.6 (26.4-132.0)
226.2 (96.1-488.1)
65.3 (26.4-148.2)
96.1 (51.3-224.8)
385.9 (191.7-673.2)
11,174.8 (7,119.6-17,623.8)
1,770.2 (978.8-2,949.9)
574.2 (408.4-797.4)
0.106 (0.084-0.130)
48.3

60.7 (24.9-148.5)
226.6 (98.6-520.9)
63.6 (28.8-146.1)
88.6 (50.1-193.7)
392.5 (209.1-694.2)
10,878.9 (7,688.8-17,409.9)
1,743.7 (1,025.0-2,922.3)
548.9 (394.9-751.5)
0.107 (0.084-0.131)
52.5

*Matching variable.
cAggressive prostate cancer, stage C or D, high-grade tumor (Gleason score 7-10), or prostate cancer deaths during the follow-up; nonaggressive prostate
cancer, stage A or B and low grade (Gleason score 2-6) tumor.
bValues are medians (10th and 90th percentile); antioxidant levels were available for 511 to 541 cases and 423 to 642 controls.

diagnosis was 8 years, and the median follow-up duration for these
cases was 7 years. Plasma antioxidant levels of selenium, carotenoids, vitamin E, and retinol and the percentages of men who
received h-carotene treatment were similar between cases and
controls. The MnSOD allele frequencies among cases and controls
were similar. Among control subjects, the genotype distributions
were in accordance with Hardy-Weinberg equilibrium and the allele
distribution (A allele, 50.3%) is similar to what was previously
observed in Caucasians (5). Overall, MnSOD genotype was not
associated with risk of total, nonaggressive, or aggressive prostate
cancer (Table 2).
We found the MnSOD genotype significantly modified the
association between prediagnostic plasma selenium status and
prostate cancer risk (P interaction = 0.05 for total and 0.01 for
aggressive prostate cancer; Table 3). In stratified analyses by the
MnSOD genotype, plasma selenium levels were significantly and
inversely associated with risks of total (4th versus 1st quartile RR,
0.33; 95% CI, 0.16-0.68, P trend = 0.002) and aggressive (RR, 0.18; 95%
CI, 0.07-0.48, P trend < 0.001) prostate cancer among men homozygous for the A allele, whereas these inverse associations were
weaker among VV/VA men. The results presented in Table 3 use a
common reference group (i.e., men with the VV/VA genotype and
antioxidant level in the lowest quartile). Compared with these men,
we observed a significant increased risk of total and especially
clinically aggressive (RR, 1.89; 95% CI, 1.01-3.56) prostate cancer for
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Table 2. Association between MnSOD polymorphism and
prostate cancer risk
Categories

MnSOD genotype
VV

Controls, N
190
All prostate cancer (567 cases)
Cases, N
132
RR (95% CI)
1.00
(Reference)
By disease status*
Nonaggressive prostate cancer (281 cases)
Cases, N
67
RR (95% CI)
1.00
(Reference)
Aggressive prostate cancer (275 cases)
Cases, N
64
RR (95% CI)
1.00
(Reference)

VA

AA

379

195

288
1.09
(0.84-1.43)

147
1.09
(0.80-1.49)

143
1.06
(0.75-1.49)

71
1.01
(0.68-1.50)

139
1.09
(0.77-1.54)

72
1.10
(0.74-1.62)

*Aggressive prostate cancer, stage C or D, high-grade tumor (Gleason
score 7-10), or prostate cancer deaths during the follow-up;
nonaggressive prostate cancer, stage A or B and low-grade (Gleason
score 2-6) tumor; 11 cases with unknown disease status were excluded.
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men with the AA genotype and selenium level in the lowest quartile;
however, the RR was 0.35 (95% CI, 0.15-0.82; 5-fold difference) for
those with the AA genotype and selenium level in the highest
quartile. We found similar, although weaker, interactions between
MnSOD polymorphism and plasma levels of lycopene or atocopherol. As expected, based on their lack of association with
risk of prostate cancer, other carotenoids, g-tocopherol, or retinol
did not interact with the MnSOD polymorphism in modifying
prostate cancer risk (data not shown).
Because plasma levels of selenium, lycopene, and a-tocopherol
are each inversely associated with risk of prostate cancer (15–19),
we further evaluated the associations of prostate cancer risk with
the combined status of lycopene, a-tocopherol, and selenium and
whether the MnSOD polymorphism modified this antioxidant
combination in relation to prostate cancer risk. Based on the
derived antioxidant score (Fig. 1), men with high (antioxidant score
= 10-12) prediagnostic plasma antioxidant status had a RR of 0.60
(95% CI, 0.39-0.88, P trend = 0.02) for total prostate cancer and 0.40
(95% CI, 0.25-0.69, P trend = 0.002) for aggressive disease, compared
with those with low antioxidant status (score = 3-5). The interaction
between combined antioxidant score and MnSOD polymorphism
(P interaction V 0.02; Fig. 2) was stronger than those for antioxidants
assessed individually. In stratified analyses by the genotype, among
men homozygous for the A allele, high (versus low) antioxidant
score was associated with significantly reduced risk of total (5-fold;
RR, 0.20; 95% CI, 0.09-0.49) and aggressive prostate cancer (10-fold;
RR, 0.10; 95% CI, 0.03-0.29); whereas the inverse association

between the antioxidant score and prostate cancer risk was much
weaker and not significant for those with the VV/VA genotype.
Compared with the common reference group (AA men with low
antioxidant status), men with the AA genotype and low
antioxidant status had 2.5- and 3.1-fold increased risk for total
(Fig. 2A) and aggressive (Fig. 2C) prostate cancer, respectively;
however, the corresponding RR were 0.50 and 0.31 for the AA men
who had high antioxidant status. The patterns for nonaggressive
prostate cancer were similar but the interaction between MnSOD
polymorphism and antioxidant status was not statistically
significant. Because prostate cancers detected through prostatespecific antigen (PSA) screening may differ from clinically detected
cases, we did all the above analyses for men diagnosed in the prePSA (1982-1990) and post-PSA (1991-1995) eras separately; results
were similar (data not shown).
In the Physicians’ Health Study trial, we previously reported no
overall effect of h-carotene supplement on risk of cancer after 13
years (25, 26). We found no significant interaction between hcarotene assignment and the MnSOD polymorphism for risk of
total or aggressive prostate cancer. However, h-carotene treatment (versus placebo) showed a significant protection against
fatal prostate cancer (RR, 0.37; 95% CI, 0.15-0.94) among men with
the AA (but not the VV/VA) genotype (P interaction = 0.03). Aspirin
assignment was not associated with risk of prostate cancer, and
we found no suggestion of an interaction between the MnSOD
polymorphism and aspirin treatment in modifying prostate
cancer risk.

Table 3. Relative risks and 95% CI for prostate cancer according to MnSOD genotype and quartiles of individual plasma
antioxidant levels
Quartile of prediagnostic plasma antioxidant level*

All prostate cancer
Selenium (511 cases and 423 controls)
MnSOD VV and VA
MnSOD AA
Lycopene (541 cases and 642 controls)
MnSOD VV and VA
MnSOD AA
a-Tocopherol (541 cases and 642 controls)
MnSOD VV and VA
MnSOD AA
b
Aggressive prostate cancer
Selenium (251 cases and 423 controls)
MnSOD VV and VA
MnSOD AA
Lycopene (261 cases and 642 controls)
MnSOD VV and VA
MnSOD AA
a-Tocopherol (261 cases and 642 controls)
MnSOD VV and VA
MnSOD AA

1

2

3

4

P interaction

1.00 (Reference)
1.49

0.57
0.80

0.60
0.59

0.67
c
0.47 (0.26-0.85)

0.05

1.00 (Reference)
1.49

0.90
0.78

0.92
1.08

0.80
c
0.84 (0.51-1.38)

0.35

1.00 (Reference)
c
1.78 (1.01-3.12)

1.16
1.01

1.17
1.21

1.14
c
1.12 (0.67-1.88)

0.13

1.00 (Reference)
c
1.89 (1.01-3.56)

0.71
1.17

0.64
0.59

0.74
c
0.35 (0.15-0.82)

0.01

1.00 (Reference)
1.73

0.78
0.69

0.94
0.72

0.70
c
0.79 (0.43-1.48)

0.23

1.00 (Reference)
c
1.97 (1.02-3.79)

1.31
1.20

1.01
1.01

0.89
c
0.72 (0.35-1.48)

0.03

NOTE: RR and 95% CI were calculated using unconditional logistic regression, adjusted for age at baseline, smoking status, and duration of follow-up.
*Based on each antioxidant, men were categorized into quartiles based on the quartile cutoff points among control subjects (batch-specific quartile
cutoff points for all antioxidants except selenium).
cRR (95% CI).
bAggressive prostate cancer, stage C or D, high-grade tumor (Gleason score 7-10), or prostate cancer deaths during the follow-up.
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Figure 1. The association between prediagnostic plasma antioxidant combinations and risk of prostate cancer. c, Aggressive prostate cancer: stage C or D,
high-grade tumor (Gleason score 7-10), or prostate cancer deaths during the follow-up; nonaggressive prostate cancer: stage A or B and low-grade (Gleason score 2-6)
tumor; eight cases with unknown disease status were excluded. b, Antioxidant status: An antioxidant score (range, 3-12) was estimated based on quartile levels of
plasma lycopene, a-tocopherol, and selenium among controls (batch-specific cutoff points for lycopene and a-tocopherol); four groups from low to high: I, antioxidant
score = 3-5; II, antioxidant score = 6-7; III, antioxidant score = 8-9; and IV, antioxidant score = 10-12. Median antioxidant levels for groups I to IV: lycopene (ng/mL):
271.7, 355.4, 4,42.8, 581.5; a-tocopherol (ng/mL): 8,559.9, 9,893.3, 12,714.5, 14,428.8; selenium (ppm): 0.092, 0.104, 0.107, 0.120. Dots, RR; bars , CI. A, total
prostate cancer: 496 cases and 402 controls; *95% CI, 0.39-0.88. B, nonaggressive prostate cancer: 264 cases and 402 controls. C, aggressive prostate cancer:
242 cases and 402 controls; *95% CI, 0.25-0.69.

Discussion
In this study, we found that men with the AA genotype for
MnSOD were particularly sensitive to antioxidant status, with a 5fold gradient in risk for aggressive prostate cancer across the four
quartiles of plasma selenium levels (Table 3). In contrast, those
with the V allele were much less sensitive to differences in
selenium. These patterns were similar for prediagnostic plasma
levels of lycopene and a-tocopherol and were particularly strong
for these antioxidants combined (a 10-fold difference in risk
between high versus low antioxidant group; Fig. 2C). Although
intervention studies including the Physicians’ Health Study
indicate that h-carotene supplementation does not lower prostate

cancer risk (26–28), except possibly in men with low h-carotene
status at baseline (25), we found that h-carotene treatment was
significantly protective for fatal prostate cancer for men with the
AA genotype.
MnSOD as an endogenous antioxidant in mitochondria may play
a role in preventing prostate cancer. Malignant prostate epithelium
has lower MnSOD expression than benign prostatic epithelium (29)
and overexpression of MnSOD in the prostate inhibits cancer cell
growth in vivo (3). However, several recent papers reported an
increased expression of MnSOD in advanced cancer tissue,
particularly in relation to poor prognosis or metastasis (30–32).
Although the function of the MnSOD polymorphism is not fully

Figure 2. Risk of prostate cancer associated with MnSOD genotype modified by prediagnostic levels of plasma antioxidant combinations. Definitions for
aggressive and nonaggressive prostate cancer and methods for categorizing men into four antioxidant groups were the same as in Fig. 1. Dots, RR; bars, 95% CI.
A, total prostate cancer: 496 cases and 402 controls; *95% CI (for group I) = 1.21-5.20; 95% CI (for group IV) = 0.27-0.94; among AA men, group IV versus I RR,
0.20, 95% CI, 0.09-0.49. B, nonaggressive prostate cancer: 246 cases and 402 controls. C, aggressive prostate cancer: 242 cases and 402 controls; * 95% CI
(for group I) = 1.40 to 6.76; 95% CI (for group IV) = 0.13-0.77; among AA men, group IV versus I RR, 0.10, 95% CI, 0.03-0.29.
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Figure 3. Potential mechanism for the interaction
between MnSOD and antioxidant status.

understood, a recent study showed that the A-containing MnSOD is
transported more efficiently through the mitochondrial membrane
(6), suggesting that, compared with those with the VV/VA
genotype, the individuals with the homozygous AA genotype may
have higher MnSOD activity. In mitochondria, the superoxide anion
is dismutated by MnSOD into oxygen and hydrogen peroxide
(H2O2), which is further detoxified by mitochondrial glutathione
peroxidase, an enzyme requiring selenium, or catalase into water
(Fig. 3). Thus, high levels of MnSOD expression may lead to enzyme
imbalance and induce toxicity if glutathione peroxidase activity is
low due to inadequate selenium intake or if antioxidants are in
high demand due to physiologic conditions or lifestyle factors, such
as smoking (33). Hong et al. (34) reported that, among pregnant
women in Korea, MnSOD variant AA was significantly related to
increased formation of urinary 8-hydroxy-2V-deoxyguanosine, a
biomarker of oxidative DNA damage.
The sensitivity of those with the AA genotype to antioxidants
in our study is consistent with the observations from the Finnish
prostate cancer study and studies of breast cancer and the
MnSOD polymorphism. The Finnish study of male heavy smokers
(7) found that the MnSOD AA polymorphism was significantly
associated with increased risk of prostate cancer, especially highgrade tumors. Because of the low soil selenium content and
probably low tomato (lycopene) consumption in Finland, the
Finnish participants were likely comparable with the low
antioxidant group in our study. Increased risk of breast cancer
associated with the AA genotype in several studies among women
with low intakes of antioxidants (5, 11) also agree with our
findings. Because few participants were current smokers in our
study, we were unable to assess the interaction of MnSOD
polymorphism with smoking status.

References
1. Fleshner NE, Kucuk O. Antioxidant dietary supplements: rationale and current status as chemopreventive
agents for prostate cancer. Urology 2001;57:90–4.
2. Oberley LW, Buettner GR. Role of superoxide
dismutase in cancer: a review. Cancer Res 1979;39:
1141–9.
3. Li N, Oberley TD, Oberley LW, Zhong W. Overexpression of manganese superoxide dismutase in
DU145 human prostate carcinoma cells has multiple effects on cell phenotype. Prostate 1998;35:
221–33.
4. Shimoda-Matsubayashi S, Matsumine H, Kobayashi T,
Nakagawa-Hattori Y, Shimizu Y, Mizuno Y. Structural
dimorphism in the mitochondrial targeting
sequence in the human manganese superoxide
dismutase gene. A predictive evidence for conformational change to influence mitochondrial trans-

www.aacrjournals.org

Strengths of the current study included its prospective design,
large sample size, and complete long-term follow-up. Prospectively
collected plasma enabled us to assess the interaction of the MnSOD
polymorphism with a variety of antioxidants, the combined
antioxidant status, and h-carotene supplementation. Although a
single assessment of antioxidants from the baseline blood is an
imperfect indicator of long-term dietary exposures, significant
findings on the associations of prostate cancer risk with plasma
levels of selenium (15, 16), lycopene (17, 18), and a-tocopherol
(17, 19), as well as the combined plasma antioxidant score in the
current study, provide some assurance that these plasma antioxidant data are valid in reflecting long-term antioxidant status in our
study population. Also, our simple antioxidant score may not be
ideal to summarize overall antioxidant status. Our observational
findings should be tested in randomized trials, such as the ongoing
Selenium and Vitamin E Cancer Prevention Trial (35), and our
findings for h-carotene supplementation could be further evaluated
by other existing h-carotene intervention trials.
In this large prospective study of prostate cancer, our data
provide strong and biologically plausible evidence that the
association between antioxidant status and risk of prostate cancer
is at least partially dependent on MnSOD genotype and that
endogenous and exogenous antioxidants are both important for
clinically significant prostate cancer. This interaction may well
extend to other conditions where oxidative status is important.

Acknowledgments
Received 9/30/2004; revised 1/12/2005; accepted 1/13/2005.
Grant support: NIH grants CA42182, CA58684, and CA90598.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

port and a study of allelic association in Parkinson’s
disease. Biochem Biophy Res Commun 1996;226:
561–5.
5. Ambrosone CB, Freudenheim JL, Thompson PA, et al.
Manganese superoxide dismutase (MnSOD) genetic
polymorphisms, dietary antioxidants, and risk of breast
cancer. Cancer Res 1999;59:602–6.
6. Sutton A, Khoury H, Prip-Buus C, Cepanec C,
Pessayre D, Degoul F. The Ala16Val genetic dimorphism
modulates the import of human manganese superoxide
dismutase into rat liver mitochondria. Pharmacogenetics 2003;13:145–57.
7. Woodson K, Tangrea JA, Lehman TA, et al. Manganese
superoxide dismutase (MnSOD) polymorphism, atocopherol supplementation and prostate cancer risk
in the a-Tocopherol, h-Carotene Cancer Prevention
Study (Finland). Cancer Causes Control 2003;14:513–8.
8. Mitrunen K, Sillanpaa P, Kataja V, et al. Association
between manganese superoxide dismutase (MnSOD )

2503

gene polymorphism and breast cancer risk. Carcinogenesis 2001;22:827–9.
9. Egan KM, Thompson PA, Titus-Ernstoff L, Moore JH,
Ambrosone CB. MnSOD polymorphism and breast
cancer in a population-based case-control study.
Cancer Lett 2003;199:27–33.
10. Tamimi RM, Hankinson SE, Spiegelman D,
Colditz GA, Hunter DJ. Manganese superoxide dismutase polymorphism, plasma antioxidants, cigarette
smoking, and risk of breast cancer. Cancer Epidemiol
Biomarkers Prev 2004;13:898–6.
11. Cai Q, Shu X, Wen W, et al. Genetic polymorphism in
the manganese superoxide dismutase gene, antioxidant
intake, and breast cancer risk: results from the Shanghai
Breast Cancer Study. Breast Cancer Res 2004;6:R647–55.
12. Wang LI, Miller DP, Sai Y, et al. Manganese
superoxide dismutase alanine-to-valine polymorphism
at codon 16 and lung cancer risk. J Natl Cancer Inst
2001;93:1818–21.

Cancer Res 2005; 65: (6). March 15, 2005

Downloaded from cancerres.aacrjournals.org on December 6, 2021. © 2005 American Association for Cancer
Research.

Cancer Research

13. Levine AJ, Elkhouly E, Diep AT, Lee ER, Frankl H,
Haile RW. The MnSOD A16V mitochondrial targeting sequence polymorphism is not associated with
increased risk of distal colorectal adenomas: data
from a sigmoidoscopy-based case control study.
Cancer Epidemiol Biomarkers Prev 2002;11:1140–1.
14. Hung RJ, Boffetta P, Brennan P, et al. Genetic
polymorphisms of MPO, COMT, MnSOD, NQO1,
interactions with environmental exposures and bladder cancer risk. Carcinogenesis 2004;25:973–8. Epub
2004 Jan 16.
15. Yoshizawa K, Willett WC, Morris JS, et al. Study of
prediagnostic selenium level in toenails and the risk of
advanced prostate cancer. J Natl Cancer Inst 1998;
90:1219–24.
16. Li H, Stampfer M, Giovannucci E, et al. A prospective
study of plasma selenium levels and prostate cancer
risk. J Natl Cancer Inst 2004;96:696–703.
17. Gann PH, Ma J, Giovannucci E, et al. Lower prostate
cancer risk in men with elevated plasma lycopene
levels: results of a prospective analysis. Cancer Res 1999;
59:1225–30.
18. Giovannucci E, Rimm EB, Liu Y, Stampfer MJ,
Willett WC. A prospective study of tomato products,
lycopene, and prostate cancer risk. J Natl Cancer Inst
2002;94:391–8.
19. Chan JM, Stampfer MJ, Ma J, Rimm EB, Willett WC,
Giovannucci EL. Supplemental vitamin E intake and
prostate cancer risk in a large cohort of men in the
United States. Cancer Epidemiol Biomarkers Prev
1999;8:893–9.

Cancer Res 2005; 65: (6). March 15, 2005

20. Duffield-Lillico AJ, Reid ME, Turnbull BW, et al.
Baseline characteristics and the effect of selenium
supplementation on cancer incidence in a randomized
clinical trial: a summary report of the Nutritional
Prevention of Cancer Trial. Cancer Epidemiol Biomarkers Prev 2002;11:630–9.
21. Clark LC, Dalkin B, Krongrad A, et al. Decreased
incidence of prostate cancer with selenium supplementation: results of a double-blind cancer prevention trial.
Br J Urol 1998;81:730–4.
22. Steering Committee of the Physician’s Health Study
Research Group. Final report on the aspirin component
of the ongoing Physicians’ Health Study. N Engl J Med
1989;321:129–35.
23. Hennekens CH, Buring JE, Manson JE, et al. Lack
of effect of long-term supplementation with
h carotene on the incidence of malignant neoplasms
and cardiovascular disease. N Engl J Med 1996;334:
1145–9.
24. Catalona WJ, Avioli LV. Diagnosis, staging, and
surgical treatment of prostatic carcinoma. Arch Intern
Med 1987;147:361–3.
25. Cook NR, Stampfer MJ, Ma J, et al. h-carotene
supplementation for patients with low baseline levels
and decreased risks of total and prostate carcinoma.
Cancer 1999;86:1783–92.
26. Cook NR, Le IM, Manson JE, Buring JE, Hennekens CH.
Effects of h-carotene supplementation on cancer
incidence by baseline characteristics in the Physicians’
Health Study (United States). Cancer Causes Control
2000;11:617–26.

2504

27. Dagnelie PC, Schuurman AG, Goldbohm RA,
Van den Brandt PA. Diet, anthropometric measures
and prostate cancer risk: a review of prospective
cohort and intervention studies. BJU Int 2004;93:
1139–50.
28. Heinonen OP, Albanes D, Virtamo J, et al. Prostate
cancer and supplementation with a-tocopherol and
h-carotene: incidence and mortality in a controlled
trial. J Natl Cancer Inst 1998;90:440–6.
29. Baker AM, Oberley LW, Cohen MB. Expression of
antioxidant enzymes in human prostatic adenocarcinoma. Prostate 1997;32:229–33.
30. Kinnula VL, Crapo JD. Superoxide dismutases in
malignant cells and human tumors. Free Radic Biol
Med 2004;36:718–44.
31. Izutani R, Asano S, Imano M, Kuroda D, Kato M,
Ohyanagi H. Expression of manganese superoxide
dismutase in esophageal and gastric cancers. J Gastroenterol 1998;33:816–22.
32. Malafa M, Margenthaler J, Webb B, Neitzel L,
Christophersen M. MnSOD expression is increased in
metastatic gastric cancer. J Surg Res 2000;88:130–4.
33. Kinnula VL, Crapo JD. Superoxide dismutases in
malignant cells and human tumors. Free Radic Biol
Med 2004;36:718–44.
34. Hong YC, Lee KH, Yi CH, Ha EH, Christiani DC.
Genetic susceptibility of term pregnant women to
oxidative damage. Toxicol Lett 2002;129:255–62.
35. Klein EA, Lippman SM, Thompson IM, et al. The
selenium and vitamin E cancer prevention trial. World J
Urol 2003;21:21–7.

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on December 6, 2021. © 2005 American Association for Cancer
Research.

Manganese Superoxide Dismutase Polymorphism,
Prediagnostic Antioxidant Status, and Risk of Clinical
Significant Prostate Cancer
Haojie Li, Philip W. Kantoff, Edward Giovannucci, et al.
Cancer Res 2005;65:2498-2504.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/65/6/2498

This article cites 33 articles, 7 of which you can access for free at:
http://cancerres.aacrjournals.org/content/65/6/2498.full#ref-list-1
This article has been cited by 27 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/65/6/2498.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/65/6/2498.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on December 6, 2021. © 2005 American Association for Cancer
Research.

