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Abstract
Background—Presence of xenotropic murine leukemia virus–related virus and chronic
inflammation in prostate tumor suggests that inflammation plays a role in prostate cancer etiology.
This study investigated whether variants in inflammatory genes act alone or interact with plasma
antioxidants to influence prostate cancer risk in a population-based case-control study in Central
Arkansas.

Methods—Cases (n = 193) were men, aged 40–80, diagnosed with prostate cancer in three major
hospitals in 1998–2003, and controls (n = 197) were matched to cases by age, race, and county of
residence.

Results—After adjustment for confounders, polymorphisms in COX-2 (rs689466) and IL-8
(rs4073) were not significantly associated with prostate cancer risk. However, apparent
interactions were observed between these genetic variants and plasma antioxidants on the risk of
this malignancy. The protective effect of the mutant allele of the COX-2 polymorphism was more
pronounced among subjects with high plasma levels of β-cryptoxanthin, lycopene, β-carotene, or
selenium (≥median) [e.g., OR (95% CI): 0.37 (0.15, 0.86) (AG/GG vs. AA) for β-cryptoxanthin].
Conversely, the promoting effect of the variant allele of the IL-8 polymorphism was more
remarkable in subjects with low plasma levels of Lutein/zeaxanthin, β-cryptoxanthin, and β-
carotene (<median) [e.g., OR (95% CI): 2.44 (1.08, 5.75) (AT/TT vs. AA) for β-carotene].

Conclusions—We found that sequence variants in inflammatory genes interact with plasma
antioxidants to modulate prostate cancer risk.
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Introduction
Prostate cancer is one of the major cancers in Western countries, and its incidence is rapidly
increasing in some Asian countries (e.g., China, Korea, and Japan) [1]. In the United States,
prostate cancer is the most common cancer and the second leading cause of cancer death in
men [2]. The etiology of prostate cancer remains largely unclear. Like many other chronic
diseases, prostate cancer may occur as a consequence of the interaction between gene and
environment [3, 4]. However, most studies to date have employed a simplistic approach of
evaluating either single environmental or genetic factors to examine the complex causes of
this disease.

Several lines of evidence suggest that inflammation plays a role in prostate cancer etiology.
Chronic inflammation is frequently present in prostate biopsy and prostatectomy specimens
[5]. Recently, xenotropic murine leukemia virus–related virus (XMRV) has been identified
in malignant prostate epithelium and found to be integrated into human genome DNA
extracted from prostate tumor tissue [6]. Furthermore, epidemiologic studies have shown
that prostatitis [7] and sexually transmitted infections (e.g., syphilis, gonorrhea) [8] are
associated with an increased risk of prostate cancer, but the opposite effect was observed for
regular use of nonsteroidal anti-inflammatory drugs [9]. Under chronic inflammatory
conditions, inflammatory cells release oxygen-reactive species and thereby enhance
oxidative stress [10]. If not counteracted by exogenous anti-oxidants and endogenous
antioxidant enzymes, oxidative stress induces oxidative DNA damage (e.g., 8-OH-dG) that
could initiate prostate carcinogenesis [11, 12]. Therefore, it is possible that sequence
variants in inflammatory genes act alone or interact with plasma antioxidants to influence
prostate cancer risk. The present study investigated this hypothesis in a population-based
case–control study in Arkansas.

Materials and methods
Study subjects

A case–control study was conducted in Arkansas to evaluate dietary intake of meat,
techniques for cooking meat, and genetic variability in metabolism of carcinogens derived
from meat cooked at high temperature in relation to prostate cancer. The design and methods
of this study have been described in detail elsewhere [13, 14]. Briefly, cases were patients,
aged 40–80, who were diagnosed with primary, incident, and pathologically confirmed
prostate cancer during the period 1998–2003. Subjects were excluded from the study if they
had a history of cancer (other than nonmelanoma skin cancer), uncontrolled cardiovascular
diseases, hepatic dysfunction, or renal dysfunction. Cases were ascertained from the
University Hospital of the University of Arkansas for Medical Sciences in Little Rock, the
Central Arkansas Veterans Health Care System (CAVHCS) in Little Rock, and the Jefferson
Regional Medical Center in Pine Bluff. All these hospitals are major medical centers in
central Arkansas where approximately half of all cases of prostate cancer occurring in this
area were diagnosed and treated. All cases were recruited to the study within 3 months of
diagnosis.

Eligibility criteria for controls were the same as those for cases, disallowing diagnosis of
prostate cancer. Controls were randomly selected from the source population of cases and
were matched to cases by age (±5 years), race, and county of residence. Specifically,
controls were identified from the Arkansas State Drivers’ License records, Centers for
Medicare and Medicaid records, and a mass-mailing database, which accounted for 19, 13,
and 68% of the total number of controls recruited, respectively. The mass-mailing database
contained contact information for approximately 89% of Arkansas residents. Over the period
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of 5 years, 618 cases and 403 controls were enrolled to the study, with a response rate of
69% for cases and of 56% for controls [13].

The protocol of this study was approved by the appropriate institutional review boards, and
informed consent was obtained from all subjects. In-person interview was carried out by
trained research assistants at the home of participants or any other place of their preference.
A questionnaire tailored to the study population was used to elicit information on
demographics, socioeconomics, family cancer history, occupational history, physical
activity, cigarette smoking, alcohol drinking, and diet [13].

The present study reported the results obtained from 193 cases and 197 controls that were
randomly drawn (for economic reasons) from the 618 cases and 403 controls recruited in the
parent study. For this subset of the study subjects, data on genotyping of candidate genes
and plasma concentrations of antioxidants were available for testing our hypothesis.

Laboratory measurement
At the end of the interview, a 30-ml blood sample was drawn into tubes containing citric
acid, delivered on dry ice to the CAVHCS hospital, and processed within 2 h of collection.
Lymphocytes were isolated and plasma was separated from blood. Plasma specimens were
then aliquoted into 0.5-ml straws of a sealed capillary tube straw system (CryoBioSystems,
Paris, France) and stored in liquid nitrogen tanks at −196°C until analysis [13].

Genotyping
DNA was exacted from peripheral blood lymphocytes using a commercial kit (Qiagen Inc.,
Valencia, CA). The polymorphisms genotyped in this study were cyclooxygenase-2
(COX-2) (rs689466), lipoxygenase-12 (LOX12) (rs1126667), tumor necrosis factor-α (TNF-
α) (rs1800629), interleukin-1β (IL-1β) (rs16944), IL-6 (rs1800795), IL-8 (rs4073), and
IL-10 (rs1800871) (Table 2). The selected polymorphisms lie in genes involved in
inflammation, have functional impact (e.g., altered expression or associated with a cancer),
and are common (>5%) in African Americans or Caucasians. Genotyping of these genetic
variants was conducted at BioServe Biotechnologies Ltd. (Belts-ville, MD) by high-
throughput chip-based matrix-assisted laser desorption time-of-flight mass spectrometry
(Seque-nom, Inc., San Diego, CA) [14]. A variety of quality control measures were taken to
ensure the validity of genotyping data. For example, all laboratory personnel were blinded to
the case–control status of DNA specimens, and a 10% of the tested samples were randomly
replicated and were found to be 100% concordant [14].

Plasma antioxidants
Plasma samples were packed on dry ice and shipped to the Biomarker Analysis and
Lipoprotein Research Laboratories of Harvard School of Public Health for measuring
carotenoids and α-tocopherol and to the primary testing center (St. Louis, MO) of the
Laboratory Corporation of America for evaluating selenium. Plasma concentrations of α-
carotene, β-carotene, β-cryptoxanthin, lycopene, lutein/zeaxanthin, and α-tocopherol were
determined by high-performance liquid chromatography. Because lutein and zeaxanthin co-
elute on the chromatogram, they were grouped and reported as lutein/zeaxanthin. The
method, internal and external quality control measures, and between-run and within-run
coefficients of variation for the determination of these antioxidants have been described in
detail elsewhere [15]. Plasma levels of selenium were measured by inductively coupled
plasma-mass spectrometry.
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Statistical analysis
To evaluate potential genotyping errors, genotyping data among controls were examined by
testing their deviation from the Hardy–Weinberg equilibrium. Unconditional logistic
regression analysis was used to estimate odds ratios (OR), and 95% confidence intervals
(CI) for prostate cancer risk in relation to genotypes of the polymorphisms considered. In the
regression models, subjects who were homozygous for the wild-type allele were treated as
the reference group to calculate ORs for those who were heterozygous or homozygous for
the variant allele. Heterozygous and homozygous variant genotypes were combined in all
analyses because of the relatively small sample size of the present study. To evaluate the
independent effects of each of the polymorphisms of interest on prostate cancer risk, age,
race, body mass index (weight in kg/height in m2), education (three levels), and smoking
status (never, former, and current) were adjusted as confounders in the regression models.

To evaluate the potential interactions between plasma levels of carotenoids, α-tocopherol,
and selenium and the genetic variants examined on prostate cancer risk, an interaction term
between each of the selected polymorphisms (divided into two genotype groups) with each
of the measured antioxidants (classified into< and ≥median) was introduced into the
aforementioned multivariable models. The statistical significance of each of the interaction
terms constructed was evaluated by the likelihood ratio test. As stated previously, it is
biologically plausible that sequence variants in inflammatory genes interact with
antioxidants to modulate prostate cancer risk. Therefore, stratified analyses were performed
by low and high plasma concentrations of the antioxidants examined (defined as< and
≥median) for the associations between selected polymorphisms and prostate cancer risk
regardless of whether the multiplicative interaction terms that were put into the full models
were statistically significant. All data analyses were conducted using the SAS software
(version 9.1; SAS Institute, Inc., Cary, NC). Statistical significance level was set at p < 0.05
(two-sided).

Results
Characteristics of the study subjects were shown in Table 1. The genetic variants of interest
in relation to prostate cancer risk were displayed in Table 2. All polymorphisms were in
Hardy–Weinberg equilibrium. After adjustment for age, race, body mass index, education,
and smoking status, none of the seven polymorphisms examined was statistically associated
with risk, although marginally significant associations were observed for COX-2 (rs689466)
[OR (95% CI): 0.64 (0.38, 1.06) (AG/GG vs. AA)] and IL-8 (rs4073) [OR (95% CI): 1.59
(0.96, 2.66) (AT/TT vs. AA)]. No significant interaction was present between
polymorphisms in COX-2 (rs689466) and IL-8 (rs4073).

However, apparent interactions were detected between each of these two variants and
plasma concentrations of some of the measured antioxidants on prostate cancer risk.
Specifically, the protective effect of the variant allele of COX-2 (rs689466) was more
pronounced among individuals with high plasma levels (≥median) of all seven anti-oxidants
considered except lutein/zeaxanthin (Table 3). Significantly reduced risk for the AG/GG
genotype when compared with the AA genotype [(OR (95% CI)] was found for subjects
who had high plasma concentrations of β-cryptoxanthin [(0.37 (0.15, 0.86)], lycopene [(0.41
(0.18, 0.89)], β-carotene [(0.48 (0.23, 0.97)], and selenium [(0.45 (0.22, 0.95)]. Conversely,
the promoting effect of the mutant allele of IL-8 (rs4073) was more marked among
individuals with low plasma levels (<median) of all seven antioxidants examined except
lycopene and selenium (Table 4). Adjusted odds ratios (95% CI) (AT/TT vs. AA) were
statistically significant for subjects who had low plasma concentrations of lutein/zeaxanthin
[(2.13 (1.03, 4.48)], β-cryptoxanthin [(2.15 (1.07, 4.41)], and β-carotene [(2.44 (1.08, 5.57)].
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Whether the associations between the selected genetic polymorphisms and prostate cancer
risk differed by race and Gleason score was also evaluated in our analysis. Significantly
reduced risk with the variant allele of COX-2 (rs689466) [OR (95% CI): 0.48 (0.24, 0.95)]
and significantly increased risk with the variant allele of TNF-α (rs1800629) [OR (95% CI):
1.98 (1.02, 3.95)] and IL-8 (rs4073) [OR (95% CI): 2.41 (1.10, 5.48)] were confined to
European Americans. It appeared that the effects of the sequence variants considered on
prostate cancer risk were not related to Gleason score (<7 vs. ≥7), with an exception of the
IL-8 polymorphism [OR (95% CI): 1.99 (1.10, 3.65) for Gleason score <7 and 1.12 (0.58,
2.18) for Gleason score ≥7]. Three-way interactions between polymorphisms, antioxidants,
and race (or Gleason Score) were not evaluated because of inadequate statistical power.

Discussion
In the present study, we observed that polymorphisms in inflammatory genes interacted with
plasma concentrations of antioxidants to modulate prostate cancer risk. The favorable effect
of the variant allele of COX-2 (rs689466) was more pronounced among individuals with
high levels of β-cryptoxanthin, lycopene, β-carotene, and selenium, whereas the detrimental
effect of the mutant allele of IL-8 (rs4073) was more remarkable among subjects with low
levels of lutein/zeaxanthin, β-cryptoxanthin, and β-carotene.

Pathological, virological, and epidemiological studies suggest that inflammation is
implicated in pancreatic carcinogenesis [6, 10, 16]. Therefore, it is reasonable to speculate
that sequence variants in genes coding proinflammatory [interleukin-1B (IL-1B), IL-6, IL-8,
and tumor necrosis factor-α (TNF-α)] and anti-inflammatory (IL-10) cytokines influence
prostate cancer risk [17]. These genetic effects are biologically plausible because
polymorphisms in cytokine genes may lead to an altered production of cytokines [18].
Chronic inflammation promotes oxidative stress [19]. Oxidative DNA damage induces
carcinogenesis in various human organs including the prostate [11, 12]. It is thus likely that
genetic variability in the inflammatory pathway act synergistically with circulating
antioxidants to alter pancreatic cancer risk. To date, however, only a few studies have
evaluated variants in cytokine genes and no studies have examined interactions of these
variants with antioxidants in relation to the risk of prostate cancer.

COX-2 converts arachidonic acid to prostaglandins, potent mediators of inflammation [20].
This enzyme is expressed in the prostate tumor and its increased expression in prostate
tumor has been linked to local chronic inflammation and prostate cancer progression [20]. A
polymorphism in the promoter of COX-2 (−1195 A/G, rs689466) was found to have
functional impact because it creates a c-MYB binding site [21]. The −1195A allele was
associated with an enhanced transcriptional activity of COX-2 in a reporter gene assay
compared with the −1195G allele [21]. A case–control study conducted in Cleveland, Ohio
evaluated the effect of this genetic variant on prostate cancer risk [20]. No significant
association was found in that study. In our study, we observed that individuals who carried
one or two copies of the −1195G allele experienced a 36% lower risk of prostate cancer than
those who only harbored the −1195A allele, although this risk reduction was marginally
statistically significant. Our results were consistent with the functionality of this genetic
variant. We are not aware of any other studies examining its influence on prostate cancer
susceptibility.

IL-8 is involved in inflammatory response by promoting in vitro endothelial cell
proliferation and chemotaxis [22]. Its expression regulates angiogenesis, tumorigenicity and
metastases in prostate cancer [23, 24]. The role of IL-8 in prostate carcinogenesis gains
further support from the observation that serum concentrations of IL-8 were elevated in
patients with prostate cancer [25]. The polymorphism in IL-8 (–251A/T, rs4073) was
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evaluated in relation to prostate cancer in a British study [17] and in the Prostate, Lung,
Colorectal, and Ovarian (PLCO) Cancer Screening Trial [26]. A significantly reduced risk
was associated with the TT genotype of IL-8 in the British study. However, no apparent
effect was detected in the PLCO study. We found that the subjects who carried the −251T
allele of IL-8 tended to have a higher risk of prostate cancer than those who harbored the
−251A allele. The discrepant results of these studies may be in part due to differences in
sample size, subject recruitment, and confounding adjustment. The functional significance
of this sequence variant remains inconclusive, although one study suggested that the −251A
allele was associated with an insignificantly increased production of IL-8 in whole blood
stimulated by lipopolysaccharide [27].

A novel finding of the present study is that interactions between genetic variability in the
inflammation pathway and plasma antioxidants may play a role in prostate cancer etiology.
Significantly reduced risk for the G allele of COX2 polymorphism (rs699466) and
significantly increased risk for the T allele of IL8 polymorphism (rs4073) were more
remarkable among subjects with high or low levels of some carotenoids or selenium,
respectively. As antioxidants that are abundant in vegetables and fruits, plasma levels of
some carotenoids (i.e., lycopene, lutein/zeaxanthin, and β-cryptoxanthin) have been
inversely associated with prostate cancer risk in this study population [28]. These gene–
antioxidant interactions are biologically plausible because chronic inflammation leads to
oxidative stress, a condition that promotes carcinogenesis and is counteracted by
antioxidants [11, 12]. This observation may provide new insight into the prevention of
prostate cancer in that lowering its risk by increasing dietary intake of antioxidants appears
to be particularly relevant and important for individuals who carry risk alleles of
inflammatory genes.

In addition to the aforementioned two sequence variants in COX-2 and IL-8, we also
investigated polymorphisms in five other inflammatory genes [LOX-12 (rs1126667), TNF-α
(rs1800629), IL-1β (rs16944), IL-6 (rs1800795), and IL-10 (rs1800871)]. Neither
statistically significant effect of these genetic variants nor appreciable interactions of their
interactions with plasma antioxidants were detected in relation to prostate cancer risk. No
other studies have examined the relation between the LOX-12 polymorphism and prostate
cancer, but this polymorphism has been linked to an elevated risk of esophageal cancer in a
Chinese study [29]. The variants in IL-1β and IL-10 were evaluated in the PLCO study, with
overall null results [26]. For the TNF-α polymorphism, a significantly increased risk [OR
(95%): 1.61 (1.09–2.64)] was found for the AG/AA genotypes in comparison with the GG
genotype in a Spanish population [30]. However, a similar effect was not detected in a case–
control study nested in the PLCO study and the American Cancer Society cohort study [31].
Like the present study, four other studies [26, 32-34] also revealed an insignificantly
promoting effect of the IL-6 polymorphism on prostate cancer risk, although this effect
reached statistical significance for the CG genotype [OR (95%): 1.49 (1.05–2.11)] in the
Cardiovascular Health Study [33]. Of note, an insignificant protective effect of the IL-6
polymorphism was observed in one study [35]. Because only a few studies have evaluated
the effect of genetic variability in inflammatory response on prostate cancer susceptibility,
more studies are warranted to better elucidate the role of inflammation in the etiology of this
disease.

To our knowledge, this is the first study to evaluate the interactions between polymorphisms
in inflammatory genes and plasma levels of antioxidants in relation to prostate cancer risk.
Dietary intake of antioxidants assessed by food frequency questionnaire in most
epidemiologic studies is subject to recall bias [36]. We overcome this methodological
drawback by measuring plasma concentrations of carotenoids, vitamin E, and selenium,
which were objective integrated indicators of intake of these nutrients from diet and
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supplements. Our study subjects consisted of both European and African Americans, which
enabled us to evaluate the race-specific effects of polymorphisms in inflammatory genes on
prostate cancer. We also investigated whether genetic variability in the inflammation
pathway exerts different effects on slow- and fast-growing prostate tumors (evaluated by
Gleason score) [37], although such a difference was not observed for all polymorphisms
examined except that of IL-8.

There are several weaknesses in the present study. The response rates of this study were
relatively low, which might have led to a selection bias and consequently influenced the
validity and generalization of our results. Genotyping error needs to be considered in any
genetic association studies. However, it should not be a problem in our study because of
consistency of all genotyped polymorphisms with the Hardy–Weinberg equilibrium among
control subjects and concordance of genotyping results of 10% replicated samples randomly
selected from all subjects. In this study, only one polymorphism was selected from each of
the seven genes of interest, which suggests that we might have captured a limited amount of
sequence variability in these candidate genes. Plasma antioxidants were measured only once,
and patients might have changed their dietary habits after the diagnosis or treatment of
prostate cancer. Therefore, it was possible that plasma antioxidants for some patients were
not well representative of their usual circulating concentrations of these nutrients, which
might have introduced misclassification error and in turn resulted in attenuated risk
estimates. Plasma levels of antioxidants were determined 3–8 years after blood samples
were collected and stored at −196°C. The degradation of these chemical compounds during
storage should not be substantial because it was found that plasma levels of β-carotene,
retinol, and α-tocopherol were stable for at least 15 years of storage at −70°C [38]. The
relatively small sample size of and the number of performed statistical tests in our study
made it difficult for us to rule out that some of our results, especially those of stratified
analyses, were chance findings. As a result, the detected patterns of interactions between the
sequence variants in COX2 and IL-8 and some of plasma antioxidants in relation to prostate
cancer risk should be interpreted cautiously and need to be replicated in large epidemiologic
studies.

In summary, our study suggested that sequence variants in COX-2 and IL-8 significantly
interacted with plasma levels of some antioxidants to modulate prostate cancer risk. This
observation provides additional novel evidence that inflammation and oxidative stress play a
role in the etiology of this malignancy. If our findings were confirmed in large
epidemiologic studies, they may offer new strategies for the prevention of prostate cancer.
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Table 1

Characteristics of cases and controls in a population-based case–control study of prostate cancer in Arkansas,
1998–2003

Characteristic Cases
(n = 193)

Controls
(n = 197)

Age (years)a 64.4 (9.0) 59.4 (10.5)

Race

 Caucasian 53.4% 48.2%

 African American 46.6% 51.8%

BMI (kg/m2)a 28.1 (4.6) 29.0 (5.7)

Education

 Some high school or lower 33.7% 18.8%

 High school graduate or some college 48.7% 55.3%

 College graduate or higher 17.6% 25.9%

Smoking

 Never smokers 31.6% 35.0%

 Ever smokers 68.4% 65.0%

Gleason score

 <7 61.7% –

 ≥7 38.3% –

a
Values given are mean (SD)
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